
F_`^mgZjh^gZy�dhgn_j_gpby�klm^_glh\��ZkibjZglh\�b�fheh^uo�mq_guo 
ih�nmg^Zf_glZevguf�gZmdZf�©Ehfhghkh\-2005» 
K_dpby�©NbabdZª 
K[hjgbd�l_abkh\ 
 
 
���Zij_ey������]��Nbabq_kdbc�nZdmevl_l 
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;mlmah\�<�N��—�aZf_klbl_ev�^_dZgZ��aZf��ij_^k_^Zl_ey�� 
;mrm_\�<�:��—�ijhn_kkhj�dZn_^ju�nbabdb�l\_j^h]h�l_eZ� 
=hem[h\kdbc�>�G��—�ij_^k_^Zl_ev�ijhndhfu�klm^_glh\� 
Dh\Ze_\kdbc�<�E��—�aZ\��mq_[ghc�qZklvx� 
<heh^bg�;�:��—�gZqZevgbd���dmjkZ� 
G_^_evdh�B�<��—�gZqZevgbd���dmjkZ� 
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�������=KI-���]��Fhkd\Z��E_gbgkdb_�]hju��F=M�bf��F�<��Ehfhghkh\Z 
 
Hli_qZlZgh�\�hl^_e_�hi_jZlb\ghc�i_qZlb�nbabq_kdh]h�nZdmevl_lZ 
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<� ^\_gZ^pZluc� jZa� \� Fhkdh\kdhf� ]hkm^Zjkl\_gghf� mgb\_jkbl_l_� ijh\h^beZkv�

F_`^mgZjh^gZy� dhgn_j_gpby� klm^_glh\�� ZkibjZglh\� b� fheh^uo� mq_guo� ih�

nmg^Zf_glZevguf�gZmdZf� ©Ehfhghkh\ª��Hkh[mx�lhj`_kl\_gghklv�_c�ijb^Zeh�lh��qlh�

hgZ�khklhyeZkv�\�i_jbh^�ijZa^gh\Zgby�����e_lg_]h�x[be_y�F=M��Gm`gh�hlf_lblv��qlh�

ba�]h^Z�\�]h^�jZkl_l�qbkeh�mqZklgbdh\�wlh]h�nhjmfZ�gZmqghc�fheh^_`b��\�wlhf�]h^m�bo�

[ueh����q_eh\_d��ijbq_f��kfh]eb�ijb_oZlv�b�\uklmiblv�����klm^_glh\�b�ZkibjZglh\�ba�

^jm]bo� ]hjh^h\� Jhkkbb� b� [eb`g_]h� aZjm[_`vy�� H[s__� qbkeh� ijbkeZgguo� l_abkh\�

^hdeZ^h\� gZ� k_dpbb� khklZ\beh� � ����� Ke_^m_l� lZd`_� hlf_lblv� dZd� \ukhdbc� mjh\_gv�

kh^_j`Zgby� kZfbo� ^hdeZ^h\�� lZd� b� ij_djZkgh_� hnhjfe_gb_� [hevrbgkl\Z� ba� gbo��Ih�

wlbf� ihdZaZl_eyf� dhgn_j_gpby� ©Ehfhghkh\-����ª� gb� \� q_f� g_� mklmiZeZ� fgh]bf�
©\ajhkeufª�ZgZeh]bqguf�f_jhijbylbyf� 

Klm^_glu� klZjrbo� dmjkh\�� ZkibjZglu�b�fheh^u_� khljm^gbdb�bf_eb� \hafh`ghklv�

\uklmiblv�k�^hdeZ^Zfb�ih�kh[kl\_gguf�j_amevlZlZf�gZ����ih^k_dpbyo��ho\Zlu\Zxsbo�

ijZdlbq_kdb� \k_� Zki_dlu� nbabq_kdhc� gZmdb�� GZ� dZ`^hc� ih^k_dpbb�

ij_^k_^Zl_evkl\mxsbf� kh\f_klgh� k� ijbkmlkl\mxsbfb� khljm^gbdZfb� nbabq_kdh]h�

nZdmevl_lZ� [ueb� \u^_e_gu� emqrb_� khh[s_gby�� Z\lhju� dhlhjuo� gZ]jZ`^_gu�

]jZfhlZfb�F=M��Gb`_�ijb\_^_gu�bf_gZ�wlbo�fheh^uo�lZeZgleb\uo�mq_guo�� 
����Rm]Zjh\�:�K��–�klm^����dmjkZ�dZn��wdki_jbf_glZevghc�Zkljhghfbb 
����=juaeh\Z�?�<��–�ZkibjZgl�dZn��h[s_c�y^_jghc�nbabdb 
����Dbjbeeh\Z�L�G��–�gZmq��khlj��BgklblmlZ�[bhnbabdb�KH�J:G 
����K_j_]bg�<�<��–�ZkibjZgl�dZn��fZl_fZlbdb 
����Jh^q_gdh\Z�G�B��–�fZ]bkljZgl�I_ljhaZ\h^kdh]h�]hk��mgb\_jkbl_lZ 
����;ZeZ[bg�J�F��–�klm^����dmjkZ�J=M�g_nlb�b�]ZaZ�bf��B�F��=m[dbgZ 
����?\^hdbfh\�B�=��–�ZkibjZgl�FBWL 
����Kmjf_gdh�?�E��–�gZmq��khlj��KZjZlh\kdbc�]hk��l_og��mgb\_jkbl_l 
����>m[bgbg�:�<��–�klm^����dmjkZ�dZn��HN�b�<I� 
����;_ehdhg_\Z�X�I��–klm^���dmjkZ�dZn��nbabq_kdhc�we_dljhgbdb 
����FbgZ_\Z�H�<��–�fZ]bkljZgl�Fhkdh\kdh]h�i_^��]hk��mgb\_jkbl_lZ 
����Ke_ig_\Z�K�D��–�ZkibjZgl�Fhkdh\kdh]h�i_^��]hk��mgb\_jkbl_lZ 
����DZkmfh\�X�:��–�ZkibjZgl�BILF�b�HF�J:G��Q_jgh]heh\dZ��������������������������������������������           
����IZr_\�B�G��–�ZkibjZgl�Ihfhjkdh]h�]hk��mgb\_jkbl_lZ�bf��F�<��Ehfhghkh\Z 
����Ibf_gh\�:�;��–�ZkibjZgl�dZn��l_hj_lbq_kdhc�nbabdb 
����:]Zih\Z�?�B��–�klm^����dmjkZ�dZn��nbabdb�ihebf_jh\�b�djbklZeeh\ 
����Kf_oh\Z�:�=��–�ZkibjZgl�dZn��nbabdb�l\_j^h]h�l_eZ 
����EZ\j_glv_\Z�?�D��–�klm^����dmjkZ�dZn��nbabdb�ihebf_jh\�b�djbklZeeh\ 
����@^Zgh\�:�=��–�klm^����dmjkZ�dZn��d\Zglh\hc�we_dljhgbdb 

 
>ey�[hevrbgkl\Z�mqZklgbdh\�dhgn_j_gpby�©Ehfhghkh\-2005» -�wlh�i_j\h_�\�`bagb�

\uklmie_gb_�\�lZdhf�ojZf_�gZmdb�dZd�Fhkdh\kdbc�mgb\_jkbl_l�\�]h^�_]h����-e_lby�b�
hgh� aZihfgblky�gZ�\kx�`bagv��Ijhc^_l�kh\k_f�g_fgh]h�\j_f_gb�b�fu�m\b^bf�bf_gZ�

mqZklgbdh\�wlh]h�fheh^_`gh]h�gZmqgh]h�nhjmfZ�kj_^b�Z\lhjh\�yjdbo�klZl_c�\�\_^msbo�

gZmqguo�`mjgZeZo��Z�\ihke_^kl\bb�b�kj_^b�eZmj_Zlh\�jZaebqguo�ij_klb`guo�ij_fbc�

aZ�^hklb`_gby�\�gZmd_� 
 <� gZklhys_f� k[hjgbd_� ij_^klZ\e_gu�� kbkl_fZlbabjh\Zggu_� ih� ih^k_dpbyf��

l_abku�^hdeZ^h\�ih�k_dpbb�©NbabdZª� 
 
 
Ij_^k_^Zl_ev�hj]dhfbl_lZ�k_dpbb�©NbabdZª 
dhgn_j_gpbb�©Ehfhghkh\�-����ª��ijhn_kkhj�������������������������������������������I�D��DZrdZjh\ 
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M>D��������� 

>BNJ:DPBHGGU?�IHL?JB�<�M=HEDH<UO�HLJ:@:L?EYO 
K�MQ,LHF�Y<E?GBY�K><B=:�=MK:–OWGO?G: 

∗∗LZjZ[jbg�K�I�� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�gZklhys__�\j_fy�ij_^eZ]Z_lky�bkihevah\Zgb_�^bwe_dljbq_kdbo�m]hedh\uo�hl�
jZ`Zl_e_c�\f_klh�kn_jbq_kdbo�a_jdZe�c�fgh]hkehcguf�^bwe_dljbq_kdbf�ihdjulb_f�\�
eZa_jghc�]jZ\blZpbhgghc�Zgl_gg_�LIGO�>�@��>ZggZy�jZ[hlZ�ihk\ys_gZ�hp_ghqghfm�\u�
qbke_gbx�nmg^Zf_glZevguo�^bnjZdpbhgguo�ihl_jv��\hagbdZxsbo�ijb�hljZ`_gbb�hi�
lbq_kdhc�\hegu��]Zmkkh\Z�imqdZ�k\_lZ��hl�m]hedh\h]h�hljZ`Zl_ey� 

M]hedh\uc�hljZ`Zl_ev�ij_^klZ\ey_l�kh[hc�^\m]jZggmx�ijyfhm]hevgmx�ijbafm�
�kf�� jbk��� ba]hlh\e_ggmx� ba� ^bwe_dljbq_kdh]h� fZl_jbZeZ�� IZ^Zxsbc� ]Zmkkh\� imqhd�
k\_lZ�jZkijhkljZgy_lky�\gmljb�m]hedh\h]h�hljZ`Zl_ey�lZd��qlh�hg�hljZ`Z_lky�hl�h[_bo�
]jZg_c�ih^�m]ehf��[hevrbf��q_f�m]he�ihegh]h�\gmlj_gg_]h�hljZ`_gby��HljZ`_gb_�ijb�
wlhf� khijh\h`^Z_lky� k^\b]hf�=mkZ-Owgo_gZ� [2-4] �kf��jbk���Ijb�hljZ`_gbb�\hagbdZ_l�
^bnjZdpbhggh_� jZkk_ygb_� \hegu� gZ� j_[j_� m]hedh\h]h� hljZ`Zl_ey�� <Z`gh�� qlh� mqzl�
k^\b]Z� =mkZ-Owgo_gZ� kms_kl\_ggh� m\_ebqb\Z_l� dhebq_kl\_ggmx� hp_gdm� ^bnjZdpbhg�
guo�ihl_jv�� 

Ih^h[gZy� aZ^ZqZ� \� ebl_jZlmj_� g_� jZkkfZljb\ZeZkv�� ihwlhfm� ij_^eZ]Z_lky� hp_�
ghqguc�jZkqzl�mdZaZgguo�ihl_jv�k�bkihevah\Zgb_f�ke_^mxs_c�f_lh^bdb� 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 

 

J:>BHNBABD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Eh]]bgh\�:e_dkZg^j�K_j]__\bq 

  

D 

K^\b]�=mkZ-Owgo_gZ��D –�\_ebqbgZ�ijhkljZgkl\_ggh]h�k^\b]Z�\�jZkij_^_e_gbb�ihey� 
K^\b]� =ZmkZ–Owgo_gZ�� D —� \_ebqbgZ� ijhkljZgkl\_ggh]h� k^\b]Z� \�
jZkij_^_e_gbb�ihey 
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1. IZjZf_lju�^bwe_dljbdZ��^bwe_dljbq_kdZy�ijhgbpZ_fhklv�ε=������ieZ\e_�
guc�d\Zjp� }�fZ]gblgZy�ijhgbpZ_fhklv�µ=1. 

2.  JZkkqblu\Z_lky� jZkij_^_e_gb_� ihey� \hegu� gZ� \gmlj_gg_c� ih\_joghklb�
^bwe_dljbdZ��bkihevamy�nhjfmeu�^ey�dhwnnbpb_glZ�hljZ`_gby�]Zmkkh\Z�imqdZ�k\_lZ�k�
mqzlhf� k^\b]Z�=mkZ-Owgo_gZ�hl�iehkdhc�[_kdhg_qghc� ]jZgbpu�jZa^_eZ�^\mo� kj_^�^ey�
kemqZy�ihegh]h�\gmlj_gg_]h�hljZ`_gby�>���@�� 

Bkihevamy�]jZgbqgu_�mkeh\by�^ey�gZijy`zgghkl_c�we_dljbq_kdh]h�b�fZ]gblgh]h�
ihe_c�>�@��kljhblky�j_r_gb_�gZ�\g_rg_c�ih\_joghklb�m]hedh\h]h�hljZ`Zl_ey� 

4. Ijbf_gyy�bgl_]jZevgmx�l_hj_fm�Dbjo]hnZ-=_evf]hevpZ� >�@��\uqbkey_lky�
ihe_�\�^Zevg_c�^bnjZdpbhgghc�ahg_�b�fhsghklv�wg_j]bb�baemq_gby�� 

Bkke_^mxlky� ^\Z� gZijZ\e_gby� iheyjbaZpbb� iZ^Zxs_c� \hegu�� iZjZee_evgh_� b�
i_ji_g^bdmeyjgh_�j_[jm�m]hedh\h]h�hljZ`Zl_ey��<�i_j\hf� kemqZ_�hp_gdZ�^bnjZdpbhg�
guo�ihl_jv� khklZ\ey_l�Wbaemq/WiZ^Zxs� §� ����λ/a�� Z� \h� \lhjhf� kemqZ_�– Wbaemq/WiZ^Zxs� §�

3.82*λ/a��A^_kv�Wbaemq –�fhsghklv�^bnjZdpbhgguo�ihl_jv��WiZ^Zxs –�fhsghklv�iZ^Zxs_c�
gZ�m]hedh\uc�hljZ`Zl_ev�\hegu��λ –�^ebgZ�hilbq_kdhc�\hegu�\�\Zdmmf_��a –�oZjZdl_jguc�
jZaf_j�k\_lh\h]h�imqdZ��IhdZaZgh��qlh�mqzl�k^\b]Z�=mkZ-Owgo_gZ�m\_ebqb\Z_l�qbkeh\hc�
dhwnnbpb_gl�\����–����jZaZ���� 

Ebl_jZlmjZ 
1. V.B. Braginsky, S.P. Vyatchanin, Phys. Lett. A 324, 345 (2004), 
2. K. Artmann, Ann. Physik 2, 87 (1948), 
3. H.K.V. Lotsch, JOSA 58, 551 (1968), 
4. H.M. Lai, F.C. Cheng, W.K. Tang, JOSA A 3, 550 (1986), 
5. E�>��EZg^Zm��?�F��Ebnrbp��We_dljh^bgZfbdZ�kiehrguo�kj_^��NbafZlebl��Fh�

kd\Z������� 
6. K�:��:ofZgh\��K�X��Gbdblbg��Nbabq_kdZy�HilbdZ��Ba^-\h�Fhkdh\kdh]h�Mgb�

\_jkbl_lZ������� 
 
 

M>D-537.52 

<A:BFH>?CKL<B?�IE:AF?GGUO�J:AJY>H< 
KH�K<?JOA<MDH<UFB�IHLHD:FB�<HA>MO: 

;Zmjh\�:�X���Dhe_kgbdh\�?�;� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

AZ�ihke_^g__�\j_fy�[ueh�\uiheg_gh�^hklZlhqgh�[hevrh_�dhebq_kl\h�gZmqguo�jZ�
[hl��ihk\ys_gguo�bkke_^h\Zgbx�ijhp_kkh\�nhjfbjh\Zgby�ieZafu�\�k\_joa\mdh\uo� ]Z�
ah\uo�ihlhdZo�b�hij_^_e_gbx�__�hkgh\guo�oZjZdl_jbklbd��LZdh_�\gbfZgb_�d�wlhfm�\h�
ijhkm�k\yaZgh��ij_`^_�\k_]h��k�g_h[oh^bfhklvx�h[_ki_q_gby�mklhcqb\hc�jZ[hlu�ijyfh�
lhqgh]h� \ha^mrgh� –� j_Zdlb\gh]h� ^\b]Zl_ey�� h^gbf� ba� \Z`g_crbo� we_f_glh\� dhlhjh]h�
y\ey_lky�kbkl_fZ�ih^`b]Z�]hjxq_c�lhieb\gh-\ha^mrghc�kf_kb��J_r_gb_�wlhc�ijh[e_fu�
\�agZqbl_evghc�kl_i_gb�hij_^_ey_l�ijh]j_kk�\�jZa\blbb�]bi_ja\mdh\hc�Z\bZpbb� 

GZ� dZn_^j_� nbabq_kdhc� we_dljhgbdb� \� l_q_gb_� jy^Z� e_l� \_^mlky� wdki_jbf_g�
lZevgu_�b�l_hj_lbq_kdb_�jZ[hlu�ih�bkke_^h\Zgbx�\hafh`ghklb�ijbf_g_gby�ieZaf_g�
guo�jZajy^h\�^ey�ih^`b]Z�k\_joa\mdh\h]h�ihlhdZ�]hjxq_c�kf_kb��;ueb�ihemq_gu�agZ�
qbl_evgu_� j_amevlZlu� ih� bkke_^h\Zgbx� ijh[e_fu� ih^`b]Z� k\_joa\mdh\hc� lhieb\h-
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\ha^mrghc�kf_kb��h^gZdh��\hijhk�h�klZ[bebaZpbb�j_`bfh\�]hj_gby�^h�kbo�ihj�hklZ_lky�
hldjuluf��ihwlhfm�gZklhysZy�jZ[hlZ�y\ey_lky�ijh^he`_gb_f�pbdeZ� wdki_jbf_glZev�
guo�jZ[hl��ijh\h^bfuo�\�wlhf�gZijZ\e_gbb�� 

<�jZ[hl_�ijb\h^ylky�hkgh\gu_�wdki_jbf_glZevgu_�j_amevlZlu��ihk\ys_ggu_�bk�
ke_^h\Zgbyf� ih\_^_gby� ieZafu�� kha^Zgghc� jZaebqgufb� bklhqgbdZfb�� \� k\_joa\mdh\hf�
\ha^mrghf�ihlhd_��<�dZq_kl\_�bklhqgbdh\�ieZafu�bkihevah\Zebkv�we_dljh^gu_�jZajy^u�
gZ�ihklhygghf�lhd_��bfimevkgu_�jZajy^u��kha^Z\Z_fu_�fZ]gblhieZaf_gguf�dhfij_kkh�
jhf� �FID��b�bfimevkguc�fbdjh\hegh\uc�nZd_e��Wdki_jbf_glu�ijh\h^bebkv�\�k\_jo�
a\mdh\hf�dZgZe_�gh\h]h�ihdhe_gby� k�h[eZklvx�\g_aZigh]h�jZkrbj_gby� �©aZklhcghc� ah�
ghcª���\�dhlhjhc�kha^Z\Zebkv�ieZaf_ggu_�jZajy^u�� 

Ijh\_^_gu�^_lZevgu_�bkke_^h\Zgby� \aZbfh^_ckl\by�ieZafu�jZajy^Z�gZ�ihklh�
ygghf�lhd_�ijb�jZaebqguo�mkeh\byo��gZqZevgh]h�^Z\e_gby�\�jZ[hq_c�k_dpbb�b�gZ�\oh^_�
k\_joa\mdh\h]h�dZgZeZ��\_ebqbg_�b�^ebl_evghklb�bfimevkZ�jZajy^gh]h�lhdZ��<uy\e_gu�
hkh[_gghklb�]hj_gby�lZdh]h�jZajy^Z�\�jZaebqguo�h[eZklyo�ihlhdZ��Baf_j_gu�\hevlZf�
i_jgu_�oZjZdl_jbklbdb�jZajy^Z��Ihemq_gu�kdhjhklgu_�nhlh]jZnbb�jZajy^Z�k�\j_f_g�
guf� jZaj_r_gb_f�∼� ���fdk��IhdZaZgh��qlh�jZkijhkljZg_gb_�ieZafu�ih�ihlhdm�ghkbl�
oZjZdl_jguc�kljmcguc�oZjZdl_j��GZ�hkgh\Zgbb�ihemq_gguo�^Zgguo�h[tykg_gu�imevkZ�
pbb�iZ^_gby�gZijy`_gby�gZ�jZajy^_��k\yaZggu_�k�baf_g_gb_f�^ebgu�ieZaf_ggh]h�dZgZ�
eZ� 

Bkke_^h\Zg� ijhp_kk� \aZbfh^_ckl\by� kh� k\_joa\mdh\uf� \ha^mrguf� ihlhdhf�
ieZaf_gguo� kljmc�� kha^Zgguo� fZ]gblh-ieZaf_gguf� dhfij_kkhjhf� b� fbdjh\hegh\uf�
K<Q-jZajy^hf��IhdZaZgh��qlh�ieZaf_ggZy� kljmy�� kha^ZggZy�jZajy^hf�FID��ijZdlbq_�
kdb� g_� kghkblky� k\_joa\mdh\uf� \ha^mrguf� ihlhdhf�� ?z� hkgh\gZy� ijbhk_\Zy� qZklv�
�d_jg�� khojZgy_l�m]he�jZkijhkljZg_gby��dZd�[_a�ihlhdZ�� lZd�b�\�g_f��<ebygb_�ihlhdZ�
kdZau\Z_lky�ebrv�gZ�i_jbn_jbcghc�qZklb�kljmb��ihi_j_qgu_�jZaf_ju�dhlhjhc�ih^�\ha�
^_ckl\b_f�ihlhdZ��agZqbl_evgh�mf_gvrZxlky� 

Wdki_jbf_glu�ih�bkke_^h\Zgbx�\aZbfh^_ckl\by�kh�k\_joa\mdh\uf�\ha^mrguf�
ihlhdhf�ieZaf_ggh]h�nZd_eZ��kha^Zggh]h�fbdjh\hegh\uf�ieZafhljhghf��ihdZaZeb��qlh�
ieZaf_ggZy�kljmy�ijZdlbq_kdb�g_�ijhgbdZ_l�\�ihlhd��b�kghkblky�iZjZee_evgh�gb`g_c�
djhfdb�ihlhdZ��<�lh`_�\j_fy�l_q_gb_�kljmb�\��aZklhcghc�ahg_��ijZdlbq_kdb�g_�baf_gy�
_lky��IhdZaZgh��qlh�b�\�wlhf�kemqZ_�jZkijhkljZg_gb_�ieZafu�ih�ihlhdm�ZgZeh]bqgh�jZa�
jy^m�gZ�ihklhygghf�lhd_�ghkbl�kljmcguc�oZjZdl_j� 

Ihemq_ggu_�j_amevlZlu�iha\heyxl�k^_eZlv�\u\h^�h�lhf��qlh�we_dljh^guc�jZajy^�
gZ�ihklhygghf�lhd_�b�bfimevkguc�jZajy^�fZ]gblh-ieZaf_ggh]h�dhfij_kkhjZ�fh]ml�[ulv�
bkihevah\Zgu�^ey�ih^`b]Z�lhieb\ghc�kf_kb�ijZdlbq_kdb�\h�\k_f�h[t_f_�k\_joa\mdh\h]h�
\ha^mrgh]h�ihlhdZ��<�lh`_�\j_fy�ieZaf_gguc�nZd_e�fbdjh\hegh\h]h�K<Q-jZajy^Z�gZb�
[he__�\u]h^gh�bkihevah\Zlv�^ey�ih^`b]Z�]hjxq_c�kf_kb��\�hkgh\ghf��\��aZklhcghc�ahg_���
\�h[eZklb�j_adh]h�jZkrbj_gby�jZ[hq_]h�dZgZeZ� 

Ebl_jZlmjZ 
1. B\Zgh\�<�<���Kd\hjph\�<�<���Dmag_ph\�X�?���<hehs_gdh�H�<���?nbfh\�;�=���EZ�

jbg�;�<���GbdheZ_\�:�:��<_k_eh\�G�<��J_amevlZlu�i_j\uo�wdki_jbf_glh\�ih�bgbpbbjh�
\Zgbx�wdahwg_j]_lbq_kdbo�j_Zdpbc�\�ijhiZg_�\�k\_joa\mdh\hf�ihlhd_�\ha^moZ�k�ihfh�
svx�ijh^hevguo�we_dljbq_kdbo�jZajy^h\��Ij_ijbgl�P:=B��������������klj���-20. 

2. ?jrh\�:�I���Kmjdhgl�H�K���Lbfhn__\�B�;���Q_jgbdh\�<�:���Rb[dh\�<�F��Ihi_�
j_qgu_�we_dljbq_kdb_�jZajy^u�\�k\_joa\mdh\uo�ihlhdZo�\ha^moZ��F_oZgbafu�jZkijh�
kljZg_gby�b�g_mklhcqb\hklb�jZajy^Z��L<L��������L��������K�����-522. 

3. ?jrh\�:�I���Kmjdhgl�H�K���Lbfhn__\�B�;���Q_jgbdh\�<�:���Rb[dh\�<�F��Ihi_�
j_qgu_� we_dljbq_kdb_� jZajy^u� \� k\_joa\mdh\uo� ihlhdZo� \ha^moZ�� IjhkljZkl\_ggh-
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\j_f_ggZy�kljmdlmjZ�b�\hevl-Zfi_jgu_�oZjZdl_jbklbdb�jZajy^Z��L<L��������L��������K��
669-675. 

4. K�B�� =jbpbgbg��<�X��Dgya_\��B�:��Dhkkuc��G�B��FZeuo��F�:��FbkZdyg��Bf�
imevkgh-i_jbh^bq_kdbc�nZd_e� \� dhZdkbZevghf�\hegh\h^_��>bgZfbdZ�nhjfbjh\Zgby�b�
ijhkljZgkl\_ggZy�kljmdlmjZ� 

5. NbabdZ�ieZafu��L�����������������k�����-291. 
 
 

M>D������ 

I:J:>HDK�G?J:>B:EVGHKLB�IHLHDH<�WG?J=BB 
:DMKLBQ?KDBO�<HEG�HL�LHQ?QGH=H�BKLHQGBD: 
<�H>GHJH>GUO�BAHLJHIGUO�L<?J>UO�L?E:O 

Dhaeh\�:�<���Fh`Z_\�<�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ba�ih\k_^g_\gh]h�hiulZ�ba\_klgh��qlh�emqb�k\_lZ�\�h^ghjh^ghc�bahljhighc�hd�
jm`Zxs_c�kj_^_�jZkijhkljZgyxlky�ih�ijyfhebg_cguf�ljZ_dlhjbyf��Wlh�k\hckl\h�em�
q_c�\�]_hf_ljbq_kdhc�hilbd_�k\yau\Zxl�k�wfibjbq_kdbf�ihklmeZlhf�N_jfZ��kh]eZkgh�
dhlhjhfm�k\_lh\u_�emqb�jZkijhkljZgyxlky�ih�ljZ_dlhjbyf�k fbgbfZevghc ^ebghc hi�
lbq_kdh]h imlb��H[km`^Z_fh_�k\hckl\h�rbjhdh�bkihevam_lky�\�l_hjbb�\heg��b�g_�lhev�
dh�hilbq_kdbo��b�nZdlbq_kdb�kqblZ_lky�Zdkbhfhc��g_�lj_[mxs_c�ki_pbZevgh]h�^hdZaZ�
l_evkl\Z��Ih-\b^bfhfm��b�\�h[s_c�\hegh\hc�l_hjbb�b�\�hilbd_�\�hlghkbl_evgh�ijhklhf�
kemqZ_�h^ghjh^ghc�bahljhighc�kj_^u�ijyfhebg_cgh_�jZkijhkljZg_gb_�wg_j]bb�g_�\u�
au\Zeh�gbdZdbo�khfg_gbc� 

Ihe_� lhq_qgh]h� beb� ebg_cgh]h� bklhqgbdZ� mijm]bo� \heg� \� h^ghjh^guo� Zgbah�
ljhiguo�kj_^Zo�k�^hklZlhqgh�\ujZ`_gghc�Zgbahljhib_c�k\hckl\�fh`_l�kiZ^Zlv�k�jZk�
klhygb_f�\�g_dhlhjuo�\u^_e_gguo�gZijZ\e_gbyo�[he__�f_^e_ggh��q_f�ij_^kdZau\Z_l�
ZgZeba�k�mq_lhf�lhevdh�]_hf_ljbq_kdh]h�baf_g_gby�iehsZ^b�k_q_gby�emq_\uo�ljm[hd��
Wlh�y\e_gb_��\i_j\u_�h[gZjm`_ggh_�hdheh����e_l�gZaZ^��ihemqbeh�\�ebl_jZlmj_�gZa\Z�
gb_� nhghgghc� nhdmkbjh\db��:gZeba� jZkij_^_e_gby� ihlhdh\� Zdmklbq_kdhc� wg_j]bb� \�
mkeh\byo�ijhy\e_gby�wlh]h�wnn_dlZ�iha\hey_l�gZf�k^_eZlv�\u\h^��qlh�\[ebab�gZijZ\�
e_gbc�nhghgghc�nhdmkbjh\db�wlb�ihlhdb�^he`gu�[ulv�g_jZ^bZevgufb��ihkdhevdm�kZ�
fZ�nhdmkbjh\dZ�wg_j]bb�\�\u^_e_gguo�m]eh\uo�k_dlhjZo�]h\hjbl�h�lhf��qlh�\�wlbo�gZ�
ijZ\e_gbyo�ijbkmlkl\m_l�ihlhd�wg_j]bb�ba\g_��l�_��m]eh\Zy�khklZ\eyxsZy�g_�jZ\gZ�gm�
ex��Ihlhdb�wg_j]bb�b�emqb�^ey�\heg�iZjZee_evgu�^jm]�^jm]m��b�ihwlhfm�ljZ^bpbhggh_�
ij_^klZ\e_gb_�h�ijyfhebg_cghf�jZkijhkljZg_gbb�\hegh\uo�emq_c�\�h^ghjh^guo�Zgb�
ahljhiguo�mijm]bo�kj_^Zo�gZjmrZ_lky�\�kemqZ_�nhghgghc�nhdmkbjh\db� 

�>Zgguc� \u\h^� ^_eZ_l� eh]bqguf�ihklZgh\dm� \hijhkZ� h�ijh\_jd_� ©Zdkbhfuª� h�
ijyfhebg_cghklb�ihlhdh\�wg_j]bb�b�emq_c�hl�lhq_qgh]h�Zdmklbq_kdh]h�bklhqgbdZ�\�h^�
ghjh^guo�bahljhiguo�l\_j^uo�l_eZo��Ih�ZgZeh]bb�k�hilbdhc�fh`gh�[ueh�[u�h`b^Zlv��
qlh�b�\�wlhc�aZ^Zq_�\hegh\u_�emqb�hl�lhq_qgh]h�bklhqgbdZ�^he`gu�[ulv�jZ^bZevgufb��
L_f�g_h`b^Zgg_c�\u]ey^bl��ihemq_gguc�gZfb�j_amevlZl��HdZaZehkv��dZd�wlh�ke_^m_l�ba�
ZgZebaZ�lhqgh]h�\hegh\h]h�j_r_gby��qlh�Zdmklbq_kdh_�ihe_�lhq_qgh]h�\_dlhjgh]h�kb�
eh\h]h�bklhqgbdZ��jZkiheh`_ggh]h�\�h[t_f_�h^ghjh^gh]h�bahljhigh]h�l\_j^h]h�l_eZ��
\dexqZ_l�\�k_[y�g_�lhevdh�jZ^bZevgmx��gh�b�m]eh\mx�khklZ\eyxsmx�ihlhdh\�wg_j]bb��
Wlh�hagZqZ_l��qlh�emq_\u_�ljZ_dlhjbb�\�jZkkfZljb\Z_fhc�kj_^_�bkdjb\e_gu�^Z`_��g_�
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kfhljy�gZ�lh��qlh�ba\_klgu_�nZdlhju��lZdb_�dZd�g_h^ghjh^ghklv�kj_^u�b�Zgbahljhiby��
dhlhju_�fh]ml�\uau\Zlv�bkdjb\e_gby�emq_c��a^_kv�iheghklvx�hlkmlkl\mxl��GZ^h�hlf_�
lblv��qlh�^ZggZy�aZ^ZqZ�j_rZeZkv�gZfb��dZd�qZklv�[he__�h[s_c��Z�bf_ggh�–�ijh[e_fu�
jZkijhkljZg_gby� wg_j]bb�mijm]bo� Zdmklbq_kdbo�\heg�hl� lhq_qgh]h�\_dlhjgh]h�bklhq�
gbdZ�\�Zgbahljhiguo�djbklZeeZo�k�kbevguf�iv_ahwnn_dlhf��l�_��agZqbl_evgh�©ijh^Z\�
eb\Zxs_fª� ih\_joghklv� f_^e_gghklb��� <� hlebqb_� hl� lZdh]h� hlghkbl_evgh� keh`gh]h�
kemqZy��\�q_f�lh�koh`_]h��ih-\b^bfhfm��b�k�nhghgghc�nhdmkbjh\dhc���fu�h`b^Zeb�ih�
emqblv�jZ^bZevgu_�ihlhdb�wg_j]bb�\�jZkkfZljb\Z_fhf�bahljhighf�h^ghjh^ghf�l\_j�
^hf�l_e_��H^gZdh��j_amevlZlu�\uqbke_gbc�ij_\ahreb�\k_�gZrb�h`b^Zgby� 

JZkq_lu�ihlhdh\�wg_j]bb�\�gZklhys_c�jZ[hl_�ijh\h^bebkv�k�bkihevah\Zgb_f�ke_�
^mxs_c�ba\_klghc�nmgdpbb�=jbgZ�^ey�lhq_qgh]h�\_dlhjgh]h�bklhqgbdZ�>�@� 
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πρω

�� � ]^_� Lk , Tk  –� \hegh\u_� qbkeZ�

^ey�ijh^hevghc�b�ihi_j_qguo�\heg��ω  –�bo�qZklhlZ�� r , ix –-jZkklhygb_�hl�bklhqgbdZ�b�

dhhj^bgZlgZy�kbkl_fZ��kqblZ_f��qlh�gZr�\_dlhjguc�bklhqgbd�jZkiheh`_g�\^hev�hkb�z�\�
gZqZe_� dhhj^bgZl��� >Ze__� [ueb� ijh\_^_gu� \uqbke_gby� ihlhdZ� wg_j]bb� ih� nhjfme_�

*

2
1

jiji vT−=Ρ ��]^_� iΡ  –�kh[kl\_ggh�ihlhd�wg_j]bb��\_dlhj�Mfh\Z-Ihcglbg]Z��� ijT –�l_gahj�

^_nhjfZpbc��Z� jv –�dhe_[Zl_evgZy�kdhjhklv��DZd�ihdZaZeb�gZrb�jZkq_lu��ihlhd�wg_j]bb�

fh`gh�ij_^klZ\blv� \� ke_^mxs_f� kljmdlmjghf� \b^_��
( )

∑
=

=
7

2n
n

ni
i

r

A
P �� ]^_ ( )niA �� \hh[s_�

]h\hjy�� aZ\bkyl� hl� gZijZ\e_gby� gZ[ex^_gby�� <k_� ( )niA � [ueb� \uqbke_gu�� b� ^ZggZy�

kljmdlmjZ�ihey�iha\hebeZ�gZf�aZf_lblv�g_h[uqgu_�k\hckl\Z�ihlhdh\�wg_j]bb�hl�lhq_q�
gh]h�\_dlhjgh]h�bklhqgbdZ�\�h^ghjh^ghf�bahljhighf�l\_j^hf�l_e_� 

HdZaZehkv��qlh�ihlhdb�wg_j]bb�g_�y\eyxlky�jZ^bZevgufb�^Z`_�\�^Zevg_f�ihe_�– 
\�g_f�ijbkmlkl\m_l�b�m]eh\Zy�khklZ\eyxsZy��Wlh�hagZqZ_l��qlh�\ur_mihfygmlZy� ©Zd�

kbhfZª�h�jZ^bZevghklb�ihlhdh\�wg_j]bb�lhq_qguo�bklhqgbdh\�\�h^ghjh^ghc�bahljhi�
ghc�kj_^_�\�ih�djZcg_c�f_j_�\�mkeh\byo�gZr_c�aZ^Zqb�g_\_jgZ� 

<�qZklghf� kemqZ_�`b^dhklb�m]eh\u_�ihlhdb��dZd�b�h`b^Zehkv��hlkmlkl\mxl��<�
wlhf�ij_^_e_� ( )niA  –�eb[h�jZ\gu�gmex��eb[h�y\eyxlky�qbklh�fgbfufb��>ey�wlh]h�kem�
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qZy�e_]dh�ihemqblv�dZjlbgm�jZkij_^_e_gby�fgbfhc�qZklb�ihlhdZ�wg_j]bb�\�ijhkljZgkl�
\_��Jbk�����FgbfZy�qZklv��gZau\Z_fZy�lZd`_�j_Zdlb\ghc��bgl_j_kgZ�k�nbabq_kdhc�lhqdb�
aj_gby��dZd�^ZxsZy�^hihegbl_evgmx�bgnhjfZpbx�h[�baemqZ_fhc�bklhqgbdhf�wg_j]bb��

( )..Im dbg_lihl_gp WWPdiv −= ω
&

�� ]^_� .ihl_gpW , .dbg_lW –� ihl_gpbZevgZy� b� dbg_lbq_kdZy�

wg_j]by�qZklbp�kj_^u��>_ckl\bl_evgZy�`_�qZklv�ihlhdZ�wg_j]bb�hl�\_dlhjgh]h�lhq_qgh�
]h�bklhqgbdZ�\�`b^dhklb�ij_^klZ\ey_l�kh[hc�jZ^bZevgu_�ebgbb��bkoh^ysb_�hl�bklhq�
gbdZ� 

Jbk���^Z_l�ij_^klZ\e_gb_�h�jZkij_^_e_gbb�^_ckl\bl_evghc�qZklb�ihlhdZ�wg_j]bb�
\�^Zevg_f�ihe_�gZr_]h�bklhqgbdZ��Fh`gh�hlf_lblv�ke_^mxsmx�hkh[_gghklv��emqb�dZd�
[u� hkpbeebjmxl� hdheh� jZ^bZevguo� gZijZ\e_gbc��<� ^Zevg_f� ihe_� lZdb_� hkpbeeypbb��
dZd� \b^gh� ba� ZgZeblbq_kdh]h� j_r_gby�� k\yaZgu� k� bgl_jn_j_gpbhggufb� keZ]Z_fufb��
oZjZdl_jbamxsbfb� \aZbfh^_ckl\b_� ijh^hevguo� b� ihi_j_qguo� \heg��LZdbf� h[jZahf��
fh`gh� k^_eZlv�\u\h^�h� lhf��qlh�m]eh\u_�ihlhdb� wg_j]bb�y\eyxlky�ke_^kl\b_f�h^gh�
\j_f_ggh]h�\ha[m`^_gby�^\mo�lbih\�\heg� 

Ebl_jZlmjZ 
1. :�G��;ZjoZlh\��G�<��=hjkdZy��:�:��=hjxgh\��K�G��=mj[Zlh\��<�=��Fh`Z_\��H�<��

Jm^_gdh� �:dmklbdZ� \� aZ^ZqZo��� ih^� j_^�� K�G�� =mj[Zlh\Z� b�H�<�� Jm^_gdh��F���GZmdZ��
NbafZlebl��������klj�����-181. 
 
 

M>D������ 

E:A?JG:Y�MEVLJ:A<MDH<:Y�>B:=GHKLBD: 
IH>IH<?JOGHKLGUO�HKL:LHQGUO�G:IJY@?GBC 

∗∗>_\bq_gkdbc�:�X� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijh[e_fZ� bkke_^h\Zgby� jZkij_^_e_gby� hklZlhqguo� gZijy`_gbc� \� jZaebqgh]h�
jh^Z�fZl_jbZeZo��^_lZeyo�fZrbg�b�f_lZeebq_kdbo�dhgkljmdpbyo�y\ey_lky�\_kvfZ�Zdlm�
Zevghc� aZ^Zq_c� \� ijhfure_gghklb�� Ijbkmlkl\b_� hklZlhqguo� gZijy`_gbc� \� ^_lZeyo�
kms_kl\_ggh�\eby_l�gZ�bo�^he]h\_qghklv��jZ[hlhkihkh[ghklv�b�gZ^_`ghklv� 

<� ^Zgghc� jZ[hl_� ij_^eh`_g� eZa_jguc� mevljZa\mdh\hc�f_lh^� ^ey� ^bZ]ghklbdb�
jZkij_^_e_gby�ih�]em[bg_�hklZlhqguo�gZijy`_gbc�\�f_lZeeZo��F_lh^�hkgh\Zg�gZ�\ha�
[m`^_gbb�gZghk_dmg^guo�mevljZa\mdh\uo�bfimevkh\�>�@�gZ�ih\_joghklb�bkke_^m_fh]h�
h[jZapZ�aZ�kq_l�ih]ehs_gby�bfimevkgh]h�eZa_jgh]h�baemq_gby�b�rbjhdhihehkghc�iv_�
ahwe_dljbq_kdhc� j_]bkljZpbb� jZkk_ygguo�gZaZ^� mevljZa\mdh\uo� \heg� k� \ukhdbf� \j_�
f_gguf�jZaj_r_gb_f�� 

<�gZklhys_c�jZ[hl_�ihemq_gZ�ZgZeblbq_kdZy�aZ\bkbfhklv�f_`^m�jZkij_^_e_gb�
_f�gZijy`_gbc�ih�]em[bg_�fZl_jbZeZ�b�dhwnnbpb_glhf�hljZ`_gby�mevljZa\mdZ�gZaZ^�� 

F_oZgbq_kdb_�gZijy`_gby�\�fZl_jbZe_�ijb\h^yl�d�ehdZevguf�baf_g_gbyf�iehl�
ghklb�kj_^u�b�kdhjhklb�jZkijhkljZg_gby�\�g_c�Zdmklbq_kdbo�\heg��Zdmklbq_kdh]h�bfi_�
^ZgkZ�kj_^u�>�@��Wlh�ijb\h^bl�d�hljZ`_gbx�hl�kj_^u�qZklb�ahg^bjmxs_]h�mevljZa\mdh�
\h]h�bfimevkZ��>ey�ihemq_gby�ZgZeblbq_kdhc�aZ\bkbfhklb�bkihevah\ZeZkv�fh^_ev�kehb�
klhc�kj_^u�>�@��\�dhlhjhc�hl�kehy�d�kehx�baf_gy_lky�Zdmklbq_kdbc�bfi_^Zgk��<�blh]_�ih�
                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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emq_gZ� ebg_cgZy� aZ\bkbfhklv�f_`^m� jZkij_^_e_gb_f�ih� ]em[bg_�hklZlhqguo�gZijy`_�

gbc� )(xσ �b�dhwnnbpb_glhf�hljZ`_gby�gZaZ^�Zdmklbq_kdh]h�bfimevkZ� )(xR �^ey�fZeh]h�
baf_g_gby�Zdmklbq_kdh]h�bfi_^ZgkZ��a���� 

)()( xRKx ×=σ , 
]^_�dhwnnbpb_gl. �hij_^_ey_lky�mijm]bfb�k\hckl\Zfb�kj_^u� 

>ey�ijh\_jdb�ijZ\bevghklb�\u[hjZ�fh^_eb��ijh\_^_gh�fh^_ebjh\Zgb_�jZkijhkljZ�
g_gby�Zdmklbq_kdh]h�bfimevkZ�\�kehbklhc�kj_^_�k�baf_gyxsbfky�hl�kehy�d�kehx�Zdmklbq_�
kdbf� bfi_^Zgkhf�� ih\lhjyxsbf� jZkij_^_e_gb_� hklZlhqguo� gZijy`_gbc�� <� j_amevlZl_�
fh^_ebjh\Zgby� ihemq_gh�� qlh� dhwnnbpb_gl� hljZ`_gby� Zdmklbq_kdh]h� kb]gZeZ� )(xR � ih�
nhjf_� ih\lhjy_l� jZkij_^_e_gb_�
hklZlhqguo�gZijy`_gbc�ih�]em[bg_� 

GZ� jbkmgd_� ij_^klZ\e_gZ�
ijbgpbibZevgZy� ko_fZ� f_lh^Z�� Q_j_a�
hilh\hehdgh� eZa_jguc� bfimevk� hk-
gh\ghc� ]Zjfhgbdb� Nd:YAG� eZa_jZ�
�^el_evghklv� bfimevkZ� 7=Lτ gk�� wg-
_j]by� 1≈E � f>`�� ihiZ^Z_l� gZ� ih-
\_joghklv� bkke_^m_fh]h� h[jZapZ�� ]^_�
\ha[m`^Z_lky� hilbdhZdmklbq_kdbc�
kb]gZe�� HljZ`_gguc� hl� g_h^ghjh^-
ghkl_c� Zdmklbq_kdbc� kb]gZe� j_�
]bkljbjm_lky� rbjhdhihehkguf� iv_-
ahwe_dljbq_kdbf�ij_h[jZah\Zl_e_f� 

Ijb�ijh\_^_gbb�wdki_jbf_glZ�bkihevah\Zebkv�h[jZapu�ba�gbd_e_\uo�b�lblZgh�
\uo�kieZ\h\�k�hklZlhqgufb�gZijy`_gbyfb��jZkij_^_e_ggufb�ih�]em[bg_�^h�����fdf��
Wlb�gZijy`_gby�[ueb�ihemq_gu�\�j_amevlZl_�mijhqg_gby��rebnh\Zgby��ihebjh\Zgby��
l_jfbq_kdhc�b�lhdZjghc�qbklh\hc�h[jZ[hlhd��>ey�j_]bkljZpbb�hljZ`_gguo�mevljZa\m�
dh\uo� bfimevkh\� [ue� ki_pbZevgh� kdhgkljmbjh\Zg� rbjhdhihehkguc� hilbdh-
Zdmklbq_kdbc�ij_h[jZah\Zl_ev�k�dhk\_gghc�j_]bkljZpb_c�Zdmklbq_kdbo�bfimevkh\��JZa�
j_r_gb_�ih�]em[bg_�h]jZgbqb\Z_lky�ijhkljZgkl\_gghc�ijhly`_gghklvx�njhglZ�ahg^b�
jmxs_]h�Zdmklbq_kdh]h�bfimevkZ� 25≈px �fdf� 

J_amevlZlu�ijh\_^_gguo�wdki_jbf_glh\�ih�\hkklZgh\e_gbx�hklZlhqguo�gZijy�
`_gbc�gZoh^ylky�\�ohjhr_c�dhjj_eypbb�k�dhgljhevgufb�^Zggufb��ij_^hklZ\e_ggufb�
N=MI�FFII�©KZexlª��Wlh�ih^l\_j`^Z_l�kijZ\_^eb\hklv�\u[jZgghc�fh^_eb�b�iha\h�
ey_l� \� ^Zevg_cr_f� bkihevah\Zlv� ^Zgguc�f_lh^� ^ey� g_jZajmrZxs_]h� dhgljhey� hklZ�
lhqguo�gZijy`_gbc�\�f_lZeeZo�� 

Ebl_jZlmjZ 
1. =mk_\�<�W���DZjZ[mlh\�A. A��EZa_jgZy�hilhZdmklbdZ����F���GZmdZ������� 
2. =mav�:�G���FZohjl�N�=���=msZ�H�B��<\_^_gb_�\�Zdmklhmijh]hklv����D���GZmdh\Z�

^mfdZ, 1977. 
3. DZjZ[mlh\�:�:��Dh`mrdh�<�<���I_eb\Zgh\�B�F���Fblxjbq�=�K��Bgl_jn_j_gpby�

\klj_qguo�ijh^hevguo�Zdmklbq_kdbo�\heg�\�bahljhighc�ih]ehsZxs_c�ieZklbgd_�b�i_�
jbh^bq_kdhc�kljmdlmj_�k�^_n_dlZfb� ���:dmklbq_kdbc�`mjgZe��������lhf���������k����-
822. 
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:dmklbq_kdbc�kb]gZe
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HljZ`_gguc�
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EZa_jguc�bfimevk 

�� [σ   
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M>D�����2 

WNN?DLU�B�IJHY<E?GBY�DHGL:DLGHC�:DMKLBQ?KDHC 
G?EBG?CGHKLB�<�L<?J>UO�L?E:O 

DhjrZd�X�;����DhjrZd�;�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^gb_�]h^u�\�ihe_�aj_gby�bkke_^h\Zl_e_c�ihiZeb�gh\u_�lbiu�ZghfZevgh�
\ukhdbo� g_ebg_cghkl_c�� kljmdlmjgZy� g_ebg_cghklv>�@�� ]bkl_j_abkgZy� g_ebg_cghklv��
dhglZdlgZy�g_ebg_cghklv>�@��oZjZdl_jgu_�^ey�³g_deZkkbq_kdbo´�fZl_jbZeh\��\�dhlhjuo�
bf_xlky�\dexq_gby��dhglZdlgu_�]jZgbpu��a_jgZ�b�jZaghh[jZagu_�^_n_dlu��<�lZdbo�fZ�
l_jbZeZo�Zdmklbq_kdZy�g_ebg_cghklv�hij_^_ey_lky�g_�fhe_dmeyjghc�kljmdlmjhc�kj_^u��
Z�^bgZfbdhc�fZdjhfZkrlZ[guo� we_f_glh\�ijhkljZgkl\_gghc�g_h^ghjh^ghklb�–�g_eb�
g_cghc� mijm]hklvx� ]jZgbp� a_j_g�� dhglZdlh\� b� ^_n_dlguo� \dexq_gbc�� G_ebg_cgu_�
k\hckl\Z�lZdbo�we_f_glh\�b�\uau\Z_fu_�bfb�g_ebg_cgu_�wnn_dlu�fh]ml�kms_kl\_ggh�
hlebqZlvky�hl�k\hbo�³deZkkbq_kdbo´�ZgZeh]h\�beb�^Z`_�g_�bf_lv�lZdh\uo�� 

<� gZklhys_c� jZ[hl_� ijb\h^ylky� j_amevlZlu� wdki_jbf_glZevgh]h� bkke_^h\Zgby�
g_ebg_cguo�Zdmklbq_kdbo�k\hckl\�dhglZdlghc�]jZgbpu��dhlhjZy�j_Zebam_lky�ijb�f_oZ�
gbq_kdhf�dhglZdl_�j_Zevguo�iehkdbo�ih\_joghkl_c�l\_j^uo�l_e�ijb�jZkijhkljZg_gbb�
\klj_qguo�ih\_joghklguo�Zdmklbq_kdbo�\heg� �I:<���F_oZgbaf�dhglZdlghc�Zdmklbq_�
kdhc� g_ebg_cghklb� �D:G�� khklhbl� \� i_jbh^bq_kdhf� gZjmr_gbb� dhglZdlZ� f_`^m� ih�
\_joghklyfb��dhlhjh_��ijb�jZkijhkljZg_gbb�Zdmklbq_kdbo�\heg�q_j_a�]jZgbpm��khijh�
\h`^Z_lky� g_ebg_cgufb� ijhp_kkZfb� �]_g_jZpby� \ukrbo� ]Zjfhgbd�� g_ebg_cgh_� hljZ�
`_gb_��g_ebg_cgh_�jZkk_ygb_�b�l�^����GZebqb_�dhglZdlghc�g_ebg_cghklb�ijb\h^bl�d�g_�
ebg_cghfm�\aZbfh^_ckl\bx�\klj_qguo�I:<�\�dZ`^hc�lhqd_�h[eZklb�D:G��G_h[oh^b�
fuf�mkeh\b_f�lZdh]h�\aZbfh^_ckl\by�y\ey_lky�\uiheg_gb_�mkeh\bc�kbgojhgbafZ��� 

���

���

NNN −=
+= ωωω

       , 

]^_� ���ωω qZklhlu�\aZbfh^_ckl\mxsbo�I:<���Z� �� �NN -�bo�\hegh\u_�qbkeZ� 

<�\ujh`^_gghf�kemqZ_� �� ωω = �j_amevlZlhf�lZdh]h�\aZbfh^_ckl\by�[m^_l�ijh�

kljZgkl\_ggh�h^ghjh^gh_�\hafms_gb_�m^\h_gghc�qZklhlu� ��� ��� == Nωω
��GZ�i_j\uc�

\a]ey^� lZdh_� \hafms_gb_� y\ey_lky� Zdmklbq_kdb� g_kbgojhgguf�� l�d�� _]h� nZah\Zy� kdh�
jhklv�g_�ihiZ^Z_l�gZ�Zdmklbq_kdmx�\_l\v��H^gZdh��k�^jm]hc�klhjhgu��wlh�khhl\_lkl\m_l�
dhe_[Zgbyf�dhglZdlghc�]jZgbpu�k�m^\h_gghc�qZklhlhc��GZebqb_�ghjfZevguo�b�lZg]_g�
pbZevguo�d�]jZgbp_�jZa^_eZ�dhfihg_gl�kf_s_gbc�\�I:<�h[mkeZ\eb\Z_l�ghjfZevgu_�b�
lZg]_gpbZevgu_�dhe_[Zgby�]jZgbpu��L�h��g_ebg_cgh_�\aZbfh^_ckl\b_�\klj_qguo�I:<�
jZ\guo�qZklhl�^he`gh�ijb\h^blv�d�]_g_jZpbb�ijh^hevguo�b�k^\b]h\uo�h[t_fguo�Zdm�
klbq_kdbo�\heg� �H:<��m^\h_gghc�qZklhlu��jZkijhkljZgyxsboky�ghjfZevgh�d�]jZgbp_�
jZa^_eZ�l\_j^uo�l_e� 

Ko_fZ�mklZgh\db�^ey�wdki_jbf_glZevgh]h�bkke_^h\Zgby�\klj_qguo�I:<�\�mkeh�
\byo�D:G�ihdZaZgZ�gZ�jbk����<ha-[m`^_gb_� \klj_qguo�I:<�hkms_kl\ey_lky� \klj_qgh-
rluj_\ufb�ij_h[jZah\Zl_eyfb� �<RI���gZg_k_ggufb�gZ�ih\_joghklv�LiNbO3 yz-kj_aZ��
H[eZklv�D:G�ij_^klZ\ey_l�kh[hc�]jZgbpm�khijbdZkZxsboky�l\_j^uo�l_e��hilbq_kdb�ih�
ebjh\Zgguo�LiNbO3�b�kl_deyggh]h�h[jZapZ��H[eZklv�D:G�bf_eZ�nhjfm�djm]Z�jZ^bmkZ�a��
ff��Z�\ukhlZ�g_jh\ghklb�g_�ij_\urZeZ������fdf��Ijb_f�H:<�m^\h_gghc�qZklhlu�hkms_�
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kl\eyeky�ij_h[jZah\Zl_eyfb�H:<�gZ����F=p��jZkiheh`_gguo�gZ�\_jog_c�]jZgbp_�kl_d�
eyggh]h�h[jZapZ��<_ebqbgZ�dhglZdlgh]h�^Z\e_gby�fh]eZ�\Zjvbjh\Zlvky�k�ihfhsvx�\bglZ�
b� j_]bkljbjh\ZeZkv� ^bgZfhf_ljhf��GZ� jbk��� ihdZaZgZ� aZ\bkbfhklv� g_ebg_cgh]h� iZjZ�
f_ljZ����jZkkqblZggh]h�ZgZeh]bqgh�jZ[hl_�>�@�hl�\_ebqbgu�\g_rg_]h�^Z\e_gby� 

Kh]eZkgh� ihemq_gguf� j_am-
evlZlZf�� fZdkbfZevgh_� agZq_gb_�
iZjZf_ljh\� g_ebg_cghklb� D:G� \�
kemqZ_� ]_g_jZpbb� ijh^hevguo� b�
k^\b]h\uo� \heg� jZ\gu� khhl\_lkl-
\_ggh� 

�l� ����������t=80±12. 
Wlb� \_ebqbgu� gZ� h^bg-^\Z�

ihjy^dZ�ij_\urZxl�agZq_gby�iZjZ-
f_ljh\� g_ebg_cghklb� ^ey� ³deZkkb-
q_kdbo´�fZl_jbZeh\��� �–�����KjZ\-
g_gb_� djb\uo� ihdZau\Z_l�� qlh� agZ-
q_gby� hilbfZevgh]h� ^Z\e_gby� ^ey�
]_g_jZpbb�h[t_fguo�k^\b]h\uo�\h-
eg� agZqbl_evgh� [hevr_� ��–�� jZa��
hilbfZevgh]h�^Z\e_gby�^ey� ]_g_jZ-
pbb� ijh^hevguo� H:<�� Ihem_ggu_�
j_amevlZlu�fh`gh�h[tykgblv�ke_^m-
xsbf�h[jZahf��<�kemqZ_�]_g_jZpbb�
ijh^hevguo� \heg� hkgh\gmx� jhev�
b]jZ_l� oehiZxsZy� g_ebg_cghklv�
dhglZdlZ�� Z� \� kemqZ_� k^\b]h\uo� —  
g_ebg_cghklv� kbe� lj_gby�� Hq_\b^-
gh��qlh�fZdkbfmf�g_ebg_cghklb�kbe�
lj_gby� aZ\bkbl� hl� \_ebqbgu� kbeu�
lj_gby�� dhlhjZy� �� \� k\hx� hq_j_^v�
ijhihjpbhgZevgZ� kbe_� dhglZdlgh]h�
^Z\e_gby� 

LZdbf� h[jZahf�� wdki_jbf_glZevgh� ihdZaZgh�� qlh� \aZbfh^_ckl\b_� \klj_qguo�
I:<� jZ\guo�qZklhl� \�mkeh\byo�D:G�ijb\h^bl� d� ]_g_jZpbb�H:<�m^\h_gghc�qZklhlu�
ijh^hevghc�b�k^\b]h\hc�iheyjbaZpbb��G_ebg_cgu_�iZjZf_lju��l� ���t�kms_kl\_ggh�aZ�
\bkyl� hl� ^Z\e_gby� b�� ijb� hilbfZevghf� ijb`bf_�� agZqbl_evgh� ij_\urZxl� khhl\_lkl�
\mxsb_�iZjZf_lju�^ey�kemqZy�³deZkkbq_kdhc´�g_ebg_cghklb�� 

Ebl_jZlmjZ� 
1. ��D�:��GZm]hevguo��E�:��Hkljh\kdbc��G_ebg_cgu_�\hegh\u_�ijhp_kku�\�Zdmklb�

d_�F��GZmdZ������ 
2. ���Dh�K_e�E_g��N�F��K_\_jbg��B�X��Kheh^h\�� �Wdki_jbf_glZevgh_�gZ[ex^_gby�

\ebygby�dhglZdlghc�g_ebg_cghklb�gZ�hljZ`_gb_�h[t_fguo�b�jZkijhkljZg_gb_�ih\_jo�
ghklguo�Zdmklbq_kdbo�\heg��:dmklbq��`mjgZe�������37��\�����k������-1169. 

3. 3.  I.Yu.Solodov, Ultrasonics of non-linear contacts: propagation, reflection and NDT- 
applicatioons, Ultrasonics, 1998, 36, pp. 383-390  
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M>D�������� 

:>:ILB<G:Y�:GL?GG:Y�J?R,LD:�IJB�IJB,F? 
Q:KLBQGH�J:KK?YGGUO�B�Q:KLBQGH�IHEYJBAH<:GGUO 

IHE?C 

∗∗=j_[_gxdh\�<�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�gZklhys__�\j_fy�ijb�j_r_gbb�ijh[e_fu�dZq_kl\Z�i_j_^Zqb�bgnhjfZpbb�\kz�
[hevr__�ijbf_g_gb_�gZoh^yl�Z^Zilb\gu_�Zgl_ggu_�j_rzldb��::J���Kh\j_f_ggu_�l_o�
gheh]bb� iha\heyxl� kha^Z\Zlv� iheghklvx� nmgdpbhgZevgu_� Z^Zilb\gu_� kbkl_fu� dhf�
iZdlguo� jZaf_jh\�� qlh� ^Zzl� \hafh`ghklv� mklZgZ\eb\Zlv� bo� m`_� k_]h^gy� \� fh[bevgu_�
l_jfbgZeu� khlh\hc� k\yab� >�@�� JZklmsmx� ihimeyjghklv�::J� h[_ki_qb\Z_l� bo� \ukhdZy�
wnn_dlb\ghklv�� h[_ki_qb\ZxsZy� \ub]jur� \� hlghr_gbb� kb]gZe� –� ihf_oZ� iexk� rmf�
�HKIR��ihjy^dZ����^;�>�@��H^gZdh�[hevrbgkl\h�ijZdlbq_kdbo�b�l_hj_lbq_kdbo�jZ[hl�\�
h[eZklb� Z^Zilb\ghc� h[jZ[hldb� kb]gZeh\� dZkZxlky� bkdexqbl_evgh� ijhkljZgkl\_ggh-
\j_f_gghc�_z�qZklb�[_a�mqzlZ�iheyjbaZpbb�ijbgbfZ_fuo�ihe_c� 

<� ^Zgghc� jZ[hl_� bkke_^m_lky� Z^Zilb\gZy� Zgl_ggZy� kbkl_fZ� k� ijhkljZgkl\_ggh-
iheyjbaZpbhgghc�h[jZ[hldhc�kb]gZeh\��HgZ�khklhbl�ba�^\mo�ih^j_rzlhd�–�kb]gZevghc�b�
hihjghc�–�ij_^gZagZq_gguo��khhl\_lkl\_ggh��^ey�\u^_e_gby�ba�ijbgbfZ_fh]h�ihey�ih�
e_agh]h�kb]gZeZ�b�nhjfbjh\Zgby�hihjgh]h�kb]gZeZ�\�\b^_�dhibb�ijboh^ysbo�ihf_o��:g�
l_ggufb�we_f_glZfb�h[_bo�ih^j_r_lhd�y\eyxlky�iheyjbaZpbhggu_�nbevlju��dhgkljmd�
pby� dhlhjuo� h[_ki_qb\Z_l� jZaebqb_� iheyjbaZpbhgguo� oZjZdl_jbklbd� kb]gZevghc� b�
hihjghc�ih^j_rzlhd��Ijb�ijhkljZgkl\_ggh-iheyjbaZpbhgghc�h[jZ[hld_�ihe_c�^hklb]Z�
_lky�[he__�\ukhdZy��q_f�ijb�ijhkljZgkl\_ggh-\j_f_gghc�h[jZ[hld_��wnn_dlb\ghklv�ih�
^Z\e_gby�ihf_o��dhlhjZy�h]jZgbq_gZ�ebrv�mjh\g_f�\g_rgbo�b�\gmlj_ggbo�rmfh\��JZk�
kfZljb\Z_fZy�\�^Zgghc�jZ[hl_�::J�ijhy\ey_l�k_[y�gZbemqrbf�h[jZahf�\�kemqZ_�ih^Z\�
e_gby�hq_gv�fhsguo�ih�kjZ\g_gbx�k�ihe_aguf�kb]gZehf�ihf_o��jZkijhkljZgyxsboky�ih�
hldjuluf�dZgZeZf�k\yab� 

Hkgh\gufb�ijbqbgZfb�mom^r_gby�dZq_kl\Z�ijbzfZ�kb]gZeZ�\�hldjuluo�dZgZeZo�
k\yab�ihfbfh�ihf_o�y\eyxlky�rmfu�b�jZkk_ygb_�ihe_agh]h�kb]gZeZ�gZ�]b^jhf_l_hjZo��
\�hkgh\ghf�gZ�^h`^_��>ey�ijhkljZgkl\_ggh-iheyjbaZpbhgguo�::J�ihy\ey_lky�_sz�h^�
gZ� ijbqbgZ� –� baf_g_gb_� \� lhqd_� ijb_fZ� iheyjbaZpbb� b� ^_iheyjbaZpby� kb]gZeZ� gZ�
ev^bgdZo�\�\ukhdbo�kehyo�Zlfhkn_ju��qlh�ijb\h^bl�d�ijhgbdgh\_gbx�qZklb�fhsghklb�
ihe_agh]h�kb]gZeZ�\�hihjguc�dZgZe�::J�–�lZd�gZau\Z_fh_�ijhkZqb\Zgb_� 

P_evx�^Zgghc�jZ[hlu�y\ey_lky�bkke_^h\Zgb_�wnn_dlb\ghklb�jZ[hlu�ijhkljZg�
kl\_ggh-iheyjbaZpbhgghc�::J�ijb�ijb_f_�qZklbqgh�jZkk_ygguo�b�qZklbqgh�iheyjbah�
\Zgguo�jZ^bh\heg�k�mq_lhf�ijhkZqb\Zgby�ihe_agh]h�kb]gZeZ�\�hihjguc�dZgZe� 

Fh`gh�\u^_eblv�ljb�hkgh\gu_�ijbqbgu�ijhkZqb\Zgby�–�wlh�ZiiZjZlmjgu_�ih�
]j_rghklb�� baf_g_gb_� iheyjbaZpbb�ihe_agh]h� kb]gZeZ� \�ijhp_kk_� jZkijhkljZg_gby�b 
^_iheyjbaZpby��Ke_^kl\b_f�\u[jZgghc�fh^_eb�we_dljhfZ]gblgh]h�ihey�y\ey_lky�ihe�
gh_�hlkmlkl\b_�dhjj_eypbb�f_`^m�^_iheyjbah\Zggufb�dhfihg_glZfb�\�kb]gZevghc�b�
hihjghc�ih^j_r_ldZo��K�h^ghc�klhjhgu��wlh�mf_gvrZ_l�g_]Zlb\guc�wnn_dl�ijhkZqb�
\Zgby��lZd�dZd�ijhkhqb\rZyky�qZklv�ihe_agh]h�kb]gZeZ�hdZau\Z_lky�iheghklvx�g_dhj�
j_ebjh\Zgghc�k�kb]gZehf�\�kb]gZevghc�ih^j_r_ld_��b�fh`_l�jZkkfZljb\Zlvky�dZd�^h�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 



Ih^k_dpby�jZ^bhnbabdb 

 

15 

ihegbl_evgZy�ihf_oZ��K�^jm]hc�klhjhgu��^_iheyjbah\Zggu_�dhfihg_glu�ihf_o�\�h[_bo�
ih^j_r_ldZo� lZd`_� hdZau\Zxlky� g_dhjj_ebjh\Zggufb�� Z� wlh�fh`_l� kms_kl\_ggh� ih�
\ebylv�gZ�wnn_dlb\ghklv�jZ[hlu�kbkl_fu��hkgh\guf�mkeh\b_f�nmgdpbhgbjh\Zgby�dh�
lhjhc� y\ey_lky� keZ[Zy� dhjj_eypby� ihe_agh]h� kb]gZeZ� b� ihf_o� b� kbevgZy� dhjj_eypby�
dhfihg_gl�ihf_o�f_`^m�kh[hc� 

GZ�jbk����ihdZaZgu�bgl_]jZevgu_�nmgdpbb�jZkij_^_e_gby�wnn_dlb\ghklb�jZ[h�
lu�::J�-�\ub]jur�\�HKIR�µ  -�ijb�ijb_f_�qZklbqgh�iheyjbah\Zgguo�ihe_agh]h�kb]�
gZeZ�b�^\mo�ihf_o�ijb�kj_^g_c�kl_i_gb�ijhkZqb\Zgby�����<�kemqZ_�ijZ\hc�weebilbq_�
kdhc�iheyjbaZpbb�i_j\hc�ihf_ob��[ebadhc�d�ijZ\hc�djm]h\hc�iheyjbaZpbb�ihe_agh]h�
kb]gZeZ��\ub]jur�\�HKIR�khklZ\ey_l���^;��qlh�gZ���^;�om`_�b^_Zevgh]h�kemqZy�–�\�hl�
kmlkl\b_�ijhkZqb\Zgby��H^gZdh�wlhl�\ub]jur�klZ[be_g��Ijb�ijb[eb`_gbb�iheyjbaZ�
pbb�i_j\hc�ihf_ob�d�e_\hc�djm]h\hc��ijhbkoh^bl�m\_ebq_gb_�\ub]jurZ�\�HKIR�^h�
���^;� 

Ijb�^_iheyjbaZpbb�ihf_ob�_z�gZebqb_�\�kb]gZevghc�ih^j_rzld_�klZgh\blky�g_�
ba[_`guf�\g_�aZ\bkbfhklb�hl�_z�iheyjbaZpbb��Wlh�_kl_kl\_gguf�h[jZahf�h]jZgbqb\Z�
_l�fZdkbfZevgmx� wnn_dlb\ghklv�jZ[hlu�::J�� lZd�dZd� khklZ\eyxsb_�^_iheyjbah\Zg�
ghc�dhfihg_glu�ihf_ob�\�hihjghc�b�kb]gZevghc�ih^j_rzldZo�g_dhjj_ebjh\Zggu�f_`�
^m� kh[hc�� b�� ke_^h\Zl_evgh�� g_�fh]ml� [ulv� ih^Z\e_gu� gbdZdbf�ih^[hjhf� \_kh\��Ijb�
kl_i_gb�iheyjbaZpbb�������jbk������fZdkbfZevgZy�wnn_dlb\ghklv�khklZ\ey_l����^;��fb�
gbfZevgZy�–� ��^;��Kgb`_gb_� wnn_dlb\ghklb�ih� kjZ\g_gbx� k�b^_Zevguf� kemqZ_f� kh�
klZ\ey_l���÷ ����^;� 

Ke_^m_l� aZf_lblv�� qlh� jZ[hlZ� ^Zgghc� ijhkljZgkl\_ggh-iheyjbaZpbhgghc� ::J�
bkke_^h\ZeZkv�\�`zkldhf�^ey�g_z�j_`bf_��dh]^Z�kb]gZe�b�h^gZ�ba�ihf_o�ijboh^yl�k�h^�
gh]h�gZijZ\e_gby��Z�m]he�ijboh^Z�\lhjhc�ihf_ob�hlebqZ_lky�gZ� 01 ��LZdhc�j_`bf�[ue�
\u[jZg� ^ey� gZ]ey^ghc� ^_fhgkljZpbb� ij_bfms_kl\�� dhlhju_� ^Zzl� ijhkljZgkl\_ggh-
iheyjbaZpbhggZy�h[jZ[hldZ�ijbgbfZ_fuo�ihe_c� 

LZdbf�h[jZahf��[ueh�ihdZaZgh��qlh�^Z`_�\�kemqZ_�kbevghc�^_iheyjbaZpbb�kb]�
gZeZ�b�ihf_o��ijhkljZgkl\_ggh-iheyjbaZpbhggZy� Z^Zilb\gZy� Zgl_ggZy� kbkl_fZ�iha\h�
ey_l�^h[b\Zlvky�klZ[bevgh]h�ih^Z\e_gby�ihf_o� 

Ebl_jZlmjZ 
1. KexkZj�<��Smart-Zgl_ggu�ihreb�\�k_jbx��We_dljhgbdZ��GZmdZ��l_ogheh]by��[ba�

g_k�������������k����-65. 

  
Jbk���� Jbk���� 
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2. Wdki_jbf_glu� ih� Z^Zilb\ghfm�nhjfbjh\Zgbx� ijh\Zeh\� \� ^bZ]jZff_� gZijZ\�
e_gghklb� Zgl_ggu� ihkj_^kl\hf� bkihevah\Zgby� ]_g_lbq_kdh]h� Ze]hjblfZ�� JZ^bhwe_d�
ljhgbdZ�aZ�jm[_`hf�������������k���-9. 

 

 

M>D������ 

FBDJHPMG:FB�G:�D:IE? 
<�IHE?�MEVLJ:A<MDH<UO�JWE??<KDBO�<HEG 

∗∗Aujygh\Z�:�<���DhjrZd�;�:���Fh`Z_\�<�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

L_jfbghf�pmgZfb�ijbgylh�gZau\Zlv� ]b]Zglkdb_�\hegu�gZ�ih\_joghklb�hd_ZgZ��
\hagbdZxsb_�\�j_amevlZl_�ih^\h^guo�a_fe_ljyk_gbc�beb�ba\_j`_gbc�\medZgh\��OZjZd�
l_jghc�hkh[_gghklvx�wlbo�\heg�y\ey_lky�lh��qlh�bo�\ukhlZ�fh`_l�agZqbl_evgh�ij_\u�
rZlv�Zfieblm^m�\uau\Zxsbo�bo�dhe_[Zgbc�a_fghc�dhju��<�gZklhys_c�jZ[hl_�koh^gh_�
y\e_gb_�k�lhc�`_�oZjZdl_jghc�hkh[_gghklvx��gh�lhevdh�\�fbdjhfZkrlZ[_��gZ[ex^Zehkv�
wdki_jbf_glZevgh� gZ� ih\_joghklb� dZieb� `b^dhklb�� ihf_s_gghc� gZ� mevljZa\mdh\mx�
ebgbx�aZ^_j`db�jwe__\kdbo�\heg�� 

Ebgby� aZ^_j`db�ij_^klZ\eyeZ� kh[hc�iv_ahdjbklZee�YZ-gbh[ZlZ�eblby� �Y-kj_a��
Z-jZkijhkljZg_gb_�� k� ^\mfy� h^bgZdh\ufb� \klj_qgh-rluj_\ufb� ij_h[jZah\Zl_eyfb�
�<RI���jZkiheh`_ggufb�gZ�ijhlb\hiheh`guo�dhgpZo�jZ[hq_c�ih\_joghklb�djbklZeeZ��
Ih\_joghklgu_�Zdmklbq_kdb_�\hegu��I:<��jwe__\kdh]h�lbiZ�\ha[m`^Zebkv�\�djbklZee_�
h^gbf�beb� h[hbfb�<RI�gZ� j_ahgZgkghc� qZklhl_� ���F=p��<� dZq_kl\_�`b^dhkl_c�bk�
ihevah\Zebkv�\h^Z��wlbeh\uc�kibjl��jZkl\hjbl_ev�©mZcl-kibjblª�b�Zp_lhg��DZieb�`b^�
dhklb�gZghkbebkv�gZ�ih\_joghklv�a\mdhijh\h^Z�k�ihfhsvx�f_^bpbgkdh]h�rijbpZ�� 

<�j_`bf_�[_]msbo�\heg��dh]^Z�jZ[hlZe�lhevdh�h^bg�<RI��gZ[ex^Zebkv�^\Z�ba�
\_klguo�y\e_gby��Zdmklbq_kdbc�ljZgkihjl�dZi_ev�b�\boj_\u_�l_q_gby�`b^dhklb�\gmljb�
dZi_ev��<�j_`bf_�\ha[m`^_gby�\klj_qguo�\heg�gZ[ex^Zehkv�gh\h_�y\e_gb_��nhjfbjh�
\Zgb_� gZ� ih\_joghklb� dZieb� Zp_lhgZ� d\ZabklZpbhgZjgh]h� k]eZ`_ggh]h� ibdZ� �klhe[Z�
`b^dhklb�� k� \ukhlhc�� agZqbl_evgh� ij_\urZxs_c� Zfieblm^m� dhe_[Zgbc� ih\_joghklb�
djbklZeeZ�ih^�^_ckl\b_f�mevjZa\mdh\uo�jwe__\kdbo�\heg��Ijb�wlhf�m�dZieb�h[jZah\u�
\Zeky� lhgdbc� iv_^_klZe� k� jZ\ghf_jghc� lhesbghc�� gZ^� dhlhjuf� \ha\urZeky�`b^dbc�
©]hj[ª��fbdjhpmgZfb���K�l_q_gb_f�\j_f_gb�©]hj[ª�i_j_f_sZeky�ih�dZie_��gh�k�hlghkb�
l_evgh�fZehc� kdhjhklvx�� agZqbl_evgh�f_gvr_c�� q_f� kdhjhklv�I:<��<�qZklghklb��gZ�
[ex^Zebkv� _]h� oZhlbq_kdb_�i_j_f_s_gby�ih�f_j_� \ukuoZgby� Zp_lhgZ�� qlh�� \_jhylgh��
k\yaZgh�k�ijhkljZgkl\_gghc�g_jZ\ghf_jghklvx�\ukuoZgby�dZieb��Ih�f_j_�bkiZj_gby�
`b^dhklb�\ukhlZ�`b^dh]h�klhe[Z�mf_gvrZeZkv�^h�l_o�ihj��ihdZ�hgZ�g_�kjZ\gb\ZeZkv�k�
lhesbghc�iv_^_klZeZ��ihke_�q_]h�ijhbkoh^beh�^Zevg_cr__�\ukuoZgb_�`b^dh]h�iylgZ�
[_a�\b^bfuo�\ha\ur_gbc�gZ�_]h�ih\_joghklb��GZ[ex^Z_fu_�y\e_gby�j_]bkljbjh\Zebkv�
k�ihfhsvx�pbnjh\h]h�nhlhZiiZjZlZ�\�\b^_�dhjhldbo�\b^_hjhebdh\��GZ�jbk� ��ihdZaZgu�
wkdbau�ijhnbey�dZieb��gZ[ex^Z_fu_�\�j_`bf_�__�ihklmiZl_evgh]h�i_j_f_s_gby�ih^�
\ha^_ckl\b_f�h^ghc�[_]ms_c�\hegu��jbk���[��b�\�j_`bf_�dhe_[Zgbc�dZieb�gZ�f_kl_�ijb�
\ha^_ckl\bb�gZ�g__�^\mo�\klj_qguo�\heg��jbk���\���>ey�kjZ\g_gby�ihdZaZg�jZ\gh\_kguc�
ijhnbev�dZieb�\�hlkmlkl\b_�\ha^_ckl\by�I:<��jbk� �Z�� 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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>ey� bgl_jij_lZpbb� nhjfu� dZieb�� gZ[ex^Z_fhc� ijb� \ha^_ckl\bb� \klj_qguo�
I:<��fh]ml�bkihevah\Zlvky�^\Z�Zevl_jgZlb\guo�ih^oh^Z��K�h^ghc�klhjhgu��gZ[ex^Z_�
fuc�ijhnbev�ihoh`�gZ�kheblhgu�klhyqbo�\heg��\hagbdZxsb_�gZ�ih\_joghklb�dx\_lu�k�
`b^dhklvx�� kh\_jrZxs_c� \_jlbdZevgu_� ]Zjfhgbq_kdb_� dhe_[Zgby� >�@��Ihwlhfm� ijh�
nbev�dZieb��ihdZaZgguc�gZ�jbk� �\��fh`gh�jZkkfZljb\Zlv�dZd�fh^bnbpbjh\Zgguc�kh�
eblhg�klhyqbo�\heg�gZ�ih\_joghklb�`b^dhklb��\ha[m`^_gguc�\�mkeh\byo��[he__�keh`�
guo��q_f�\� kemqZ_�dhe_[Zgbc�dx\_lu�dZd�p_eh]h��?keb� lZdZy�bgl_jij_lZpby�y\ey_lky�
ijZ\bevghc��lh�gZ[ex^Z_fuc�ijhnbev�^he`_g�[ulv�j_amevlZlhf�\bamZevgh]h�mkj_^g_�
gby�\ukhdhqZklhlguo�dhe_[Zgbc�dZieb��\ua\Zggh]h�bg_jpbhgghklvx�ajbl_evgh]h�\hk�
ijbylby��Lh]^Z�k]eZ`_gguc�ibd�\�ijhnbe_�dZieb�lhevdh�dZ`_lky�d\ZabklZpbhgZjguf��Z�
gZ�kZfhf�^_e_�hg�y\ey_lky�ebrv�\g_rgbf�dhglmjhf�h]b[Zxs_c�\ukhdhqZklhlguo�dh�
e_[Zgbc�ih\_joghklb�dZieb�� 

K�^jm]hc�klhjhgu��ijhnbev�gZ�jbk� �\�gZihfbgZ_l�bkdZ`_gb_�ih\_joghklb�`b^�
dhklb��ij_^r_kl\mxs__�ihy\e_gbx�gZ�g_c�mevljZa\mdh\h]h�nhglZgZ�ijb�\ha^_ckl\bb�
nhdmkbjh\Zgguo� h[t_fguo� \heg�� baemqZ_fuo� ]b^jhnhghf� >�@�� Ihwlhfm� ^jm]Zy� \ha�
fh`gZy�bgl_jij_lZpby�khklhbl�\�lhf��qlh�\ha\ur_gb_�gZ�ih\_joghklb�dZieb�^_ckl\b�
l_evgh�y\ey_lky�d\ZabklZpbhgZjguf�h[t_dlhf��\hagbdZxsbf�\�ke_^kl\b_�h[jZam_fuo�\�
dZie_�Zdmklbq_kdbo�l_q_gbc��>ey�jZa\blby�wlhc�bgl_jij_lZpbb�[ueZ�jZkkfhlj_gZ�mi�
jhs_ggZy� \kihfh]Zl_evgZy� aZ^ZqZ� h� \hagbdgh\_gbb� Zdmklbq_kdbo� l_q_gbc� \�`b^dhf�
ihemijhkljZgkl\_��]jZgbqZs_f�k�mijm]bf�l\_j^uf�ihemijhkljZgkl\hf��\�dhlhjhf�gZ�
\klj_qm� ^jm]� ^jm]m� jZkijhkljZgyxlky� ^\_� \ul_dZxsb_� \hegu�Jwe_y��JZkq_l� ihdZaZe��
qlh�kmffZjgZy�kbeZ�jZ^bZpbhggh]h�^Z\e_gby�gZijZ\e_gZ�kljh]h�\\_jo�lhevdh�lZf��]^_�
\klj_qgu_�\ul_dZxsb_�\hegu�bf_xl�h^bgZdh\mx�Zfieblm^m��Hldehg_gby�\�klhjhgm�hl�
wlh]h�f_klZ�ijb\h^yl�d�gZdehgm�\_dlhjZ�kmffZjghc�kbeu�\�klhjhgm�ijhlb\hiheh`gmx�
hldehg_gbx��Wlh� k\hckl\h� gZ\h^bl� gZ�fukev� h� \hafh`ghklb�nhjfbjh\Zgby�`b^dh]h�
klhe[Z�k�p_gljhf�\�h[eZklb�jZ\_gkl\Z�Zfieblm^�\klj_qguo�jwe__\kdbo�\heg��>ey�wlh]h�
lj_[m_lky��qlh[u�Zfieblm^u�\klj_qguo�\heg�kjZ\gb\Zebkv�^jm]�k�^jm]hf�\�h[eZklb�ih^�
dZie_c�� 

Bf_xlky�b�^jm]b_�f_oZgbafu�nhjfbjh\Zgby�\ha\ur_gby�gZ�dZie_��<�qZklghklb��
ke_^m_l� hlf_lblv� \hafh`ghklv� \ha[m`^_gby� gZ� bkdjb\e_gghf� djZ_� dZieb� nhdmkbjh�
\Zgguo� Zdmklbq_kdbo� beb� dZibeeyjguo� \heg� k�nhdmkhf�� e_`Zsbf� \� ij_^_eZo� dZieb��
H^gZdh�jZaf_ju�nhdmkgh]h�iylgZ�b�^bZf_lj�khhl\_lkl\mxs_]h�\ha\ur_gby�gZ�dZie_�
^he`gu�[ulv�ihjy^dZ�^ebgu�\hegu��gh�^ebgZ�\hegu�I:<� �beb�dZibeeyjguo�\heg��\�
wdki_jbf_gl_�[ueZ�agZqbl_evgh�f_gvr_�rbjbgu�\ha\ur_gby�gZ�dZie_��Ke_^h\Zl_evgh��
wlhl�f_oZgbaf��_keb�hg�b�b]jZ_l�jhev�\�h[km`^Z_fhf�kemqZ_��lh�lhevdh�\�iZj_�k�dZdbf-
eb[h�^jm]bf�kms_kl\_gguf�f_oZgbafhf�nhjfbjh\Zgby�ijhnbey�dZieb��>h[Z\bf��qlh�b�
\ha[m`^_gb_�kh[kl\_gguo�fh^�dhe_[Zgbc�dZieb� �\�qZklghklb��lhesbggh]h�j_ahgZgkZ���
dZd�b�\ha[m`^_gb_�kh[kl\_gguo�fh^�dhe_[Zgbc�iv_ahwe_dljbq_kdhc�ih^eh`db��fh`_l�
hdZau\Zlv�aZf_lgh_�\ebygb_�gZ�bkdZ`_gby�nhjfu�dZieb��<�nhjfbjh\Zgbb�iv_^_klZeZ�

 
�����Z���������������������������������������������������[����������������������������������������������������\� 

 
Jbk� ���Wkdbau�ijhnbey�dZieb���Z��dZiey�\�hlkmlkl\b_�^bgZfbq_kdbo�\ha^_ckl\bc���[��dZiey��^\b`msZy�
ky�ihklmiZl_evgh�ijb�\ha^_ckl\bb�I:<��[_]ms_c�gZijZ\h���\��dZiey��dhe_[exsZyky�gZ�f_kl_�ijb�\ha�
^_ckl\bb�\klj_qguo�I:< 
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dZieb� \_jhylgh� b]jZxl� jhev� ijhkljZgkl\_ggh� i_jbh^bq_kdb_� Zdmklbq_kdb_� l_q_gby��
\hagbdZxsb_�\�j_amevlZl_�g_ebg_cgh]h�\aZbfh^_ckl\by�\klj_qguo�\heg� 

<�dhg_qghf�kq_l_�hq_\b^gh��qlh�gZ[ex^Z_fuc�ijhnbev�dZieb�y\ey_lky�j_amev�
lZlhf�ehdZevguo�baf_g_gbc� kbe�ih\_joghklgh]h�gZly`_gby�ijb�^bgZfbq_kdbo�\g_r�
g_f�b�\gmlj_gg_f�\ha^_ckl\byo� �\gmlj_gg__�h[mkeh\e_gh�\ha[m`^_gb_f�kh[kl\_gguo�
fh^�dZieb���ihkdhevdm� wlh�bf_ggh� l_� kbeu��qlh�dhgljhebjmxl� __�nhjfm��<hafh`gu_�
f_oZgbafu� lZdh]h�baf_g_gby�i_j_qbke_gu� \ur_��>ey�[he__�hij_^_e_ggh]h� \u\h^Z�h�
^hfbgbjmxs_f�f_oZgbaf_�nhjfbjh\Zgby�d\ZabklZpbhgZjgh]h�\ha\ur_gby�gZ�ih\_jo�
ghklb�dZieb�lj_[m_lky�jZajZ[hldZ�^h\hevgh�keh`ghc�l_hjbb�h�\ugm`^_gguo�lj_of_j�
guo� dhe_[Zgbyo� dZieb� dhg_qguo� jZaf_jh\�� ij_\urZxsbo� ^ebgm� \hegu�� k� mq_lhf�
keh`ghc� nhjfu� ih\_joghklb� dZieb� b� jZkij_^_e_ggh]h� oZjZdl_jZ� __� dhe_[Zgbc� ijb�
\ha^_ckl\bb�jZkij_^_e_gghc�\ugm`^Zxs_c�kbeu� 

Ebl_jZlmjZ� 
1. Wei R., Wang B., Mao Y., Zheng X., Miao G., Furhter investigation of nonpropagat-

ing solitons and their transition to chaos, J. Acoust. Soc. Amer., 1990, v. 88, n. 1, p. 469-472. 
2. Cinbis C., Mansour N. N., Khuri-Yakub B. T., Effect of surface tension on the acous-

tic radiation pressure-induced motion of the water-air interface, J. Acoust. Soc. Amer., 1993, 
v. 94, n. 4, p. 2365-2372. 
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B\hqdbg�:�X� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZajZ[hldZ�wnn_dlb\guo�b�wdhghfbqguo�f_lh^h\�g_jZajmrZxs_c�^bZ]ghklbdb�
hklZlhqguo�gZijy`_gbc�bf__l�[hevrh_�agZq_gb_�^ey�hp_gdb�wdkiemZlZpbhgghc�gZ^_`�
ghklb�dhgkljmdpbc��H^gbfb�ba�gZb[he__�i_jki_dlb\guo�y\eyxlky�mevljZa\mdh\u_�f_�
lh^u��AZ^ZqZ�jZkijhkljZg_gby�a\mdh\uo�\heg�\�kj_^Zo�k�ijbeh`_ggufb�gZijy`_gbyfb�
j_rZ_lky�f_lh^Zfb�Zdmklhmijm]hklb��gh�\�kbem�__�keh`ghklb�ihemq_gh�ebrv�ijb[eb�
`_ggh_�j_r_gb_�^ey�\heg�fZehc�Zfieblm^u��iml_f�ebZg_jbaZpbb�bkoh^guo�g_ebg_c�
guo�mjZ\g_gbc��DZd�ihdZaZgh��gZijbf_j��\�jZ[hlZo�>�-�@�kdhjhklv�jZkijhkljZg_gby�a\m�
dh\uo�\heg�\�ebg_cghf�ijb[eb`_gbb�ijyfh�ijhihjpbhgZevgZ�ijbeh`_gguf�gZijy`_�
gbyf�� LZd�� \� kemqZ_� ^\mhkguo� gZijy`_gbc�� wlZ� aZ\bkbfhklv� bf__l� \b^�

)( 3322 σσ +=∆
A

V

V
�� ]^_� dhwnnbpb_gl� ijhihjpbhgZevghklb�:� aZ\bkbl� hl� iZjZf_ljh\�

EZf_ µλ, �b�g_ebg_cguo�fh^me_c�mijm]hklb� cba ,, ��<�kbem�fZehklb�g_ebg_cguo�ihijZ�
\hd�hlghkbl_evgh_�baf_g_gb_�kdhjhklb�fZeh��qlh�ijb\h^bl�d�g_h[oh^bfhklb�ij_pbab�
hgguo�baf_j_gbc��LZd�^ey�gZijy`_gby�����FIZ�hlghkbl_evgh_�baf_g_gb_�kdhjhklb�kh�
klZ\ey_l�ihjy^dZ���-4.  

G_h[oh^bfmx� lhqghklv� fh`gh� ihemqblv� bkihevamy� \j_fyijhe_lguc� f_lh^� b�
mevljZa\mdh\u_�bfimevku�fZehc�^ebl_evghklb��>ey�bo� ]_g_jZpbb� \�^Zgghc� jZ[hl_�bk�
ihevah\Zeky��hilbdh-Zdmklbq_kdbc�f_lh^�>�@��Ijb�ih]ehs_gbb�gZghk_dmg^gh]h�eZa_jgh]h�
bfimevkZ�\�f_lZee_�aZ�kq_l�l_jfhmijm]h]h�f_oZgbafZ�\ha[m`^Z_lky�mevljZa\mdh\hc�bf�
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imevk�� ih\lhjyxsbc� nhjfm� h]b[Zxs_c� bgl_gkb\ghklb� eZa_jgh]h� bfimevkZ�� <� jZ[hl_�
bkihevah\Zeky��Nd-YAG�eZa_j�k�^bh^ghc�gZdZqdhc��^ebl_evghklv�bfimevkZ���gk��wg_j]by�
����fd>`���J_]bkljZpby�bfimevkh\�ijhba\h^beZkv�ijb�ihfhsb�rbjhdhihehkgh]h�iv_ah�
ijb_fgbdZ�gZ�hkgh\_�djbklZeeZ�gbh[ZlZ�eblby��ihehkZ��-����F=p���qlh�iha\heyeh�ihem�
qblv�jZaj_r_gb_�ih�\j_f_gb�ihjy^dZ�����gk� 

<�dZq_kl\_�h[jZaph\�k�hklZ�
lhqgufb� gZijy`_gbyfb� bkihev�
ah\Zebkv�f_lZeebq_kdb_�ieZklbgu�
jZaebqghc� lhesbgu� �������ff�� kh�
k\Zjgufb� r\Zfb�� Ba-aZ� fZehc�
lhesbgu� h[jZaph\�� ^ey� m\_ebq_�
gby�^ebgu�imlb��ijhoh^bfhc�\he�
ghc��bkihevah\ZeZkv�fgh]hijhoh^�
gZy� ko_fZ�� :dmklbq_kdZy� \hegZ�
\ha[m`^ZeZkv�gZ�i_j_^g_c�ih\_jo�
ghklb� h[jZapZ�� k� lhc� `_� klhjhgu�
ijhba\h^beZkv� j_]bkljZpby� hljZ�
`_gghc�\hegu��>ey�dZ`^h]h�ba�h[�
jZaph\�[ueh�ihemq_gh�ijhkljZgkl�
\_ggh_� jZkij_^_e_gb_� hlghkbl_ev�
gh]h�baf_g_gby�kdhjhklb�a\mdZ��GZ�
jbk�� ��ijb\_^_gh��ihemq_ggh_�jZk�
ij_^_e_gb_� ^ey� ieZklbgu� lhesb�
ghc� ��ff��Dhhj^bgZlZ�Y�hlkqblu�
\Z_lky� \�gZijZ\e_gbb�i_ji_g^bdm�
eyjghf�r\m��p_glj�r\Z�khhl\_lkl�
\m_l�Y ���Hkv�X�gZijZ\e_gZ�\^hev�
r\Z� 

GZ�jbk�� ��ihdZaZgh�jZkij_�
^_e_gb_� hlghkbl_evgh]h� ba-
f_g_gby� kdhjhklb� \^hev� gZijZ\�
e_gby� i_ji_g^bdmeyjgh]h�r\m�� <�
h[eZklb� \[ebab� r\Z� gZ[ex^Z_lky�
aZf_lgh_� baf_g_gb_� kdhjhklb��
ijbqbgZ� dhlhjh]h� aZdexqZ_lky� \�
baf_g_gbb� kljmdlmju� f_lZeeZ� \�
ijhp_kk_�i_j_ieZ\db� 

Ihemq_ggu_�jZkij_^_e_gby�
ihe_c� hklZlhqguo� ih� nhjf_� kh\�
iZ^Zxl� k� jZkij_^_e_gb_f� � gZijy�
`_gbc� \� k\Zjguo�r\Zo�� ihemq_g�
guo�jZajmrZxsbfb�f_lh^Zfb� 

Eb�l_jZlmjZ� 
1. =mav�:�G���FZohjl�N�=���=msZ�H�B��<\_^_gb_�\�Zdmklhmijm]hklv��GZmdh\Z�>mf�

dZ��Db_\�- 1977. – 150 c 
2. Guz A.N. Elastic waves in bodies with initial (residual) stresses. Int. Appl. Mechan-

ics, 2002, 38, 1, pp.23-59  
3. =mk_\�<�W���DZjZ[mlh\�:�:��EZa_jgZy�hilhZdmklbdZ��–�F���GZmdZ��=e��j_^��nba�-

fZl��ebl���������–�����k 

 
bk� ���IjhkljZgkl\_ggh_� jZkij_^_e_gb_� hlghkbl_evgh]h�
baf_g_gby�kdhjhklb�\�ieZklbg_�lhesb 

 

 
Jbk� ��� JZkij_^_e_gb_� hklZlhqguo� gZijy`_gbc� \^hev�
gZijZ\e_gby�i_ji_g^bdmeyjgh]h�r\m 
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M>D�������� 

J:KIJ?>?E?GB?�WE?DLJBQ?KDBO�A:JY>H< 
G:�IJH;GUO�F:KK:O�BA�IE:<E?GH=H�D<:JP: 

Ijhohjh\�E�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

EZa_jgu_� bgl_jn_jhf_ljbq_kdb_� ^_l_dlhju� ]jZ\blZpbhggh]h� baemq_gby� ij_^�
klZ\eyxl� kh[hc� mgbdZevgu_� mklZgh\db�� k� dhlhjufb� k\yau\Zxl� h`b^Zgb_� ijhju\Z� \�
gZrbo�ij_^klZ\e_gbyo�h�jheb�]jZ\blZpbb�dZd�\�fZdjh-��lZd�b�\�fbdjhfbj_�>�@��Mki_o�\�
[hevrhc� kl_i_gb� aZ\bkbl� hl� qm\kl\bl_evghklb�� dhlhjhc� m^Zklky� ^hklb]gmlv��Ijb� bo�
kha^Zgbb�bkke_^mxlky�lhgdb_�wnn_dlu��h^gbf�ba�dhlhjuo�y\ey_lky�\aZbfh^_ckl\b_�k�
hdjm`_gb_f�we_dljbq_kdbo�aZjy^h\��gZoh^ysboky�gZ�^bwe_dljbq_kdbo�ijh[guo�fZkkZo�
]jZ\blZpbhgguo�Zgl_gg� 

P_ev�bkke_^h\Zgby�–�baf_j_gb_�\ZjbZpbc�jZkij_^_e_gby�aZjy^h\�gZ�h[jZap_�ba�
ieZ\e_gh]h�d\ZjpZ�k�jZaj_r_gb_f��ijhkljZgkl\_gguf�a���ff��\j_f_gguf�a��k��jZaj_�

r_gb_f�ih�aZjy^m�
−e310 ��Baf_j_gb_�lZdbo�fZeuo�aZjy^h\�y\ey_lky�hkh[_gghklvx�gZ�

klhys_c�jZ[hlu�\�jy^m�^jm]bo�jZ[hl�ih�bamq_gbx�we_dljbaZpbb�^bwe_dljbdh\� 
<� kha^Zgghc� wdki_jbf_g-

lZevghc� mklZgh\d_� �jbk� ��� ^ey�
baf_j_gby� ih\_joghklghc� iehl-
ghklb�aZjy^Z�bkihevah\Zeky�fh^b-
nbpbjh\Zgguc� f_lh^� D_ev\bgZ� 
GZ� jZkklhygbb� a 0,2 ff� ih^� h[-
jZaphf� gZoh^beky� ahg^�� We_d-
ljbq_kdbc�aZjy^��gZoh^ysbcky�gZ�
h[jZap_�� bg^mpbjh\Ze� gZ� ahg^_�
aZjy^� ijhlb\hiheh`gh]h� agZdZ��
Kb]gZe�k�ahg^Z�ihklmiZe�gZ�we_d-
ljhf_ljbq_kdbc� mkbebl_ev�� Ijb�
\jZs_gbb� h[jZapZ� ahg^� kdZgbjh-
\Ze�_]h�ih\_joghklv��Baf_jy_fhc�
\_ebqbghc� y\eyehkv� ijhkljZgkl-
\_ggh_� baf_g_gb_� \_ebqbgu� aZ-
jy^Z� gZ� h[jZap_� \^hev� ihehku��
dhlhjmx� kdZgbjm_l� ahg^��Rmfh-
\u_� iZjZf_lju� bkihevam_fh]h�
we_dljhf_ljbq_kdh]h� mkbebl_ey�
iha\heyeb� j_]bkljbjh\Zlv� \Z�
jbZpbb�aZjy^Z�a −e210 . 

>ey� bamq_gby� jZaebqguo�
nZdlhjh\�� \ebyxsbo� gZ� w\hex-
pbx� jZkij_^_e_gby� we_dljbq_k-
dh]h� aZjy^Z��bkke_^h\Zehkv�baf_-
g_gb_�kh�\j_f_g_f�jZkij_^_e_gby�
aZjy^Z�� ehdZevgh� gZg_k_ggh]h� gZ� h[jZa_p�f_lh^hf� dhglZdlghc� we_dljbaZpbb �jbk� 2). 
Baf_jyebkv� Zfieblm^Z� b� rbjbgZ� khhl\_lkl\mxs_]h� wlhfm� aZjy^m� ibdZ� gZ� djb\hc�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jbk�����Ko_fZ�mklZgh\db 
 

 
 
 
 
 
 
 
 
 
 
 
 

Jbk�� ��� <uoh^ghc� kb]gZe�
ijb� gZg_k_gbb� gZ� h[jZa_p�
aZjy^Z�f_lh^hf�dhglZdlghc�
we_dljbaZpbb 

 
 
 
 
 
 
 
 
 
 
 

Jbk�����>bihevguc�ibd�jZk-
j_^_e_gby�aZjy^Z 
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ijhkljZgkl\_ggh]h� jZkij_^_e_gby� aZjy^Z��Ohly� aZ\bkbfhklv� Zfieblm^u� kb]gZeZ� hl�
\j_f_gb� hlebqZeZkv� hl� wdkihg_gpbZevghc�� ^ey� hibkZgby�ijhp_kkZ� \\h^behkv� oZjZd�
l_jgh_�\j_fy�kiZ^Z�Zfieblm^u� 

GZ�i_j\hf�wlZi_�baf_j_gby�ijh\h^bebkv�gZ�\ha^mo_�ijb�\eZ`ghklb�f_g__������
J_amevlZlu� wdki_jbf_glh\� ihdZaZeb� kms_kl\_ggh_� \ebygb_� kihkh[Z� ijb]hlh\e_gby�
h[jZapZ� gZ� ihke_^mxsb_� \ZjbZpbb� jZkij_^_e_gby� aZjy^Z��Fb]jZpby� we_dljbq_kdbo�
aZjy^h\�fh`_l�[ulv�h[mkeh\e_gZ�g_kdhevdbfb�ijhp_kkZfb��ih\_joghklghc�b�h[t_f�
ghc�ijh\h^bfhklvx��g_cljZebaZpb_c�aZjy^h\�bhgZfb�\ha^moZ�>�@��Ijb�jZaebqguo�f_�
lh^Zo�ijb]hlh\e_gby�h[jZapZ�fh]ml�hlebqZlvky�dZd�k\hckl\Z�ih\_joghklb��lZd�b�\gml�
j_ggb_� k\hckl\Z��Ih\_joghklgZy� ijh\h^bfhklv� kms_kl-\_ggh� aZ\bkbl�� gZijbf_j�� hl�
dhebq_kl\Z�Z^khj[-bjh\Zgghc�\h^u��LZd��kjZam�ihke_�ijh]j_\Z�h[jZapZ�\�ieZf_gb�db�
kehjh^ghc�]hj_edb�\j_fy�j_eZdkZpbb�jZkij_^_e_gby�aZjy^Z��gZg_k_ggh]h�gZ�h[jZa_p��
khklZ\eyeh� ihjy^dZ� � fbgmlu�� Z� ihke_� ijh]j_\Z� \� i_qb� ijb� l_fi_jZlmj_� ����&� – 
5,5 qZkh\�  

GZ�ih\_^_gb_�jZkij_^_e_gby�aZjy^Z�\eby_l�g_�lhevdh�kihkh[�ijb]hlh\e_gby��gh�
b� ij_^uklhjby� h[jZapZ��<� h^ghf� ba� wdki_jbf_glh\� knhjfbjh\Zeky� g_h[uqguc� ^b�
ihevguc�ibd�ijhkljZgkl\_ggh]h�jZkij_^_e_gby�aZjy^Z��jbk� ����nhjfZ�dhlhjh]h�ijZd�
lbq_kdb�g_�f_gyeZkv��Z�Zfieblm^Z�kiZ^ZeZ�k�oZjZdl_jguf�\j_f_g_f�hdheh���� qZkh\��
ohly�\�wlhc�`_�k_jbb�m�aZjy^h\��gZg_k_gguo�f_lh^hf�dhglZdlghc�we_dljbaZpbb��\j_fy�
j_eZdkZpbb�[ueh�ihjy^dZ�� qZkh\� 

Bkke_^h\Zehkv� lZd`_� \ebygb_� hdjm`_gby� h[jZapZ� gZ� jZkij_^_e_gb_� aZjy^h\��
GZ�we_dljbq_kdb_�aZjy^u��gZoh^ysb_ky�gZ�h[jZap_��^_ckl\mxl�kbeu�bah[jZ`_gby�kh�
klhjhgu�f_lZeebq_kdbo� ^_lZe_c� jZ[hq_c� dZf_ju��?keb� ahg^� hklZ\eyeky� ih^� g_ih^�
\b`guf� h[jZaphf�� lh� q_j_a� g_dhlhjh_� \j_fy� gZ� ih\_joghklb� h[jZapZ� \[ebab� ahg^Z�
nhjfbjh\Zeky� ibd� gZ� djb\hc� ijhkljZgkl\_ggh]h� jZkij_^_e_gby� aZjy^Z�� >Z`_� _keb�
kbff_ljbah\Zlv�hdjm`_gb_�b�hl\_klb�ahg^��\gmljb�jZ[hq_]h�h[t_fZ�hklZ_lky�keZ[h_�
we_dljbq_kdh_�ihe_��kha^Z\Z_fh_�ba-aZ�jZaghc�jZ[hlu�\uoh^Z�f_lZeebq_kdbo�we_f_g�
lh\��K\h[h^gu_�aZjy^u�\�d\Zjp_�i_j_jZkij_^_eyxlky�lZdbf�h[jZahf��qlh[u�kdhfi_g�
kbjh\Zlv�we_dljbq_kdh_�ihe_�\gmljb�h[jZapZ��H[mkeh\e_ggh_�wlbf�wnn_dlhf�jZkij_�
^_e_gb_�aZjy^h\�fh`gh�gZ[ex^Zlv��_keb�gZqZlv�baf_j_gb_�jZkij_^_e_gby�aZjy^h\�ih�
ke_�lh]h�dZd�h[jZa_p�^he]h_�\j_fy�gZoh^beky�\�ihdh_�� 

;ueh�ijh\_^_gh�bkke_^h\Zgb_�\ebygby� kihkh[Z�baf_j_gbc�gZ� w\hexpbx�jZk�
ij_^_e_gby�aZjy^h\��<uykgbehkv��qlh�_keb�ahg^�ihklhyggh�gZoh^blky�ih^�h[eZklvx�k�
^hihegbl_evgh�gZg_k_gguf�aZjy^hf��lh�ijhp_kk�i_j_jZkij_^_e_gby�wlh]h�aZjy^Z�agZ�
qbl_evgh�aZf_^ey_lky�ih�kjZ\g_gbx�k�\ZjbZglZfb��dh]^Z�h[jZa_p�ihklhyggh�\jZsZ_l�
ky�beb�ahg^�hl\h^blky�hl��h[jZapZ�� 

Kha^ZggZy�wdki_jbf_glZevgZy�mklZgh\dZ�b�jZajZ[hlZggu_�f_lh^bdb�baf_j_gbc�
iha\hebeb�bkke_^h\Zlv�nZdlhju��\ebyxsb_�gZ�jZkij_^_e_gb_�we_dljbq_kdbo�aZjy^h\�
gZ�^bwe_dljbdZo� 

Ebl_jZlmjZ 
1.  B. Abbott et. al. (The LIGO Scientific Collaboration), Nuclear Instruments and 

Methods in Physics Research A517/1-3 154(2004) 
2.  H.J. Wintle “Charge Motion and Trapping in Insulators”, IEEE Trans. Dielectrics EI, 

Vol. 6, No. 1 pp. 1-10, 1999. 
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M>D�������������� 

<UKHDHWNN?DLB<GUC�OHEH>GUC�D:LH> 
G:�HKGH<?�M=E?JH>GH=H�<HEHDG: 

*;_ehdhg_\Z�X�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

<�ihke_^gb_�]h^u�\�k\yab�k�i_jki_dlb\ghc�kha^Zgby�bklhqgbdh\�k\_lZ�k�\ukhdbf�
DI>�\_^mlky�bgl_gkb\gu_�bkke_^h\Zgby�oheh^ghc�wfbkkbb�k�gZgh-�b�fbdjhdjbklZeeb�
q_kdbo�fZl_jbZeh\�–�Zfhjngh]h�b�gZgh-�ZefZaZ��fbdjh-�b�gZgh]jZnblZ��gZghljm[hd��Z�
lZd�`_�m]e_jh^guo�\hehdhg�gZ�hkgh\_�sp2

�k\ya_c��M]e_jh^gu_�fZl_jbZeu�bf_xl�kjZ\�
gbl_evgh�\ukhdmx�jZ[hlm�\uoh^Z���-��w<���Ihwlhfm��we_dljhggZy�wfbkkby�ba�lZdbo�fZ�
l_jbZeh\��dZd�ijZ\beh��ijhbkoh^bl�ih�f_oZgbafm�lmgg_ebjh\Zgby�kd\hav�ihl_gpbZev�
guc��[Zjv_j�\Zdmmf-�l\_j^h_�l_eh�b�ohjhrh�hibku\Z_lky�l_hjb_c�NZme_jZ-Ghj^]_cfZ�- 
Z\lhwe_dljhgghc�wfbkkbb��Kh\_jr_ggh�^jm]hc�\ZjbZgl�wfbkkbb�we_dljhgh\�gZ[ex^Ze�
ky�gZ�ie_gdZo�Zfhjngh]h�ZefZaZ��\�dhlhjhc�gZ[ex^Zeky�f_oZgbaf�wfbkkbb�ih�Rhlldb��
l�_��l_jfhwe_dljhggZy�wfbkkby��mkbe_ggZy�ihe_f� 

<� gZklhys_c� jZ[hl_� ij_^klZ\e_gu� j_amevlZlu� bkke_^h\Zgbc� wfbkkbhgguo�
k\hckl\�m]e_jh^guo�dZlh^h\��hkms_kl\e_gguo�gZ�hkgh\_�fbdjh\hehdhg� khklhysbo�ba�
ebg_cguo�m]e_jh^guo�p_ihq_d��khklhysbo�ba�sp1

�nZau�m]e_jh^Z��LZdb_�\hehdgZ�ihmqZ�
xlky� ba� iheb\bgbe-� b� iheb\bgbeb^_g-]Zeh]_gb^guo� \hehdhg��Ijb� ijh]j_\_� ^h� ���-
800hK�p_ihqdb�mihjy^hqb\Zxlky���h[jZamy�fbdjhdjbklZeeu��Ijb�wlhf�dZlh^�ijbh[j_lZ�
_l�fZdkbfZevgmx�wfbkkbhggmx�kihkh[ghklv��Ijb�ihke_^mxs_c�l_jfbq_kdhc�h[jZ[hl�
d_� � �L!���K��p_ihqdb�ijhy\eyxl�l_g^_gpbx�d�krb\Zgbx��ij_h[jZamykv�\� ]jZnblhih�
^h[gu_�kljmdlmju�gZ�hkgh\_�sp2

�k\ya_c��Ijb�wlhf�wfbkkbhggZy�kihkh[ghklv�dZlh^Z�j_a�
dh�iZ^Z_l��<�^Zgghc�jZ[hl_�ijb\h^ylky�j_amevlZlu�bkke_^h\Zgby�wfbkkbhgguo�k\hckl\�
dZlh^h\�gZ�hkgh\_�m]e_jh^guo�fZdjh�\hehdhg�^bZf_ljhf���fdf�� 

Ebg_cgh-p_ihq_qguc� m]e_jh^� ijb]hlZ\eb\Zeky� f_lh^hf� ^_]b^jh]Zeh]_gbjh\Z�
gby���iheb\bgbeb^_goehjb^gh]h�\hehdgZ�k�ihke_^mxs_c�l_jfbq_kdhc�h[jZ[hldhc�_]h�\�
\Zdmmf_��<� dZq_kl\_� ij_dmjkhjZ� bkihevah\Zehkv� \hehdgh� ba� khihebf_jZ�I<>O�I<O�
^bZf_ljhf� ���fdf��Ihke_�j_Zdpbb�^_]b^jh]Zeh]_gbjh\Zgby�m]e_jh^guc�fZl_jbZe� kh�
^_j`Ze� g_dhlhjh_� � dhebq_kl\h� e_lmqbo� hj]Zgbq_kdbo� ijbf_k_c�� dhlhju_� m^Zeyebkv�
ijhfu\dhc�\�jZaebqguo�hj]Zgbq_kdbo�jZkl\hjbl_eyo��Dhgljhev� kljmdlmju�fZl_jbZeZ�
hkms_kl\eyeky�DJ�ki_dljhf_ljhf�³Jobin Yvoń �b�k�ihfhsvx�we_dljhggh]h�fbdjhkdhiZ�
(JEM-100C���Obfbq_kdbc�ZgZeba��ijh\_^_gguc�f_lh^hf�nhlhwe_dljhgghc�ki_dljhkdh�
ibb�� ihdZaZe� ���� kh^_j`Zgb_� m]e_jh^Z� \� dhg_qghf� fZl_jbZe_�� Oheh^gu_� wfbll_ju�
we_dljhgh\� ijb]hlZ\eb\Zebkv� ba� ^_]b^jh]Zeh]_gbjh\Zggh]h� \hehdgZ� F� ihke_^mxsbf�
l_jfbq_kdbf�hl`b]hf�ijb�l_fi_jZlmj_����K�\�\Zdmmf_���-6

�Lhjj�k�hldZqdhc�lmj[hfh�
e_dmeyjguf�gZkhkhf�\�l_q_gb_� ���fbgml��Ihke_�hl`b]Z�imqhd�\hehdgZ� aZdj_ieyeky�\�
gbd_e_\hf� ^_j`Zl_e_� b� ihf_sZeky� \Zdmmf�� DZlh^� b� Zgh^� ihf_sZebkv� \� d\Zjp_\mx�
ljm[dm�k�gZfhlZgghc�gZ�g__�\hevnjZfh\uf�gZ]j_\Zl_e_f��h[_ki_qb\Zxsbf�gZ]j_\�dZ�
lh^Z�^h� ����hK��Ijb]hlh\e_ggu_� lZdbf� h[jZahf� m]e_jh^gu_� \hehdgZ�h[eZ^Zxl�[hev�
rhc�Z^khj[pbhgghc�kihkh[ghklvx��Ijb�ihf_s_gbb�bo�\�\Zdmmf�f_lh^hf�fZkk-�ki_d�
ljhf_ljbb�gZ[ex^ZeZkv�bgl_gkb\gZy�^_khj[pby�fhe_dme�H2O, CnHm, N2, CO�b�^jm]bo�
e_lmqbo�dhfihg_gl��h[jZah\Z\rboky�\�ijhp_kk_�^_]b^jh]Zeh]_gbjh\Zgby��L_fi_jZlmjZ�

                                                           
*
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb� 
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dhgljhebjh\ZeZkv�ojhf_ev-dhi_e_\hc�l_jfhiZjhc��>_khj[pby� ]Zah\�ba�dZlh^Z�dhgljh�
ebjh\ZeZkv�k�ihfhsvx�fhghihevgh]h�fZkk-ki_dljhf_ljZ��<k_�wfbkkbhggu_�baf_j_gby�
ijh\h^bebkv� \� k\_jo\ukhdhf� \Zdmmf_� ���-9

� Lhjj�� \� mklZgh\d_� UNI-150A� nbjfu�
“RIBER´�� I_j_^� wfbkkbhggufb� baf_j_gbyfb� dZlh^� \u^_j`b\Zeky� ijb� l_fi_jZlmj_�
500hK�\�k\_jo\ukhdhf�\Zdmmf_�h[_a]Z`b\Zgby�\k_]h�dZlh^Z� 

<hevl-Zfi_jgu_�oZjZdl_jbklbdb�aZibku\Zebkv�Z\lhfZlbq_kdb�ijb�m\_ebq_gbb�b�
mf_gvr_gbb� ijbeh`_ggh]h� gZijy`_gby� \� ij_^_eZo� �-����<�� JZkklhygb_� f_`^m� ih�
\_joghklvx�dZlh^Z�b�Zgh^hf�\h�\k_o�baf_j_gbyo�khklZ\eyeh���ff��:gh^gh_�gZijy`_gb_�
f_gyehkv� ih� ebg_cghfm� aZdhgm� k�rZ]hf� ���<�k_d�� L_fi_jZlmjgu_� aZ\bkbfhklb� lhdZ�
wfbkkbb�aZibku\Zebkv�lZd`_�Z\lhfZlbq_kdb�ijb�hklu\Zgbb�kh�kj_^g_c�kdhjhklvx�hk�
lu\Zgby��hK�k_d��Ih�eh]bd_�j_Zdpbb�^_]b^jh]Zeh]_gbjh\Zgby� �^he`_g�h[jZah\u\Zlvky�
ebg_cgh-p_ihq_qguc�m]e_jh^��Wlh�ih^l\_j`^Z_lky�BD-Nmjv_�ki_dljhf�^_]b^jh]Zeh]_�
gbjh\Zggh]h� fZl_jbZeZ� ]^_� ijbkmlkl\m_l� ibd� ����� kf-1

�� khhl\_lkl\mxsbc� Zglbkbf�
f_ljbqguf� dhe_[Zgbyf� sp1

� k\ya_c�� <� lh� `_� \j_fy� ibd� ����� kf-1
�� khhl\_lkl\mxsbc�

kbff_ljbqgZy�dhe_[Zgbyf�sp1
� k\ya_c�ih�^Zgguf�DJ� ki_dljhkdhibb�hlkmlkl\m_l��>ey�

ih^l\_j`^_gby�lbiZ�obfbq_kdhc�k\yab�f_`^m�ZlhfZfb�m]e_jh^Z�\�m]e_jh^guo�\hehd�
gZo� �gZfb�[ueb�bkke_^h\Zgu�ki_dlju�oZjZdl_jbklbq_kdbo�ihl_jv�we_dljhgh\�k�^_]b^�
jh]Zeh]_gbjh\Zggh]h� \hehdgZ��Ih� j_amevlZlZf� bkke_^h\Zgbc� oZjZdl_jbklbq_kdbo� ih�
l_jv�we_dljhgh\��bkoh^gh_�\hehdgh�^he`gu�khklhylv�ba�ebg_cguo�p_ihq_d�m]e_jh^Z�gZ�
hkgh\_�sp1

�k\ya_c��GZ�jbk��Z�ijb\_^_gu�<:O�sp1-dZlh^Z��kgylu_�^ey�^\mo�l_fi_jZlmj�
dZlh^Z����hK�b����hK���DZd�\b^gh�ba�jbkmgdZ��wfbkkby�kbevgh�aZ\bkbl�hl�l_fi_jZlmju��
qlh�bkdexqZ_l�f_oZgbaf�Z\lhwfbkkbb�NZme_jZ–Ghj^]_cfZ��GZ�jbk���[�ihdZaZgu�wlb�`_ 

Jbk����Z��<:O�sp1-dZlh^Z�ijb�jZaguo�l_fi_jZ�
lmjZo�� [�� <:O� sp1-dZlh^Z� \� dhhj^bgZlZo�
Rhlldb�^ey�l_fi_jZlmj 

Jbk���� Z�� l_fi_jZlmjgu_� aZ\fkbfhklb�sp1-dZlh^Z�
ijb�jZaguo�agZq_gbyo�gZijy`_gghklb�ihey��[��l_�
`_�aZ\bkbfhklb��ihkljh_ggu_�\�dhhj^bgZlZo�Jb�
qZj^khgZ–>wrf_gZ 
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aZ\bkbfhklb� \� dhhj^bgZlZo� Rhlldb�� DZd� ke_^m_l� ba� nhjfmeu� Rhlldb�

(
3 1

2 2
2( , ) exp( )

W e E
I E T AT t

kT

−= − ���ih�l_fi_jZlmjghc�aZ\bkbfhklb�lhdZ�wfbkkbb�fh`gh�

hij_^_eblv�jZ[hlm�\uoh^Z��W��dZlh^Z��HgZ�ihemqbeZkv�W=0,43±�����w<��ihjh]�wfbkkbb�
f_g__���-2

�<�ff��\ukhdZy�djmlbagZ�<:O� ��-��f:�d<� �ijb�? ����d<�ff���Bkke_^h\Zgb_�
kljmdlmju�fZl_jbZeZ�\hehdgbkluo�dZlh^h\�b�__�baf_g_gby�\�ijhp_kk_�hl`b]Z�iha\heb�
eb�k^_eZlv�\u\h^�h�lhf��qlh�\ukhdb_�wfbkkbhggu_�k\hckl\Z�h[mkeh\e_gu�djbklZeebdZ�
fb�dZj[bgZ��dhlhju_�\hagbdZxl�ijb�hl`b]_�^_]b^jh]Zeh]_gbabjh\Zggh]h�fZl_jbZeZ�\�
\Zdmmf_� ijb� L≥���K�� Mf_gvr_gb_� jZ[hlu� \uoh^Z� we_dljhgghc� wfbkkbb� hagZqZ_l�
mf_gvr_gb_�ihl_gpbZevgh]h�[Zjv_jZ�l\_j^h_�l_eh-�\Zdmmf��>ey�h[tykg_gby�wlh]h�wn�
n_dlZ�bkihevamxlky�j_amevlZlu�jZkq_lh\�jZkij_^_e_gby�we_dljhgghc�iehlghklb�\�eb�
g_cghc�p_ihqd_�m]e_jh^Z�K20�>�@��ihemq_gghc�f_lh^hf�ik_\^hihl_gpbZeZ�k�mq_lhf�ih�
eyjbaZpbhggh]h�aZjy^Z�p_ihqdb��J_amevlZl�d\Zglh\hf_oZgbq_kdh]h�jZkq_lZ�ihdZau\Z_l��
qlh�gZ�dhgp_�p_ihqdb�bf__lky�[hevrhc�iheyjbaZpbhgguc�hljbpZl_evguc�aZjy^��ihgb�
`Z_l�jZ[hlm�\uoh^Z�dZlh^Z� 

Ebl_jZlmjZ 
1.  Lou L., Nordlander P. // Physical Review B. 1996. V������� 23. P. 16659. 

 
 

M>D������ 

WDKI?JBF?GL:EVGH?�BKKE?>H<:GB?�><MDJ:LGH=H 
;JW==H<KDH=H�J:KK?YGBY�K<?L:�<�I:J:L?EEMJBL? 

Xrdh\�D�;� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�jZ[hl_�bkke_^h\Zehkv�Zdmklhhilbq_kdh_�\aZbfh^_ckl\b_�k\_lZ�b�mevljZa\mdZ�\�
djbklZee_�iZjZl_eemjblZ�7H22, y\eyxs_]hky�h^ghhkguf�Zgbahljhiguf�fZl_jbZehf��<�
djbklZee_�TeO2 iv_ahij_h[jZah\Zl_e_f�ba�gbh[ZlZ�eblby�LiNbO3 x-kj_aZ�\ha[m`^Z_lky�
f_^e_ggZy� k^\b]h\Zy� Zdmklbq_kdZy� \hegZ� >�@�� \hegh\hc� njhgl� dhlhjhc� khklZ\ey_l�
m]he� °= 10α � k� hilbq_kdhc� hkvx�iZjZl_eemjblZ. Iehkdhklv�\aZbfh^_ckl\by�k\_lZ�k�
mevljZa\mdhf�[ueZ�\u[jZgZ�iZjZee_evgZ�hilbq_kdhc�hkb�djbklZeeZ��;_]msZy�\�djb�
klZee_�Zdmklbq_kdZy�\hegZ�\ke_^kl\b_�wnn_dlZ�nhlhmijm]hklb�fh^mebjm_l�ihdZaZ�
l_ev� ij_ehfe_gby� fZl_jbZeZ� b� ij_^klZ\ey_l� ^ey� k\_lZ� lj_of_jgmx� nZah\mx� ^b�
njZdpbhggmx�j_r_ldm�>�@��Bklhqgbdhf�k\_lZ�y\ey_lky�]_ebc-g_hgh\uc�eZa_j��]_g_jb�
jmxsbc�ebg_cgh�iheyjbah\Zgguc�k\_l�k�^ebghc�\hegu� gf633=λ . 

Ba\_klgh� >�-�@��qlh�\�[jw]]h\kdhf�j_`bf_�^bnjZdpbb�\�h[s_f�kemqZ_�kms_�
kl\m_l�lhevdh�^\Z�^bnjZdpbhgguo�fZdkbfmfZ��gme_\h]h�b�iexk��eb[h�fbgmk�i_j\h]h�
ihjy^dh\�^bnjZdpbb��H^gZdh�ijb�hij_^_e_gghf�\u[hj_�qZklhlu�mevljZa\mdZ�b�khhl�
\_lkl\mxs_f�_c�m]e_�;jw]]Z�\hafh`gh�h^gh\j_f_ggh_�m^h\e_l\hj_gb_�mkeh\bc�kbg�
ojhgbafZ�b�^ey�lj_o�^bnjZdpbhgguo�ihjy^dh\�>���@��<_dlhjgZy�^bZ]jZffZ�lZdh]h�\aZ-
bfh^_ckl\by�ij_^klZ\e_gZ�gZ�jbk� ���<�aZ\bkbfhklb�hl�lh]h��dZdhfm�\hegh\hfm�\_d-
lhjm�khhl\_lkl\m_l�iZ^Zxsbc�k\_l��[m^ml�gZ[ex^Zlvky�eb[h�gme_\hc��iexk�i_j\uc�b�
iexk�\lhjhc��eb[h�gme_\hc��fbgmk�i_j\uc�b�fbgmk�\lhjhc�^bnjZdpbhggu_�ihjy^db� 
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JZkq_l�m]eh\�;jw]]Z�^ey�kj_aZ� °= 10α  
\�iZjZl_eemjbl_�ihdZaZe��qlh� lhqd_�^\mdjZl�
gh]h� jZkk_ygby� ijb� gf633=λ  khhl\_lkl\m_l�

qZklhlZ� mevljZa\mdZ� F=pf theor 6.185* = ��Ih� j_�

amevlZlZf� wdki_jbf_glZevgh]h� bkke_^h\Zgby�
m]ehqZklhlguo� oZjZdl_jbklbd� ^ey� ^Zgghc�
Zdmklhhilbq_kdhc�yq_cdb�qZklhlZ�^\mdjZlgh�
]h� jZkk_ygby� khklZ\beZ� \_ebqbgm�

F=pf 4.188* = . 
DZd� \b^gh� ba� jbk� 1�� ^ey� gZ[ex^_gby�

^\mdjZlgh]h� jZkk_ygby� \� ^Zgghc� ]_hf_ljbb�
\aZbfh^_ckl\by� gZ� Zdmklhhilbq_kdmx� yq_cdm�
g_h[oh^bfh�ih^Z\Zlv�k\_l�g_h[udgh\_gghc�ih�
eyjbaZpbb�ih^�m]ehf�;jw]]Z��khhl\_lkl\mxsbf�
gZijZ\e_gbyf� \hegh\uo� \_dlhjh\� )(

1
ek

&

� eb[h�
)(

2
ek

&

�� GZ� jbk� �� ij_^klZ\e_gu� wdki_jbf_glZev�
gu_�aZ\bkbfhklb�bgl_gkb\ghklb�k\_lZ�\�i_j\hf�b�\lhjhf�^bnjZdpbhgguo�ihjy^dZo�hl�
gZijy`_gby�i_j_f_ggh]h� kb]gZeZ��ih^Z\Z_fh]h�gZ�iv_ahij_h[jZah\Zl_ev��Jbk� 2, Z� kh�
hl\_lkl\m_l�iZ^Zxs_fm� k\_lm� k� \hegh\uf� \_dlhjhf� )(

1
ek

&

��^ey� dhlhjh]h� \hafh`gZ�^b�

njZdpby�\����b����ihjy^db��Z�jbk� 2, [ −�\hegh\hfm�\_dlhjm�iZ^Zxs_]h�k\_lZ� )(
2

ek
&

��^ey�
dhlhjh]h�gZ[ex^Zxlky�–��b�–��^bnjZdpbhggu_�ihjy^db��<u[hj�qZklhlu�mevljZa\mdZ�b�
xklbjh\dZ�kbkl_fu�ijh\h^bebkv�ba�mkeh\by�^hklb`_gby�fZdkbfZevghc�bgl_gkb\ghklb�
k\_lZ�\h�\lhjuo�^bnjZdpbhgguo�ihjy^dZo��HilbfZevgZy�qZklhlZ�mevljZa\mdZ��ihemq_g�
gZy�wdki_jbf_glZevgh��khklZ\beZ�\_ebqbgm� F=pf 9.187= ��m]eu�;jw]]Z�^ey� )(

1
ek

&

�b� )(
2

ek
&

 

[ueb�jZ\gu�khhl\_lkl\_ggh� 2161 ′°=Brϑ �b� 4322 ′°−=Brϑ ��M]he�^bnjZdpbb�^ey�i_j\h�

]h�ihjy^dZ��bf_xs_]h�\hegh\hc�\_dlhj� )(ok
&

��hdZaZeky�jZ\_g� 541 ′°=Dϑ . 

Z) [) 

Jbk�����AZ\bkbfhklv�hlghkbl_evghc�bgl_gkb\ghklb�^bnjZdpbhgguo�fZdkbfmfh\�hl�gZijy`_gby�gZ�iv_�
ahij_h[jZah\Zl_e_ 

 

 
 

Jbk�� ��� <_dlhjgZy� ^bZ]jZffZ� Zdmklhhilb�
q_kdh]h�\aZbfh^_ckl\by 



EHFHGHKH<�– 2004 

 

26 

LZdbf� h[jZahf�� bkke_^h\Zgb_� ^hdZaZeh�� qlh� \� iZjZl_eemjbl_� kms_kl\m_l�
^\mdjZlgh_� jZkk_ygb_� k\_lZ�gZ� mevljZa\md_� k� wnn_dlb\ghklvx� ^bnjZdpbb��ij_�
\hkoh^ys_c� ����� Wlh� hldju\Z_l� \hafh`ghklb� bkihevah\Zgby� bkke_^h\Zggh]h�
j_`bfZ�^bnjZdpbb�\�hilhwe_dljhgguo�ijb[hjZo� 

Ebl_jZlmjZ 
1.  ;ZeZdrbc�<�B���IZju]bg�<�G���Qbjdh\�E�?��Nbabq_kdb_�hkgh\u�Zdmklhhilbdb. 

F���JZ^bh�b�k\yav������� 
2.  Goutzoulis A., Pape D. Design and Fabrication of Acousto-Optic Devices. New 

York: Marcel Dekker, 1994. 
3.  Xu J., Stroud R. Acousto-Optic Devices. New York: Wiley, 1992. 
4.  Yariv A., Yeh P. Optical Waves in Crystals. New York: Wiley, 1984. 

 
 

M>D�������� 

<EBYGB?�>EBGU�J?AHG:LHJ:�G:�G?EBG?CGMX�>BG:FBDM�
:;KHEXLGHC�IMQDH<HC�G?MKLHCQB<HKLB�<�H=J:GBQ?GGHC�

H;E:KLB�IJHKLJ:GKL<: 

K_i_ojb�>�G�� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bkke_^h\ZgZ� g_ebg_cgZy� ^bgZfbdZ� Z[khexlghc� q_j_gdh\kdhc� g_mklhcqb\hklb�
ijyfhebg_cgh]h�we_dljhggh]h�imqdZ�\�h]jZgbq_gghc�h[eZklb�ijhkljZgkl\Z��IhdZaZgh��
qlh�m\_ebq_gb_�^ebgu�kbkl_fu�i_j_klZ_l�\ebylv�gZ�\j_fy�gZkus_gby�g_mklhcqb\hklb�
b�mjh\_gv�__�g_ebg_cghc�klZ[bebaZpbb��_keb�^ebgZ�klZgh\blky�^hklZlhqgh�[hevrhc� 

Ba\_klgh��qlh�ijb�j_ahgZgkghf�q_j_gdh\kdhf�\aZbfh^_ckl\bb�we_dljhggh]h�imqdZ�
kh� \klj_qghc� \heghc� jZa\b\Z_lky� Z[khexlgZy� imqdh\Zy� g_mklhcqb\hklv��>bgZfbdZ� wlhc�
g_mklhcqb\hklb�hdZau\Z_lky�jZaebqghc�\�aZ\bkbfhklb�hl�^ebgu�ijhkljZgkl\Z�\aZbfh^_c�
kl\by�\hegu�b�imqdZ��<�qZklghklb��ijb�fZehc�^ebg_�g_mklhcqb\hklv�\hh[s_�hlkmlkl\m_l��
?keb�`_�^ebgZ�\_ebdZ��lh�g_mklhcqb\hklv�^he`gZ�jZa\b\Zlvky�lZd`_��dZd�b�\�[_a]jZgbqghc�
kbkl_f_��Ij_^klZ\ey_lky�bgl_j_kguf�b�ijZdlbq_kdb�\Z`guf�\uykgblv��dZdhc�^he`gZ�[ulv�
^ebgZ�ijhkljZgkl\Z�\aZbfh^_ckl\by��qlh[u�__�\ebygb_�gZ�^bgZfbdm�Z[khexlghc�g_mklhc�
qb\hklb�[ueh�g_kms_kl\_gguf��>ey� kemqZy�dhg\_dlb\ghc�imqdh\hc�g_mklhcqb\hklb�j_�
amevlZlu�lZdbo�bkke_^h\Zgbc�kh^_j`Zlky�\�>�@��>ey�j_r_gby�ihklZ\e_gghc�aZ^Zqb�bkoh^bf�
ba�g_ebg_cguo�mjZ\g_gbc�jZ[hlu�>�@��hibku\Zxsbo�baemq_gb_�imqdhf�we_dljhfZ]gblghc�
\hegu�\�we_dljhklZlbq_kdhf�ihe_�gZdZqdb��we_dljhklZlbq_kdbc�hg^meylhj�� 
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A^_kv� )(−Φ -� Zfieblm^Z�baemqZ_fhc�imqdhf�\klj_qghc�\hegu�� )(+Φ  -Zfieblm^u�\hegu�
h[jZlghc�k\yab�� x �b� τ  -[_ajZaf_jgu_�dhhj^bgZlZ�b�\j_fy�� 2,1χ  -dhwnnbpb_glu�hljZ�

`_gby�� bα �b�Θ  -iZjZf_lju��ijhihjpbhgZevgu_�iehlghklb�imqdZ�b�d\Z^jZlm�Zfieblm^u�

\hegu�gZdZqdb�� gv �b� bv  -[_ajZaf_jgu_� ]jmiih\Zy�kdhjhklv�baemq_gby�b�kdhjhklv�bg�

`_dpbb�we_dljhgh\�imqdZ�� λπNX 2=  -[_ajZaf_jgZy�^ebgZ��Z� λN  -qbkeh�^ebg�\heg�gZ�
^ebg_�ijhkljZgkl\Z�\aZbfh^_ckl\by� 

Gb`_�ij_^klZ\e_gu�j_amevlZlu��ihemq_ggu_�ijb�qbke_gghf�j_r_gbb�mjZ\g_gbc�
���� ^ey� ke_^mxsbo� agZq_gbc�iZjZf_ljh\�� 0,1,05.0,0005.0 2 ====Θ= χα bgb vv ��Ijb�

02 =χ �ijZ\uc��\uoh^ghc��dhg_p�ijhkljZgkl\Z�\aZbfh^_ckl\by�bf__l�gme_\mx�hljZ`Z�

l_evgmx�kihkh[ghklv��ihwlhfm�\hegZ� )(+Φ �baemqZ_lky�iheghklvx�b�mjZ\g_gb_�^ey�g__�
g_�lj_[m_lky��GZ�Jbk����ij_^klZ\e_gZ�aZ\bkbfhklv�[_ajZaf_jgh]h�\j_f_gb�g_ebg_cgh]h�
gZkus_gby�g_mklhcqb\hklb� .gZkτ �hl�[_ajZaf_jghc�^ebgu� λN ��Z�gZ�Jbk����bah[jZ`_gZ�\�

aZ\bkbfhklb�hl� λN �fZdkbfZev-
gZy� [_ajZaf_jgZy� Zfieblm^Z�
\hafms_gby� \hegu� iehlghklb�
imqdZ� |),2(||| .gZkXR τℜ= �� Ih-

kdhevdm�iZjZf_lj� λN �ijbgbfZ-
_l� lhevdh� p_eu_� agZq_gby�� m�
djb\uo� gZ� jbkmgdZo� bf_xl�
kfuke� lhevdh� \u^_e_ggu_� lhq-
db�� <b^gh�� qlh� g_mklhcqb\hklv�
gZqbgZ_lky�lhevdh�ijb� 10>λN , 
qlh�kh\iZ^Z_l�k�ihjh]h\hc�^eb-
ghc� \uqbke_gghc� ih� ZgZeblb-
q_kdhc� nhjfme_� ebg_cghc�
l_hjbb� >�@�� AZ\bkbfhklv� hl�
^ebgu� agZqbl_evgZ� lhevdh� \�
^bZiZahg_� hl� ihjh]Z� - 10=λN  

^h� 2520÷=λN �� >Zevg_cr__�

m\_ebq_gb_� ^ebgu� g_� kdZau\Z-
_lky� gZ� \j_f_gb� g_ebg_cgh]h�
gZkus_gby� g_mklhcqb\hklb� b�
mjh\g_� __�g_ebg_cghc� klZ[beb-
aZpbb��Jbk�����Wlh�–�kms_kl\_g-
guc� j_amevlZl�� bf_xsbc� \Z`-
gh_� agZq_gb_�ijb�ijZdlbq_kdhc�
jZajZ[hld_�bklhqgbdh\�we_dljh-
fZ]gblgh]h�baemq_gby�gZ�\klj_-
qguo� \hegZo�� bf__lky� g_dhlh-
jZy� ^ebgZ� kbkl_fu�� ij_\ur_-
gb_�dhlhjhc�g_p_e_khh[jZagh� 

Ebl_jZlmjZ 
1. Dma_e_\� F�<��� JmoZ^a_�

:�:��We_dljh^bgZfbdZ�iehlguo�
we_dljhgguo� imqdh\� \� ieZaf_��
F���GZmdZ������������k� 
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2. DZjlZrh\�B�G���Dma_e_\�F�<���JmoZ^a_�:�:���K_i_ojb�>`Z\Zg�G��@LN��������l��
����\ui�����k����� 
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D�G?EBG?CGHC�G?KL:PBHG:JGHC�L?HJBB 
<UGM@>?GGH=H�BAEMQ?GBY�JWI 

<�PBJDMEYJGHF�F:=GBLHKL:LBQ?KDHF�IHE?�G:D:QDB 

K_i_ojb�>�G� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 
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Ebl_jZlmjZ 
1. Dma_e_\�F�<��@LN��������l����������k������� 
2. Dma_e_\�F�<���JmoZ^a_�:�:��We_dljh^bgZfbdZ� iehlguo� we_dljhgguo� imqdh\� \�

ieZaf_��F���GZmdZ������������k� 
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M>D��������� 

RBJHDHIHEHKGH?�>?L?DLBJH<:GB? 
=J:<BL:PBHGGUO�<HEG�<�IJH?DL?�LIGO 

K�BKIHEVAH<:GB?F�A?JD:E:�J?PBJDMEYPBB�KB=G:E: 

EZa_[guc�<�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�gZklhys__�\j_fy�jZkkfZljb\Z_lky�\hafh`ghklv�bkihevah\Zgby�^hihegbl_evgh]h�
a_jdZeZ�j_pbjdmeypbb�kb]gZeZ�\�eZa_jghc�bgl_jn_jhf_ljbq_kdhc�]jZ\blZpbhgghc�Zgl_gg_�
LIGO��>ZggZy�jZ[hlZ�ihk\ys_gZ�hp_gd_�ijb]h^ghklb�^Zgghc�ko_fu�^ey�^_l_dlbjh\Zgby�
rbjhdhihehkguo�kb]gZeh\�k�lhqghklvx�emqr_c�q_f�klZg^Zjlguc�d\Zglh\uc�ij_^_e� 

>_l_dlhj�]jZ\blZpbhgguo�\heg�LIGO�ij_^klZ\ey_l�kh[hc�bgl_jn_jhf_lj�FZcd_ev�
khgZ�k�j_ahgZlhjZfb�NZ[jb–I_jh�\�ie_qZo��A_jdZeh�j_pbjdmeypbb�kb]gZeZ��mklZgZ\eb\Z_�
fh_�\�\uoh^ghf�dZgZe_��baf_gy_l�jZkij_^_e_gb_�we_dljhfZ]gblgh]h�ihey�\gmljb�bgl_jn_�
jhf_ljZ��Wlh�baf_g_gb_�khijh\h`^Z_lky�\g_k_gb_f�hilbq_kdhc�`_kldhklb�-�\hagbdZ_l�^h�
ihegbl_evgZy�kbeZ�\ha^_ckl\by�gZ�a_jdZeZ�j_ahgZlhjh\��LZd`_�baf_gy_lky�b�djb\Zy�aZ\b�
kbfhklb�qm\kl\bl_evghklb�^_l_dlhjZ�hl�qZklhlu�]jZ\blZpbhggh]h�kb]gZeZ�>�@� 

<�^Zgghc�jZ[hl_�jZkkqblu\Zxlky�kj_^gb_�Zfieblm^u�b�nemdlmZpbb�we_dljhfZ]�
gblgh]h� ihey� \gmljb� ^Zgghc� ko_fu�b� \_ebqbgZ� hilbq_kdhc�`_kldhklb��<uqbkeyxlky�
ki_dljZevgu_�djb\u_�^Zgghc�ko_fu�b�^ey�ijhkl_cr_c�nhjfu�rbjhdhihehkgh]h�kb]gZ�
eZ�\uihegy_lky�qbke_gguc�jZkq_l�bgl_]jZevghc�qm\kl\bl_evghklb��;ueh�ihdZaZgh��qlh�
ijb�fhsghklb�k\_lh\h]h�baemq_gby�\gmljb�ko_fu�g_�ij_\urZxs_c�aZieZgbjh\Zggmx�
\�ijh_dl_�Advanced LIGO�fh`gh�^hklbqv�\_ebqbgu�qm\kl\bl_evghklb��ij_\urZxs_c�
klZg^Zjlguc�d\Zglh\uc�ij_^_e�\�g_kdhevdh�jZa�\�rbjhdhc�ihehk_�qZklhl� 

Ebl_jZlmjZ 
1.  A. Buonanno, Y.Chen, Improving the sensitivity to gravitational-wave sources by 

modifying the input-output optics of advanced interferometers // Phys. Rev. D [gr-
qc/0102012]. 
 
 

M>D������� 

:G:EBA�QBKEH<UO�JY>H<��IHEMQ?GGUO�IJB�BAF?J?GBB�
=J:<BL:PBHGGHC�IHKLHYGGHC 

Wggk�<�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

F_lh^u� ZgZebaZ� qbkeh\uo� jy^h\�rbjhdh� jZkijhkljZg_gu�b�jZajZ[hlZgu� ]eZ\�
guf� h[jZahf� ^ey� ZgZebaZ� j_]meyjguo� ihke_^h\Zl_evghkl_c�� AgZqbl_evguc� bgl_j_k�
ij_^klZ\ey_l� ZgZeba� g_j_]meyjgh]h� jy^Z�� ihemq_ggh]h� \� j_amevlZl_� baf_j_gby� Z[kh�
exlgh]h�agZq_gby�]jZ\blZpbhgghc�ihklhygghc� 

<�kbem�h[t_dlb\guo�ijbqbg�ihemqblv�agZq_gb_�]jZ\blZpbhgghc�ihklhygghc�q_�
j_a�kljh]h�jZ\gu_�ijhf_`mldb�\j_f_gb�\�l_q_gbb�^ebl_evghc�k_jbb�baf_j_gbc�djZcg_�
aZljm^gbl_evgh��Jy^�bkke_^h\Zl_e_c��lZdbo�dZd�DZjZ]bha�H�<��BafZceh\�<�:���\u^_eyeb�
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kdjulu_�aZdhghf_jghklb�ijb�ZgZeba_�wlbo�jy^h\��bkihevamy�jZaebqgu_�f_lh^u�j_]mey�
jbaZpbb�\j_f_gguo�jy^h\�b�bo�ihke_^mxs_]h�ZgZebaZ� 

?�<��IZ\ebobg�ij_^ijbgye�ihiuldm�\u^_e_gby�kdjuluo�aZdhghf_jghkl_c�\�j_�
amevlZl_�dhlhjhc�[ueb�\uy\e_gu�i_jbh^bqghklb�koh`b_�k�ihemq_ggufb�jZg__� 

Ij_^eh`_gguc�gZfb�f_lh^�g_�lj_[m_l�ij_^\Zjbl_evghc�j_]meyjbaZpbb�qbkeh\h�
]h�jy^Z��b�hkgh\Zg�gZ�_]h�dhjj_eypbhgghf�ij_h[jZah\Zgbb��DZd�b�m�^jm]bo�bkke_^h\Z�
l_e_c��i_j\hgZqZevgh�f_lh^�[ue�hljZ[hlZg�gZ�l_klh\uo�jy^Zo��Ij_^\Zjbl_evgZy�hljZ�
[hldZ�f_lh^Z�ihdZaZeZ�qlh�f_lh^�y\ey_lky�[he__�[ukljuf�ijb�khbaf_jbfhc��lhqghklb� 

<�j_amevlZl_�ZgZebaZ�qbkeh\h]h�fZkkb\Z�^Zgguo�ih�baf_j_gbx�]jZ\blZpbhgghc�
ihklhygghc�\uy\e_gu�ke_^mxsb_�kdjulu_�i_jbh^u� 

<� ^Zevg_cr_f� ij_^iheZ]Z_lky� jZa\blv� ijbf_g_gb_� f_lh^Z� ^ey� ZgZebaZ� [he__�
rbjhdh]h�deZkkZ�qbkeh\uo�jy^h\�k�p_evx�\uy\e_gby�\�gbo�kdjuluo�i_jbh^bq_kdbo�aZ�
\bkbfhkl_c�gZ�nhg_�rmfZ��\�lhf�qbke_�\�j_`bf_�j_Zevgh]h�\j_f_gb��� 

Ebl_jZlmjZ 
1. BafZceh\�<�I���DZjZ]bha�H�<���IZjohfh\�:�=��Bkke_^h\Zgb_�\ZjbZpbc�j_amevlZlh\���

baf_j_gbc�]jZ\blZpbhgghc�ihklhygghc��Nbabq_kdZy�Fukev�Jhkkbb�������������K����-26. 
2. BafZceh\�<�I���DZjZ]bha�H�<���IZjohfh\�:�=��Kheg_qgu_�b�emggu_�jblfu�\�\Z�

jbZpbyo�j_amevlZlh\�baf_j_gbc�]jZ\blZpbhgghc�ihklhygghc�� -�Ba\��\mah\��=_h^_aby�b�
ZwjhnhlhktzfdZ������������k����-169. 

3. Kl_iZgh\�:�<��KlZlbklbq_kdb_� k\hckl\Z�rmfZ� ��f����DZg^b^ZlkdZy�^bkk_jlZpby�
F�������-����k� 

4. IZ\ebobg�?�<��>biehfgZy�jZ[hlZ��Nbabq_kdbc�nZdmevl_l�F=M��F������ 
5. IZ\ebobg�?�<���Kl_iZgh\�:�<���RZoiZjhgh\�<�F��Ki_dljZevguc�ZgZeba�^Zgguo�

baf_j_gby� ]jZ\blZpbhgghc� ihklhygghc���� <� k[hjgbd_�� Rmfh\u_� b� ^_]jZ^Zpbhggu_�
ijhp_kku�\�ihemijh\h^gbdh\uo�ijb[hjZo� �f_ljheh]by��^bZ]ghklbdZ��l_ogheh]by���FZ�
l_jbZeu� ^hdeZ^h\� gZmqgh-l_ogbq_kdh]h� k_fbgZjZ�� F��� FGLHJWK� bf�� :�K�� Ihih\Z�
FWB�����]�-���k� 
 
 

M>D�������� 

I?J?>:Q:�BGNHJF:PBB�G:�HKGH<?�BAF?J?GBC 
©;?A�<A:BFH>?CKL<BYª 

∗∗Jh`_gdh�?�I� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

Mki_ob�\�jZa\blbb�d\Zglh\hc� we_dljhgbdb�b�d\Zglh\hc�hilbdb��^hklb]gmlu_�\�
ihke_^gb_� ^_kylbe_lby�� ijb\_eb� d� jhklm� bgl_j_kZ� d� nmg^Zf_glZevguf� ijbgpbiZf�
d\Zglh\hc�l_hjbb�b�d�ihy\e_gbx�hkgh\Zgguo�gZ�wlbo�ijbgpbiZo�gh\uo�f_lh^h\�h[jZ�
[hldb�b�i_j_^Zqb�bgnhjfZpbb��<������]h^m�[ueZ�ij_^eh`_gZ�b^_y�d\Zglh\h]h�dhfivx�
l_jZ� >�@��b�k_cqZk�\_^_lky�Zdlb\gZy�jZajZ[hldZ�we_f_glghc�[Zau�b�ijh]jZffguo�Ze]h�
jblfh\�^ey�g_]h� >�@��<� �����ihy\beZkv�b^_y� d\Zglh\hc�djbilh]jZnbb��bkihevamxs_c�
^ey�aZsblu�i_j_^Z\Z_fhc�bgnhjfZpbb�khhlghr_gb_�g_hij_^_e_gghkl_c�=_ca_g[_j]Z�b�
qbklh�d\Zglh\h_�y\e_gb_�©aZimlu\Zgbyª�khklhygbc�h[t_dlh\�>�@��Wlh�`_�y\e_gb_�e_`bl�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�� 
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\� hkgh\_� d\Zglh\hc� l_e_ihjlZpbb�� ijb� dhlhjhc� ijhbkoh^bl� i_j_^ZqZ� �l_e_ihjlZpby��
g_ba\_klgh]h�khklhygby�d\Zglh\hc�kbkl_fu�[_a�j_Zevgh]h�i_j_f_s_gby�h[t_dlZ�>�@�� 

D� wlhfm�`_� deZkkm� y\e_gbc� hlghkblky� baf_j_gb_� ©[_a� \aZbfh^_ckl\byª� >�-8]. 
Wlhl�qbklh�d\Zglh\uc� wnn_dl�iha\hey_l�j_]bkljbjh\Zlv�gZebqb_�ih]ehsZxs_]h�k\_l�
h[t_dlZ�\�^Zgghc�h[eZklb�ijhkljZgkl\Z��g_�ihkueZy�gZ�g_]h�gb�h^gh]h�d\ZglZ��b��khhl�
\_lkl\_ggh��kh�klj_fys_cky�d�gmex�\_jhylghklvx�ih]ehs_gby�nhlhgZ�h[t_dlhf�� 

LZdhc�d\Zglh\uc�wnn_dl�fh`gh�bkihevah\Zlv�\�p_eyo�i_j_^Zqb�rbnjh\Zgghc�bg�
nhjfZpbb��<�wlhf�kemqZ_�gZebqb_f�ih]ehsZxs_]h�k\_l�h[t_dlZ�fh`gh�dh^bjh\Zlv�eh]bq_�
kdmx�©�ª��Z�hlkmlkl\b_f�-�©�ª��Ih^h[gh�rbjhdh�ba\_klghfm�ijhlhdhem�d\Zglh\hc�djbilh�
]jZnbb�>�@��^Zgguc�f_lh^�iha\hey_l�ijZdlbq_kdb�k�_^bgbqghc�\_jhylghklvx�^_l_dlbjh\Zlv�
ih^kemrb\Zgb_�� ihkdhevdm� ex[hc� ih^kemrb\Zxsbc� Z]_gl� [m^_l� g_ba[_`gh� \hafmsZlv�
nZam�j_]bkljbjm_fuo�bf�nhlhgh\�b��l_f�kZfuf��jZajmrZlv�d\Zglh\mx�bgl_jn_j_gpbx� 

<�jZ[hl_�ijhZgZebabjh\Zg� lZdhc�dZgZe�i_j_^Zqb�b�ijhba\_^_gZ�hp_gdZ�fZdkb�
fZevghc�kdhjhklb�i_j_^Zqb�^ey�g_]h��Ihemq_ggu_�jZkq_lu�ihdZau\Zxl��qlh��d�kh`Ze_�
gbx��kdhjhklv�i_j_^Zqb�y\ey_lky�^h\hevgh�gbadhc��b�iZ^Z_l�k�m\_ebq_gb_f�jZkklhygby� 

Ebl_jZlmjZ 
1. Deutsch D. Proc. R. Soc. London Ser. A, 400, 97, 1985. 
2. <Zeb_\� D�� :��� Dhdbg� :�� :��� D\Zglh\u_� dhfivxl_ju�� gZ^_`^u� b� j_Zevghklv��

B`_\kd��GBP�©J_]meyjgZy�b�oZhlbq_kdZy�^bgZfbdZª������� 
3. Wiesner S. Conjugate coding, 1983, SIGACT News 15 78-88. 
4. Bennett C. H., Brassard G., Crepeau C., Jorsa R., Peres A. And Wootters W. K. Tele-

porting an unknown quantum state via dual classical and Einstain-Podolsky- Rosen channels, 
1993, Phys. Rev. Lett. 70 1895-1898. 

5. Elitzur A, Vaidman L Found. Phys. 23 987 (1993). 
6. Kwiat P. G. et al, Phys. Rev. Lett. 83 4725 (1999). 
7. <ylqZgbg�K��I���OZebeb�N�Y���©Baf_j_gb_�©[_a�\aZbfh^_ckl\byª��\hafh`ghklb�

b�h]jZgbq_gbyª�����MNG��Lhf����������klj�����-�����bxev������ 
 
 

M>D������������ 

CF?KBL?EV�FF�KFF�>B:I:AHG:�G:�HKGH<?�J:AH=J?<: 
2D�WE?DLJHGGH=H�=:A:�<�=?L?JHKLJMDLMJ?�ALGAAS/GAAS 

Kfbjgh\�:�<���Fhjhah\�>�<���Eyoh\�<�:� 

Fhkdh\kdbc�I_^Z]h]bq_kdbc�=hkm^Zjkl\_gguc�mgb\_jkbl_l��nbabq_kdbc�
nZdmevl_l 

Gh\uc� lbi� kf_kbl_ey�FF�KFF� ^bZiZahgZ� gZ� wnn_dl_� jZah]j_\Z� ^\mf_jgh]h�
��'�� we_dljhggh]h� ]ZaZ� \� ihemijh\h^gbdh\uo� ]_l_jhkljmdlmjZo� $O*D$V�*D$V� [ue�
ij_^eh`_g�\� >���@��F_oZgbaf�jZ[hlu�km[fbeebf_ljh\h]h�$O*D$V�*D$V�kf_kbl_ey�hk�
gh\Zg� gZ� jZah]j_\_� we_dljhgghc� ih^kbkl_fu� ]_l_jhkljmdlmju� ijb� ih]ehs_gbb� we_d�
ljhfZ]gblgh]h� baemq_gby�� ijb\h^ys_]h� d� baf_g_gbx� ih^\b`ghklb� b� khijhlb\e_gby�
h[jZapZ��b��dZd�ke_^kl\b_��\hagbdgh\_gbx�kb]gZeZ�nhlhijh\h^bfhklb�3IF�gZ�ijhf_`m�
lhqghc�qZklhl_��IQ��∆f –�jZaghklghc�qZklhl_�baemq_gby�hl�]_l_jh^bggh]h�bklhqgbdZ�b�
bkke_^m_fh]h�h[t_dlZ��IhehkZ�IQ�kf_kbl_ey�hij_^_ey_lky�\j_f_g_f�j_eZdkZpbb�l_f�
i_jZlmju�g_jZ\gh\_kguo��©]hjyqboª��we_dljhgh\��b�\�kemqZ_�nhghggh]h�dZgZeZ�hoeZ`�
^_gby��ijb�l_fi_jZlmj_�j_r_ldb����D��ijhbkoh^bl�iml_f�i_j_^Zqb�ba[ulhqghc�wg_j]bb�
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hilbq_kdbf� nhghgZf� j_r_ldb�� Hkgh\u\Zykv� gZ� j_amevlZlZo� bkke_^h\Zgby� we_dljhg-
nhghggh]h�\aZbfh^_ckl\by�\�$O*D$V�*D$V�]_l_jhkljmdlmjZo�>���@��Z\lhju�>���@�ihdZaZ�
eb��qlh�ihehkZ�ij_h[jZah\Zgby�$O*D$V�*D$V�kf_kbl_ey��jZ[hlZxs_]h�ijb�l_fi_jZlmj_�
7 ���.��khklZ\bl�a��==p�ijb�nhghgghf�dZgZe_�hoeZ`^_gby�]hjyqbo�we_dljhgh\��L_hj_�
lbq_kdZy�hp_gdZ�rmfh\hc�l_fi_jZlmju�ijb_fgbdZ�gZ�hkgh\_�$O*D$V�*D$V�kf_kbl_ey�
^ZeZ�agZq_gby�71a����-�����D�gZ�qZklhl_�]_l_jh^bgZ���L=p�>�@��kjZ\gbfu_�k�emqrbfb�
oZjZdl_jbklbdZfb�k\_joijh\h^gbdh\uo�kf_kbl_e_c�>�@��Hp_gdZ�hilbfZevghc�fhsghklb�
]_l_jh^bgZ� �3/2�� ^ey� $O*D$V�*D$V� kf_kbl_ey�� ijh\_^_ggZy� Z\lhjZfb� >�@�� iha\hebeZ�
gZclb� agZq_gb_� 3/2� a� �P:� ijb� km[fbdjhgguo� jZaf_jZo� kf_kbl_ey�� qlh� ^_eZ_l� \ha�
fh`guf�kha^Zgb_�gZ�bo�hkgh\_��fZljbqguo�ijb_fguo�k_dpbc� 

Kljmdlmju� [ueb� ba]hlh\e_gu� gZ� hkgh\_� h^bghqgh]h� ]_l_jhi_j_oh^Z����������
AlxGax–1$V�*D$V��\ujZs_ggh]h�f_lh^hf�fhe_dmeyjgh-emq_\hc�wiblZdkbb��>ey�memqr_�
gby�hfbq_kdh]h�dhglZdlZ�d��'�]Zam�[ue�bkihevah\Zg�kbevgh�e_]bjh\Zgguc�kehc�*D$V�
�dhgp_gljZpby�e_]bjmxs_c�ijbf_kb��[����kf-3

��lhesbghc����gf��Lbibqgu_�dhglZdl�
gu_�khijhlb\e_gby�kljmdlmj�khklZ\beb���-��Hf�kf2

��Ih^\b`ghklv��µ��b�ih\_joghklgZy�
dhgp_gljZpby�we_dljhgh\��Qs��[ueb�gZc^_gu�ba�baf_j_gbc�hkpbeeypbc�Rm[gbdh\Z-^_-
=ZZaZ�b�i_j_kqblZgu�^ey�l_fi_jZlmju�L� ���D��Ihemq_ggu_�agZq_gby�µ�b�Qs��Z�lZd`_�
^ebgZ�b�rbjbgZ�kljmdlmju��O��:��ij_^klZ\e_gu�\�lZ[ebp_�� 

 

Wdki_jbf_glZevgZy� mklZgh\dZ� ^ey� baf_j_gby� ihehku� ij_h[jZah\Zgby� kf_kbl_ey�
bah[jZ`_gZ�gZ�jbk�����Baemq_gb_�kb]gZevgh]h�]_g_jZlhjZ�k�qZklhlhc�������==p�b�]_l_jh^b�
gZ�k�qZklhlhc�f_gyxs_cky�\�ij_^_eZo�129.2 –�������==p��ih�d\Zabhilbq_kdhfm�ljZdlm��kh�
^_j`Zs_fm�^_ebl_ev�emqZ��ih^\h^behkv�d�kf_kbl_ex��Fhsghklv�]_l_jh^bgZ�gZ�ª�G%�ij_�
\urZeZ�fhsghklv�kb]gZevgh]h�]_g_jZlhjZ��Ihklhygguc�lhd�kf_s_gby�ih^Z\Zeky�gZ�kf_�
kbl_ev� ihkj_^kl\hf� hoeZ`^Z_fh]h� rbjhdhih�
ehkgh]h� Z^Zil_jZ� kf_s_gby�� Kb]gZe� IQ� kgb�
fZeky�ijb�ihfhsb�hlj_adZ�ihem`_kldhc�dhZd�
kbZevghc�ebgbb�b�ih^Z\Zeky�gZ�g_hoeZ`^Z_fu_�
rbjhdhihehkgu_�mkbebl_eb�^bZiZahgZ�����– 10 
==p� k� dhwnnbpb_glhf� mkbe_gby� a��� G%��Mkb�
e_gguc�kb]gZe�j_]bkljbjh\Zeky�l_jfbklhjguf�
baf_jbl_e_f�fhsghklb��IhehkZ�IQ�kf_kbl_ey�
(f3dB�� hij_^_eyeZkv� ba� qZklhlghc� aZ\bkbfhklb�
\_ebqbgu�kb]gZeZ�kf_kbl_ey�3IF��ijb�nbdkbjh�
\Zgghc�fhsghklb��dZd�kb]gZevgh]h�bklhqgbdZ��
lZd� b� ]_l_jh^bggh]h�� b� \� khhl\_lkl\bb� k� >�@��

))/(1(1)0()( 2
3dBIFIF ffPfP += �� IhehkZ� ijh�

f_`mlhqguo�qZklhl��baf_j_ggZy�gZfb�ijb���D��
^ey� kf_kbl_ey�$O*D$V�*D$V� ����� k�dhgp_gljZ�
pb_c�^\mf_jguo� we_dljhgh\� Qs �������kf

-2
�b�

ih^\b`ghklvx�� �������kf2
�<k��khklZ\beZ�I3dB 

§� �� ==p�� khhl\_lkl\mxs__� \j_fy� we_dljhg-
nhghggh]h�\aZbfh^_ckl\by�τe-ph §������gk� 

# µ77��kf
2�<k ns77���kf

-2 l ��fdf W��fdf 

5 2.4*104 2,5*1011 35 100 
5 1.1*105 3,5*1011 190 60 

D1 2.3*105 3*1011 1600 300 
760 7.7*104 7,5*1011 1000 500 
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GZ�jbkmgd_���ij_^klZ\e_gZ�aZ\bkbfhklv�/�
hl�iheghc�ih]ehs_gghc�fhsghklb��ijboh^ys_cky�
gZ� �� fdf2

� ^ey� kljmdlmj� '��� b� ������ HgZ�
ihdZau\Z_l�� qlh� ^ey� kljmdlmju� '��� k� f_gvr_c�
dhgp_gljZpb_c�b�[hevr_c�ih^\b`ghklvx��'�]ZaZ��
\_ebqbgZ�dhwnnbpb_glZ�ij_h[jZah\Zgby�\uoh^bl�
ijZdlbq_kdb�gZ�ihklhyggh_�agZq_gb_�a-���G%�ijb�
ih]ehs_gghc� fhsghklb� [he__� ��� fd<l�fdf2

�� K�
mq_lhf�baf_j_gbc�hilbq_kdbo�ihl_jv�\�ijb_fgbd_�
KFF� ^bZiZahgZ� gZ� hkgh\_� ]_l_jh^bggh]h�
kf_kbl_ey� >�@�� g_h[oh^bfZy� fhsghklv� ]_l_jh�
^bggh]h� bklhqgbdZ� ^ey� $O*D$V�*D$V� kf_kbl_ey�
iehsZ^vx���fdf2

�khklZ\bl�a����fd<l� 
GZc^_ggu_� hkgh\gu_� oZjZdl_jbklbdb�

kf_kbl_ey� FF�KFF� ^bZiZahgh\� gZ� hkgh\_�
h^bghqgh]h� ]_l_jhi_j_oh^Z� $O*D$V�*D$V� k��� §�
2.3*105

� kf��<k�� Qs=3*1011
� kf–2

� ijb� 7 ��� D�
khklZ\beb��dhwnnbpb_gl�ij_h[jZah\Zgby�/�a�–���G%��ihehkZ�ij_h[jZah\Zgby�kf_kbl_ey�
f3dB§�� ==p�� hilbfZevgZy� ih]ehs_ggZy�fhsghklv�� ijboh^ysZyky� gZ� ��fdf2

� khklZ\beZ�
PLO ����fd<l��Ijb�mdZaZgguo�iZjZf_ljZo�$O*D$V�*D$V�kf_kbl_ey�hkgh\gu_�oZjZdl_�
jbklbdb� ijb_fgbdZ�FF�b�KFF� ^bZiZahgh\�� jZ[hlZxs_]h�ijb� l_fi_jZlmj_� 7 ���.��
khklZ\yl��rmfh\Zy�l_fi_jZlmjZ�ijb_fgbdZ�71a�����.��ihehkZ�ij_h[jZah\Zgby�ijb_f�
gbdZ� I3dB§��==p��hilbfZevgZy�fhsghklv�]_l_jh^bggh]h�bklhqgbdZ�3LO �����fd<l� �^ey�
kf_kbl_ey�iehsZ^vx���fdf2). 

Ebl_jZlmjZ 
1. J.X. Yang, F.Agahi, K.S.Yngvesson, D. Dai, C.H. Musante, W. Grammer, K.M. Lau, 
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M>D���������� 

C<?LH=?G?J:PBHGGU?�K?GKHJGU?�WE?F?GLU�>EY 
KH<J?F?GGUO�BGNHJF:PBHGGH-BAF?JBL?EVGUO 

L?OGHEH=BC 

JZofZgh\�A�L���KiZ`Zdbg�:�=� 

<eZ^bfbjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Rbjhdh_�ijbf_g_gb_�\hehdhggh-hilbq_kdbo�kbkl_f�k[hjZ�b�h[jZ[hldb�bgnhj�
fZpbb�lj_[m_l�jZajZ[hldb�k_gkhjh\��bkihevamxsbo�\�k\h_c�jZ[hl_�kb]gZeu�lhc�`_�nb�
abq_kdhc�ijbjh^u�� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jbk���� AZ\bkbfhklv� dhwnnbpb_gl�
ij_h[jZah\Zgby�AlGaAs/GaAs� kf_�
kbl_ey� ijb� T=77 D� hl� iheghc� ih�
]ehs_gghc�fhsghklb� 

0,0 0,2 0,4 0,6 0,8

10
20
30
40
50
60
70
80
90

100
110

#760,  µ = 7,7 * 10
4
 cm

2
/Vs

D#1,  µ = 2.3 * 10
5
 cm

2
/Vs

L,
 d

B

P, mkW/mkm2



Ih^k_dpby�jZ^bhnbabdb 

 

35 

Kh\j_f_ggh_� jZa\blb_� bgnhjfZpbhggh-baf_jbl_evguo� kbkl_f� b� jZkrbj_gb_�
^bZiZahgh\�mkeh\bc�ijbf_g_gby�ba^_ebc�ij_^ty\ey_l�d�k_gkhjguf�we_f_glZf�hkh[u_�
lj_[h\Zgby� ih� ihf_ohmklhcqb\hklb� d� we_dljhfZ]gblguf� ihf_oZf�� [ukljh^_ckl\bx��
gZ^_`ghklb��bgnhjfZlb\ghklb��fbgbZlxjghklb��\hafh`ghklb�\kljZb\Zgby�\�dhgkljmd�
pbx�� Ijbf_g_gb_� f_oZghexfbg_kp_glguo� �k\_lh]_g_jZpbhgguo�� k_gkhjh\� ^Z\e_gby�
�FEK>��k�qm\kl\bl_evgufb�we_f_glZfb�khkj_^hlhq_ggh]h�b�jZkij_^_e_ggh]h�lbiZ�ih�
a\heyxl�j_rblv�wlb�ijh[e_fu��Bkihevah\Zgb_�k\_lh\uo�kb]gZeh\�b�\hehdhgghc�hilbdb�
j_rZ_l� aZ^Zqm� khijy`_gby� k_gkhjh\� k� \hehdhggufb� ebgbyfb� b� ih\ur_gby� ihf_oh�
mklhcqb\hklb�d�we_dljhfZ]gblguf�ihf_oZf��hlkmlkl\b_�^\b`msboky�qZkl_c�b�l\_j^h�
l_evghklv� k_gkhjZ� h[_ki_qb\Zxl� gZ^_`ghklv�� Z� bkihevah\Zgb_� ihfbfh� Zfieblm^gh-
\j_f_gguo� iZjZf_ljh\� hilbq_kdh]h� kb]gZeZ� _]h� ijhkljZgkl\_gghc� fh^meypbb� b� kh�
klhygby�iheyjbaZpbb�ih\urZ_l�bgnhjfZlb\ghklv� 

F_oZghexfbg_kp_gpby� �FE�� dZd� nbabq_kdh_� y\e_gb_� h[mkeh\e_gZ� kihkh[gh�
klvx�k\_lysboky�\_s_kl\��f_oZghexfbghnhjh\��ljZgknhjfbjh\Zlv�f_oZgbq_kdbc�\b^�
wg_j]bb� \� k\_lh\h_�baemq_gb_��Bkihevah\Zgb_�^Zggh]h� y\e_gby�\�ij_h[jZah\Zl_evghc�
l_ogbd_�hldju\Z_l�\hafh`ghklv�kha^Zgby�k_gkhjh\�ijbgpbibZevgh�gh\h]h�lbiZ� 

F_oZghexfbg_kp_glgu_�k_gkhju�^Z\e_gby��FEK>��bkihevamxl�y\e_gb_�exfb�
g_kp_glgh]h�baemq_gby�kh_^bg_gbc�deZkkZ�:II<VI � �gZijbf_j��ZnS�Fn��ih^�^_ckl\b_f�
ijbeh`_ggh]h�f_oZgbq_kdh]h�gZijy`_gby��Hlebqbl_evgufb�hkh[_gghklyfb�FEK>�y\�
eyxlky� wg_j]hg_aZ\bkbfhklv�� lZdlbevghklv� �\hafh`ghklv� kha^Zgby� lhgdhie_ghqguo�
qm\kl\bl_evguo� we_f_glh\� ijZdlbq_kdb� ex[hc� iehsZ^b� k� jZkij_^_e_gghc� qm\kl\b�
l_evghklvx��b�ijhklhlZ�dhgkljmdpbb� 
 
 

M>D������������ 

H�KHA>:GBB�GH<H=H�NMGDPBHG:EVGH=H�IJB;HJ: 

Kb^hjh\�B�<� 

Dm[Zgkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

GZ� k_]h^gyrgbc�^_gv�ba\_klgu�nmgdpbhgZevgu_�ijb[hju��dhlhju_�iha\heyxl�
j_]bkljbjh\Zlv�nbabq_kdb_�\_ebqbgu�b�h^gh\j_f_ggh�ij_h[jZah\u\Zlv�bo�\�pbnjh\hc�
dh^��H^gbf�ba�lZdbo�ijb[hjh\�y\ey_lky�kljmdlmjZ�k�jZkij_^_e_gguf�S-n- –�i_j_oh^hf�
b�Zdlb\guf�dhglZdlhf�f_lZee�–�lmgg_evgh-ijhajZqguc�hdbk_e�–�ihemijh\h^gbd�gZau�
\Z_fZy�lmgg_ebklhj� 

GZfb�[ueZ�ij_^ijbgylZ�ihiuldZ�kha^Zgby�ZgZeh]Z�nmgdpbhgZevgh]h�we_dljhg�
gh]h�ijb[hjZ��jZajZ[hlZggh]h�FmjZ\kdbf�;��K�� >�@��gh�gZ�hkgh\_�hj]Zgbq_kdbo�ihem�
ijh\h^gbdh\��<�oh^_�bkke_^h\Zgbc�[ue�h[gZjm`_g�g_ba\_klguc�jZg__�wnn_dl�g_mklhc�
qb\hklb�lhdZ��GL��gZ�]jZgbp_�jZa^_eZ�f_lZee�–�hj]Zgbq_kdZy�ie_gdZ�–�\h^guc�jZkl\hj�
hj]Zgbq_kdh]h�ihemijh\h^gbdZ� 

>ey�kha^Zgby�gh\h]h�nmgdpbhgZevgh]h�ijb[hjZ�\h^guc�jZkl\hj�hj]Zgbq_kdh]h�
ihemijh\h^gbdZ�S-lbiZ�aZeb\Zeb�\�\Zggm�gZ�^g_�dhlhjhc�jZkiheZ]Zeky�f_^guc�we_dljh^�
iehsZ^vx�����ff���JZaf_j�\Zggu��×2,5×2,5 ff��AZl_f�ih\_jo�wlh]h�jZkl\hjZ�kha^Z\Zeb�
lhgdmx� �ihjy^dZ����fdf��ie_gdm�ba�ihemijh\h^gbdZ�Q-lbiZ��<_s_kl\Z�\�\b^m�jZaebq�
ghc�iehlghklb�g_�i_j_f_rb\Zebkv��<�dZq_kl\_�Q-ihemijh\h^gbdZ�bkihevah\Zeb�Zgbebg�
-�\Z`g_crbc�ba�ZjhfZlbq_kdbo�Zfbgh\��Z�S-ihemijh\h^gbdZ�–�\h^guc�jZkl\hj�nmdkbgZ�
–�ljbn_gbef_lZgh\h]h�djZkbl_ey�djZkgh]h�p\_lZ��<�Zgbebg�ih]jm`Zebkv�^\Z�we_dljh^Z�
\uiheg_ggu_�\�\b^_�f_^guo�b]e�^bZf_ljhf�G� ������PP��]Zev\Zgbq_kdb�h[jZ[hlZgguo�
heh\hf��We_dljh^u�fh`gh�[ueh�i_j_f_sZlv�ih�ih\_joghklb�Q-h[eZklb�g_aZ\bkbfh�^jm]�
hl� ^jm]Z� b� j_]mebjh\Zlv� ]em[bgm� bo� ih]jm`_gby��D� we_dljh^m� ����� dhlhjuc�fu� [m^_f�
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gZau\Zlv� Zdlb\guf� we_dljh^hf� �:WE���
ijbdeZ^u\Zeky�hljbpZl_evguc�ihexk�bklhqgbdZ�
iblZgby�� IZ^_gb_� gZijy`_gby� \ua\Zggh_ 
ijhl_dZxsbf� q_j_a� :WE� lhdhf� kgbfZehkv� k�
j_abklhjZ� 5�� b� j_]bkljbjh\Zehkv� k� ihfhsvx�
hkpbeeh]jZnZ� 

Ke_^m_l� hlf_lblv�� qlh� wnn_dl� GL�
gZ[ex^Z_lky� ijb� ijbeh`_gbb� jZaghklb� ihl_g�
pbZeh\� f_`^m� ^\mfy� we_dljh^Zfb� ��� b� ���
ih]jm`_ggufb� \� Zgbebg� b� ih^Zq_� nbdkbjh\Zg�
gh]h� lhdZ� �hl� �� ^h� ���� fd:�� \� p_iv� f_`^m�
\h^guf� jZkl\hjhf�nmdkbgZ�b�ie_gdhc� ZgbebgZ��
Ih^ZqZ� nbdkbjh\Zggh]h� lhdZ� kha^Z\ZeZkv� k�
ihfhsvx� ]_g_jZlhjZ� lhdZ�� khklhys_]h� ba� \u�
khdhhfgh]h� j_abklhjZ� 5�� b� bklhqgbdZ�

ihklhyggh]h�gZijy`_gby�8���J_eZdkZpbhggu_�dhe_[Zgby�\hagbdZeb�ijb�gZijy`_gbb�f_�
`^m�we_dljh^Zfb�hl����<�b�ij_djZs_gb_�]_g_jZpbb�ijhbkoh^beh�ijb�gZijy`_gbb�f_gv�
r_f� bo� \hagbdgh\_gby� �hdheh� ��<���LZd`_� [ueh� mklZgh\e_gh�� qlh� ih^ZqZ� lhdZ�f_`^m�
we_dljh^hf�� ijb\_^_gguf� \� dhglZdl� k� hj]Zgbq_kdbf� ihemijh\h^gbdhf� Q-lbiZ� b�:WE, 
ijb\h^bl�d�mf_gvr_gbx�djblbq_kdh]h�gZijy`_gby�\hagbdgh\_gby�dhe_[Zgbc� 

Baf_j_gby�\hevlZfi_jguo�oZjZdl_jbklbd��<:O��ijh\_^_ggu_�k�ihfhsvx�baf_�
jbl_ey�oZjZdl_jbklbd�ihemijh\h^gbdh\uo�ijb[hjh\�E�-���jZ[hlZxs_]h�\�j_`bf_�]_�
g_jZpbb�lhdZ�d�we_dljh^Zf�dhglZdlbjmxsbf�k�ie_gdhc�ZgbebgZ�ihdZaZeb�gZebqb_� 6-
mqZkldh\��DZd�ba\_klgh�ba�jZ^bhl_ogbdb�mkljhckl\Z�b�ijb[hju��h[eZ^Zxsb_�6�b�1�oZ�
jZdl_jbklbdZfb�kihkh[gu�d�]_g_jZpbb�dhe_[Zgbc� 

Bgl_j_kgh�hlf_lblv��lhl�nZdl��qlh�nhjfZ�j_eZdkZpbhgguo�bfimevkh\�lhdZ��gZ�
[ex^Z_fuo� k�ihfhsvx�hkpbeeh]jZnZ�gZ�j_abklhj_� 5���iheghklvx�b^_glbqgZ�gZ[ex�
^Z_fuf�jZg__�\�l\_j^hl_evghf�ijhlhlbi_�>�@� 

Nbabq_kdb_�ijhp_kku��ijb\h^ysb_�d�GL�gZfb�ihdZ�g_ykgu��<hafh`gh��qlh�dh�
e_[Zgby�h[mkeh\e_gu�ijhp_kkZfb��ijhbkoh^ysbfb�gZ�]jZgbp_�f_lZee�–�ihemijh\h^gbd�
�Zgbebg���Z�kehc��gZoh^ysbcky�gZ�]jZgbp_�jZa^_eZ�Zgbebg�-�jZkl\hj�hj]Zgbq_kdh]h�ih�
emijh\h^gbdZ�S-lbiZ�\uihegy_l�jhev�_fdhklb�b�\eby_l�ebrv�gZ�qZklhlm�dhe_[Zgbc� 

Ebl_jZlmjZ 
1. FmjZ\kdbc� ;�K�� b� ^j�� G_jZ\gh\_kgu_� we_dljhggu_� ijhp_kku� \� ljZgabklhjguo�

kljmdlmjZo�k�lmgg_evgh-ijhajZqguf�hdbkehf����Fbdjhwe_dljhgbdZ��������L�����������K�����–
309. 

2. FmjZ\kdbc�;�K��b�^j��Dhe_[Zgby�lhdZ�\�dhfi_gkbjh\Zgghf�]_jfZgbb�b�dj_fgbb�
���NLL��������L�����������klj������-3413. 
 
 

M>D�������� 

BKKE?>H<:GB?�L?IEH<UO�K<HCKL<�L<?J>UO�L?E 
NHLH:DMKLBQ?KDBF�F?LH>HF 

;Z^mebgZ�:�G���K_f_gh\�>�G���H^bgZ�G�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�gZklhys__�\j_fy�^ey�bkke_^h\Zgby�l_ieh\uo�b�mijm]bo�k\hckl\�l\_j^uo�l_e�
rbjhdh�bkihevam_lky�nhlhZdmklbq_kdbc��N:��f_lh^��Ijb�h[emq_gbb�l\_j^h]h�l_eZ�fh�
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^mebjh\Zgguf�ih�bgl_gkb\ghklb� wg_j]_lbq_kdbf�imqdhf�\�g_f�\ha[m`^Zxlky� l_ieh�
\u_�\hegu��khijh\h`^Zxsb_ky��\ke_^kl\b_�l_ieh\h]h�jZkrbj_gby��mijm]bfb�^_nhjfZ�
pbyfb�>�@��:fieblm^Z�b�nZaZ�]_g_jbjm_fh]h�nhlhZdmklbq_kdh]h�kb]gZeZ�aZ\bkbl�hl�l_�
ieh\uo�b�mijm]bo�iZjZf_ljh\�h[jZapZ��qlh�iha\hey_l�ijhba\h^blv�bo�baf_j_gb_� 

P_evx�jZ[hlu�[ueh�kha^Zgb_�Z\lhfZlbabjh\Zgghc�wdki_jbf_glZevghc�mklZgh\�
db��iha\heyxs_c�hij_^_eylv�l_fi_jZlmjhijh\h^ghklv�l\_j^uo�l_e�ba�baf_j_gguo��aZ�
\bkbfhkl_c�nZah\h]h�k^\b]Z�N:�kb]gZeZ�hl�qZklhlu�fh^meypbb�bklhqgbdZ�baemq_gby��
;ehd-ko_fZ�jZajZ[hlZgghc�wdki_jbf_glZevghc�mklZgh\db�ijb\_^_gZ�gZ�jbk��� 

 
>ey� hk\_s_gby� h[jZapZ� ��Z��� bkihevah\Zeky� ihemijh\h^gbdh\uc� eZa_j� ���� k�

^ebgghc�\hegu��� ������gf��K\_l�i_j_^Z\Zeky�hl�baemqZl_ey�d�h[jZapm��jZaf_s_gghfm�
\�baf_jbl_evghc�yq_cd_������q_j_a�hilbq_kdbc�\hegh\h^������>ey�j_]bkljZpbb�nhlhZdm�
klbq_kdh]h� kb]gZeZ� bkihevah\Zebkv�iv_ahwe_dljbq_kdbc�ij_h[jZah\Zl_ev� ��[��� \uihe�
g_gguc�ba�iv_ahd_jZfbdb�PLK-����Kb]gZe� k� h[deZ^db�iv_ah^ZlqbdZ� ����ih^Z\Zeky�gZ�
\oh^� kbgojhggh]h� mkbebl_ey� kh� \kljh_ggufb� ��-jZajy^gufb� ZgZeh]h\h-pbnjh\ufb�
ij_h[jZah\Zl_eyfb��lock-in amplifier SR-����nbjfu�Stanford�������Hkh[_gghklvx�^Zggh�
]h�ijb[hjZ�y\ey_lky�gZebqb_�\uoh^gh]h�fh^mebjmxs_]h�kb]gZeZ�k�j_]mebjm_fhc�Zf�
ieblm^hc���Z���ijb]h^gh]h�^ey�mijZ\e_gby�eZa_jhf��qlh�iha\hey_l�mkljZgblv�f_oZgbq_�
kdmx�fh^meypbx�eZa_jgh]h�emqZ��Wlhl�kb]gZe�lZd`_�y\ey_lky�hihjguf�ijb�ZgZeba_�N:�
kb]gZeZ�k�iv_ah^ZlqbdZ��Kbgojhgguc�^_l_dlhj�iha\hey_l�ihemqblv�qZklhlgmx�aZ\bkb�
fhklv�Zfieblm^u�b�nZau�N:�kb]gZeZ�b�i_j_^Zlv�wlb�^Zggu_�q_j_a�bgl_jn_ck�HP IEEE-
����\�dhfivxl_j������>ey�\uiheg_gby�bgl_jn_ckguo�nmgdpbc�b�mijZ\e_gby�oh^hf�wdk�
i_jbf_glZ�[ueZ�gZibkZgZ�ki_pbZevgZy�ijh]jZffZ�gZ�yaud_�K��� 

Ijb�iv_ahwe_dljbq_kdhc�j_]bkljZpbb�^ey�^\mokehcghc�kbkl_fu�h[jZa_p�-�iv_ah�
ij_h[jZah\Zl_ev�� iehkdh]h� l_ieh\h]h� bklhqgbdZ� b� h[jZapZ�� lhesbgZ� dhlhjh]h� fgh]h�
[hevr_� ^ebgu� l_ieh\hc� ^bnnmabb�� qZklhlgZy� aZ\bkbfhklv�nZah\h]h� k^\b]Z� 3�f_`^m�

nhlhZdmklbq_kdbf�b�hihjguf�kb]gZeZfb�bf__l�\b^� >�@�� ,
n

F
-1tg =ϕ �]^_�)�–� �[_ajZa�

f_jgZy�qZklhlZ��Z�Q�–�iZjZf_lj��aZ\bkysbc�hl�lhesbgu�h[jZapZ��K1��b�ij_h[jZah\Zl_ey�
(h2���bo�ijb\_^_gguo�fh^me_c�Xg]Z�� �

a
( �b� �
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H1 = h1/h1+h2, Z = 2h1+h2/2h1+2h2. 

I�
'

�K��K
)

�

��






 +
= ]^_� �� ' –� � l_fi_jZlm�

jhijh\h^ghklv�h[jZapZ� 
Ijb� qZklhl_� I0�� m^h\e_l\hjyxs_c�

mkeh\bx� QI
'

�K��K
�

�

�� =
+

�� jZaghklv�

nZa�ijhoh^bl�q_j_a�ghev��LZdbf�h[jZahf��
_keb�ba\_klgu�]_hf_ljbq_kdb_�jZaf_ju�b�
mijm]b_� iZjZf_lju� h[jZapZ� b� iv_ah^Zl�
qbdZ� fh`gh� gZclb� l_fi_jZlmjhijh\h^�
ghklv�h[jZapZ��b�gZh[hjhl� 

>ey� ijh\_^_gby� l_klh\h]h� wdki_�
jbf_glZ� [ue� bkihevah\Zg�f_^guc� h[jZ�
a_p�lhesbghc�����kf���QZklhlZ�fh^meypbb�
f_gyeZkv�k�rZ]hf���=p�\�bgl_j\Ze_�hl����

^h����=p��qZklhlguc�bgl_j\Ze�\u[bjZeky�lZd��qlh[u�\�g_]h�ihiZeZ�jZkkqblZggZy�ih�eb�
l_jZlmjguf�^Zgguf�qZklhlZ�I0). 

Wdki_jbf_glZevgh�ihemq_ggh_� agZq_gb_�qZklhlu��ijb�dhlhjhc�k^\b]�nZau�h[jZ�
sZ_lky�\�ghev�� f0  ����������=p��AgZq_gby�fh^me_c�Xg]Z�^ey�f_^b�b�d_jZfbdb�PLK-19 
[ueb�\aylu�ba�>�@��Ihemq_ggh_�agZq_gb_�dhwnnbpb_glZ�l_fi_jZlmjhijh\h^ghklb��'� �����
�� ���� kf2

�k�� Ebl_jZlmjgh_� agZq_gb_� dhwnnbpb_glZ� l_fi_jZlmjhijh\h^ghklb� ^ey� f_^b��
������������kf2

�k�>�@��G_dhlhjh_�jZkoh`^_gb_�wdki_jbf_glZevguo�b�ebl_jZlmjguo�^Zgguo�
fh`_l�[ulv�k\yaZgh�k�gZebqb_f�kde_cdb��dhlhjZy�g_�mqblu\Z_lky�\�^\mokehcghc�fh^_eb�
>�@���b�k�dhg_qgufb�jZaf_jZfb�eZa_jgh]h�imqdZ��jZkkqblZggZy�\�>�@�fh^_ev�h^ghf_jgZy��� 

Ijb�bkke_^h\Zgbb�l_fi_jZlmjguo�aZ\bkbfhkl_c�\Z`gufb�y\eyxlky�g_�lhevdh�Z[�
khexlgu_�agZq_gby�iZjZf_ljh\��gh�b�bo�hlghkbl_evgu_�baf_g_gby��Ihwlhfm�^Zgguc�f_�
lh^�fh`_l�[ulv�bkihevah\Zg�ijb�bkke_^h\Zgbb�nZah\uo�i_j_oh^h\��Djhf_�lh]h��Zfieb�
lm^Z�N:�kb]gZeZ�ijyfh�ijhihjpbhgZevgZ�l_ieh\hfm�jZkrbj_gbx�h[jZapZ�>����@��J_]bkl�
jbjmy�iv_ahij_h[jZah\Zl_eyfb�k�khhl\_lkl\mxs_c�iheyjbaZpb_c�ijh^hevgmx�b�^\_�ih�
i_j_qgu_� dhfihg_glu�N:� kb]gZeZ� �jbk�� ����fh`gh� ihemqblv� khhl\_lkl\mxsb_� dhfih�
g_glu� l_gahjZ� l_ieh\h]h�jZkrbj_gby��Wlh�iha\hebl�bkke_^h\Zlv�N:�f_lh^hf� �hlghkb�
l_evgh_� baf_g_gb_� dhwnnbpb_glh\� l_ieh\h]h� jZkrbj_gby�� qlh� fh`_l� [ulv� ihe_aguf�

ijb�bkke_^h\Zgbb�Zgbahljhiguo�l\_j^uo�l_e� 
JZ[hlZ�[ueZ�\uiheg_gZ�ijb�ih^^_j`�

d_� ]jZglh\�Ij_ab^_glZ� JN� ih^^_j`db� \_^m�
sbo� gZmqguo� rdhe� GR-������������ b�
JNNB� 

Ebl_jZlmjZ 
1. �=mk_\�<��W���DZjZ[mlh\�:��:��EZa_j�

gZy�hilhZdmklbdZ��F���GZmdZ�������������k� 

2. �:g^jmk_gdh� >�� :��� Dmq_jh\� B�� Y���
@LN��������l������\ui������klj���-5. 

3. Nbabq_kdb_� \_ebqbgu�� KijZ\hqgbd����
Ih^�j_^��B��K��=jb]hjv_\Z��?��A��F_ceboh\Z���
F���Wg_j]hZlhfba^Zl��������������k� 
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Jbk�� ��� QZklhlgZy� aZ\bkbfhklv� nZah\h]h� k^\b]Z�
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M>D������������ 

=:EV<:GHF:=GBLGU?�B�HILBQ?KDB?�K<HCKL<:�InN 

DhfbkkZjh\Z�L�:���FZljhkh\�G�G���Ohoeh\�>�J� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

InN� y\ey_lky�gZbf_g__�bamq_gguf�fZl_jbZehf�ba�gbljb^h\� we_f_glh\� lj_lv_c�
]jmiiu��Ih� ^Zgguf� ihke_^gbo� hilbq_kdbo� bkke_^h\Zgbc�rbjbgZ� aZij_s_gghc� ahgu�
gbljb^Z�bg^by��\xjlpbl��gZoh^blky�\�^bZiZahg_�����–����w<��wlh�agZq_gb_�agZqbl_evgh�
f_gvr_�ij_`g_c�h[s_ijbgylhc�\_ebqbgu�–� ����w<��Wlh�^Z_l�\hafh`ghklv��djhf_�bk�
ihevah\Zgby�gbljb^Z�bg^by�\�dZq_kl\_�khklZ\ghc�qZklb�GaxIn1-xN�b�AlxIn1-xN��dhlhju_�
ijbf_gyxlky�dZd�Zdlb\gu_�kehb�\�hilhwe_dljhgguo�b�we_dljhgguo�ijb[hjZo��bkihev�
ah\Zlv�_]h�ijb�ba]hlh\e_gbb�kheg_qguo�[ZlZj_c�� 

<�gZklhys_c�jZ[hl_�^ey�kbgl_aZ�ie_ghd�gZ�hkgh\_�InN�[ueb�bkihevah\Zgu�f_lh�
^u�MOVPE (Metal Organic� 9DSRU� 3KDVH� (SLWD[\�� b�MOCVD (Metal Organic Chemical 
Vapor Deposition).  

Baf_j_gby�khijhlb\e_gby�b�dhwnnbpb_glZ�OheeZ�ijh\h^bebkv�\�dhgnb]mjZpbb�
<Zg�^_j�IZm��\�fZ]gblghf�ihe_�����W��\�bgl_j\Ze_�l_fi_jZlmj�hl����D�^h�����D��>ey�
baf_j_gbc�d�ih\_joghklb�ie_ghd�[ueb�ijbiZygu�bg^b_\u_�dhglZdlu�� 

Baf_j_gby�ki_dljh\�nhlhexfbg_kp_gpbb�ijh\h^bebkv�ijb�jZaebqguo�l_fi_jZ�
lmjZo��e_`Zsbo�\�bgl_j\Ze_����–����D�� 

M^_evgu_� khijhlb\e_gby� [hevrbgkl\Z� h[jZaph\� e_`Zeb� \� bgl_j\Ze_� ��-4–10-2 
HfÂkf�b�fZeh�f_gyebkv�ijb�ihgb`_gbb�l_fi_jZlmju��G_[hevrZy� aZ\bkbfhklv�khijh�
lb\e_gby�hl�l_fi_jZlmju�gZ[ex^ZeZkv�m�ie_ghd��iZjZf_lju�jhklZ�dhlhjuo�kms_kl\_g�
gh�hlebqZebkv�hl�hklZevguo��<�wlbo�`_�ie_gdZo�gZ[ex^ZeZkv�gZb[hevrZy�ih^\b`ghklv�
(102

�kf2
�<Âk�b���3

�kf2
�<Âk�ijb�dhfgZlghc�l_fi_jZlmj_��khhl\_lkl\_ggh���Dhgp_gljZpby�

ghkbl_e_c�\�ie_gd_��\ujZs_gghc�gZ�dj_fgb_\hc�ih^eh`d_�MOCVD�f_lh^hf�ijb�hl�
ghr_gbb�V/III � �������kms_kl\_ggh�f_gyeZkv�ijb�ihgb`_gbb�l_fi_jZlmju�b�^hklb]ZeZ�
ijb����D�agZq_gby�ihjy^dZ��Â��17

�kf-3.  
Nhlhexfbg_kp_gpby�gZ[ex^ZeZkv�\�ki_dljZevghf�bgl_j\Ze_�hl�����^h������fw<�

k�fZdkbfmfhf�\�h[eZklb������fw<��Ijb�ihgb`_gbb�l_fi_jZlmju�fZdkbfmf�nhlhexfb�
g_kp_gpbb� g_� kf_sZeky�� Z� bgl_gkb\ghklv� ebgbc� m\_ebqb\ZeZkv��Ki_dlju�nhlhexfb�
g_kp_gpbb�ie_ghd��\ujZs_gguo�gZ�[mn_jghf�keh_�– GaN��kms_kl\_ggh�g_�hlebqZxlky��
lh]^Z�dZd�fZdkbfmf�nhlhexfbg_kp_gpbb�\�ie_gd_��\ujZs_gghc�gZ�[mn_jghf�keh_��g_�
kh^_j`Zs_f�GaN��kf_s_g�\�^ebggh\hegh\mx�qZklv�ki_dljZ� 

 
 

 

K<?JOIJH<H>YSB?�B�WE?DLJHGGU?�
K<HCKL<:�L<?J>UO�L?E  
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��Dmev[Zqbgkdbc�<eZ^bfbj�:gZlhev_\bq 
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M>D�������� 

KLJMDLMJGU?�KDMLL?J:>BLH<�AFe4Sb12 (A = La, Ca, Na): 
BKKE?>H<:GB?�F?LH>:FB�YDJ��YFJ 

Hohlgbdh\�D�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Kdmll_jZ^blu�h[jZamxl�rbjhdbc�deZkk�\_s_kl\�k�i_jki_dlb\gufb� l_jfhwe_d�
ljbq_kdbfb�k\hckl\Zfb��>ey�/D)H4Sb12 b�&D)H4Sb12 \�oh^_�ijh\_^_gguo�bkke_^h\Zgbc�
[ueh�h[gZjm`_gh�jZks_ie_gb_�ebgbb�YDJ�ki_dljZ�kmjvfu��djhf_�hkgh\ghc�ebgbb�gZ�
[ex^Zxlky� �� kZl_eeblh\�� b� ^\_� ebgbb� La� gZ� YFJ� ki_dlj_� �^ey� /D)H4Sb12��� >ey�
NaFe4Sb12�gbq_]h�ih^h[gh]h�g_�gZ[ex^Zehkv��>ey�h[tykg_gby�f_oZgbafZ�jZks_ie_gby�
ebgbc� [ueb� ijh\_^_gu� jZkq_lu�f_lh^hf� ebg_Zjbah\Zgguo� ijbkh_^bg_gguo� iehkdbo�
\heg� �LAPW�� k�ihfhsvx�ijh]jZffu�Wien2k��KjZ\gb\Zebkv� j_amevlZlu��ihemq_ggu_�
f_lh^hf�jZkq_lZ�k�YDJ�ki_dljhf�kmjvfu��GZb[he__�\_jhylguf�h[tykg_gb_f�hkh[_ggh�
kl_c� ki_dljh\� y\ey_lky�\hafh`ghklv� kf_s_gby�qZklb� ]hkl_\uo� �La, Ca�� Zlhfh\�\^hev�
gZijZ\e_gby�^�����`�gZ�a����A. 

JZkq_lu�ihdZaZeb�ke_^mxs__���L��Ijb�kf_s_gbb�La�ba�p_gljZevghc�ihabpbb�gZ�
0.1 A�\ky�d\Z^jmihevgZy�kljmdlmjZ�La�mdeZ^u\Z_lky�\�ihehkm����d=p��qlh�^_eZ_l�g_\ha�
fh`guf�_z�^_l_dlbjh\Zgb_���LL��Wg_j]by�djbklZeebq_kdhc�j_r_ldb�ijb�kf_s_gbb�La�ih�
gZijZ\e_gbx� ��������baf_gy_lky�keZ[h��\�hlebqbb�hl�^\b`_gby�ih�^jm]bf�gZijZ\e_gb�
yf����LLL��Qbkeh�kZl_eeblh\�gZ�YDJ�ki_dlj_�kh\iZ^Z_l�k�qbkehf�g_wd\b\Ze_glguo�Zlhfh\�
kmjvfu� \� djbklZeebq_kdhc� ]jmii_� Imm��� �LY��Ih� khihklZ\e_gbx� ^Zgguo� jZkq_lh\� b�
YDJ�\uqbke_g�k^\b]�La��khklZ\eyxsbc� a��� A��qlh�kh]eZkm_lky�k�j_gl]_gh\kdbf�^Zg�
gufb��[hevrhc�dhwnnbpb_gl�l_ieh\h]h�jZafulby�^ey�/D�� 

Ijbf_g_gb_�fbdjhkdhibq_kdbo�f_lh^h\�YFJ�b�YDJ�kh\f_klgh�k�DE-LQLWLR�d\Zg�
lh\ufb� jZkq_lZfb� \i_j\u_� ihdZaZeh� \hafh`ghklv� klZlbq_kdh]h� kf_s_gby� ]hkl_\h]h�
ZlhfZ�ba�p_gljZevghc�ihabpbb�\^hev�dm[bq_kdhc�hkb�^�����`�\�aZiheg_gghf�kdmll_jZ�
^bl_�LaFe4Sb12.  

 
 

M>D�������������� 

HKH;?GGHKLB�WE?DLJHGGH=H�LJ:GKIHJL:�<�:FHJNGUO�
IE?GD:O�:IV 

DZlZ_\Z�?�:���=mk_\Z�F�;���;h`dh�:�>� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

GZ�ijhly`_gbb�ihke_^gbo�^\mo�^_kylbe_lbc�gZ[ex^Z_lky�g_baf_gguc�bgl_j_k�d�
bkke_^h\Zgbyf�k\hckl\�jZaebqguo�m]e_jh^guo�fZl_jbZeh\��Ie_gdb�Zfhjngh]h�m]e_jh�
^Z� h[eZ^Zxl� ijb\e_dZl_evgufb� nbabq_kdbfb� k\hckl\Zfb�� lZdbfb� dZd� \ukhdZy� l\_j�
^hklv�� gbadbc� dhwnnbpb_gl� lj_gby�� obfbq_kdZy� bg_jlghklv�� \ukhdZy� l_iehijh\h^�
ghklv��qlh�^_eZ_l�bo�i_jki_dlb\gufb�fZl_jbZeZfb�^ey�ijZdlbq_kdh]h�bkihevah\Zgby��
<ukhdh_�m^_evgh_�khijhlb\e_gb_�b�gbadZy�l_fi_jZlmjZ�hkZ`^_gby�y\eyxlky�hkgh\Zgb�
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_f� ^ey� hp_gdb� \hafh`ghkl_c� bo� ijbf_g_gby� \� fbdjhwe_dljhgbd_� \� dZq_kl\_� fZkdb�
jmxs_]h�b�ih^aZl\hjgh]h�^bwe_dljbdZ�� 

Djhf_�lh]h��ie_gdb�Zfhjngh]h�m]e_jh^Z�fh]ml�kem`blv�m^h[gufb�fh^_evgufb�
h[t_dlZfb�^ey�bamq_gby�f_oZgbafh\�we_dljhggh]h�i_j_ghkZ�\�kbevgh�g_mihjy^hq_gguo�
kj_^Zo��\_ebqbghc�[_kihjy^dZ�klZlbq_kdh]h�ihl_gpbZeZ�\�dhlhjuo�fh`gh�wnn_dlb\gh�
mijZ\eylv�baf_g_gb_f�mkeh\bc�hkZ`^_gby�–�wg_j]bb�b�l_fi_jZlmju�ih^eh`db�\� ahg_�
jhklZ�ie_gdb 

JZ[hlZ�ihk\ys_gZ�bkke_^h\Zgbx�w\hexpbb�f_oZgbafh\�we_dljhggh]h�i_j_ghkZ�\�
rbjhdhf�^bZiZahg_�l_fi_jZlmj�b�we_dljbq_kdbo�ihe_c�\�ie_gdZo�Zfhjngh]h�m]e_jh^Z��
kh^_j`Zsbo�dj_fgbc�b�dbkehjh^��ijb�baf_g_gbb�wg_j]bb�hkZ`^_gby� 

=b^jh]_gbabjh\Zggu_� Zfhjngu_� m]e_jh^gu_� ie_gdb�� kh^_j`Zsb_� dj_fgbc� b�
dbkehjh^��\ujZsb\Zebkv�f_lh^hf�jZaeh`_gby�iZjh\�keh`gh]h�dj_fgbc-hj]Zgbq_kdh]h�
kh_^bg_gby� –� ihebf_lben_gbekbehdkZgZ� >�KG3)3Si(CH3C6H5SiO)3Si(CH3)3@�� \� ieZaf_�
klbfmebjh\Zggh]h�jZajy^Z�ihklhyggh]h�lhdZ��lhd�ieZafu��–4 :��gZijy`_gb_���� <���GZ�
ih^eh`dh^_j`Zl_ev�ih^Z\Zeky�<Q-ihl_gpbZe�qZklhlhc������F=p��Zfieblm^hc�^h���d<��
<_ebqbghc� \hagbdZxs_]h� ijb� wlhf� hljbpZl_evgh]h�ihl_gpbZeZ� kf_s_gby�Vsb�fh`gh�
[ueh�mijZ\eylv�f_gyy�Zfieblm^m�<Q-ihl_gpbZeZ�b��l_f�kZfuf��baf_gylv�wg_j]bx�hkZ�
`^_gby�ie_ghd��dhlhjZy�ijyfh�ijhihjpbhgZevgZ�Vsb��Ie_gdb�Zfhjngh]h�m]e_jh^Z�\u�
jZsb\Zebkv�ijb�wg_j]byo�hkZ`^_gby��khhl\_lkl\mxsbo�baf_g_gbx�ihl_gpbZeZ�kf_s_�
gby�\�bgl_j\Ze_�hl�-100 <�^h�-1400 <�� 

Bkke_^h\Zgby� l_fi_jZlmjguo� aZ\bkbfhkl_c� we_dljhijh\h^ghklb� 1�L��ijh\h^b�
ebkv�^\modhglZdlguf�f_lh^hf�\�dhg^_gkZlhjghc�]_hf_ljbb��\�^bZiZahg_�l_fi_jZlmj�hl�
����^h��� D�\�rbjhdhf�bgl_j\Ze_�\g_rgbo�we_dljbq_kdbo�ihe_c�-�^h��Â��5 <�kf��<�dZq_�
kl\_�\kihfh]Zl_evguo�ijh\h^bebkv�baf_j_gby�qZklhlguo�aZ\bkbfhkl_c�ijh\h^bfhklb�
ijb�dhfgZlghc�l_fi_jZlmj_�\�bgl_j\Ze_�qZklhl����=p�–��F=p� 

IhdZaZgh��qlh�\�keZ[uo�we_dljbq_kdbo�iheyo�\_ebqbghc�^h��⋅104
�<�kf��\�ebg_c�

ghc�h[eZklb�\hevl-Zfi_jguo�oZjZdl_jbklbd��gZb[he__�\_jhylguf�f_oZgbafhf�i_j_ghkZ�
aZjy^Z� \� ^bZiZahg_� l_fi_jZlmj� ��÷400 D� y\ey_lky� iju`dh\Zy� ijh\h^bfhklv� \[ebab�
©ljZgkihjlgh]hª� mjh\gy� wg_j]bb� \� ahg_� wdkihg_gpbZevgh� jZkij_^_e_gguo� ehdZebah�
\Zgguo�khklhygbc�>�@��Ijhba\_^_ggZy�\�jZfdZo�wlhc�fh^_eb�hp_gdZ�iehlghklb�khklhy�
gbc� gZ� mjh\g_�N_jfb� g(EF)� ijb\h^bl� d� agZq_gbyf� \� bgl_j\Ze_� hl� �Ü��18 w<-1kf-3

� ^h�
2Ü��19 w<-1kf-3

�\�bkke_^m_fhf�^bZiZahg_�baf_g_gby�wg_j]bb�hkZ`^_gby��Ijb�m\_ebq_gbb�
wg_j]bb�hkZ`^_gby�g(EF)�\hajZklZ_l��h^gZdh��ijb�\_ebqbg_�ihl_gpbZeZ�kf_s_gby�–400 
<�gZ�aZ\bkbfhklb�g(EF) hl�ihl_gpbZeZ�kf_s_gby�gZ[ex^Z_lky�fZdkbfmf��h[mkeh\e_g�
guc��ih-\b^bfhfm��ihy\e_gb_f�]Zmkkh\Z�ibdZ�gZ�aZ\bkbfhklb�iehlghklb�khklhygbc�hl�
wg_j]bb�>�@��Ijbkmlkl\b_�lZdh]h�]Zmkkh\Z�ibdZ�fh`_l�h[tykgylvky�keh`guf�oZjZdl_jhf�
ijh^mdlh\�^bkkhpbZpbb�iZjh\�bkoh^gh]h�m]e_jh^gh-dj_fgb_\h]h�ihebf_jZ�dZd�\�ieZa�
f_�jZajy^Z�lZd�b�gZ�ih\_joghklb�jZklms_c�ie_gdb�� 

AZf_lgh_�hkeZ[e_gb_�l_fi_jZlmjghc�aZ\bkbfhklb�ijh\h^bfhklb�ijb�m\_ebq_gbb�ly�
gms_]h�we_dljbq_kdh]h�ihey�aZ�ij_^_eu�hfbq_kdhc�h[eZklb�k\yau\Z_lky�k�mkbe_gb_f�\eby�
gby�we_dljbq_kdh]h�ihey�gZ�iju`dh\uc�lhdhi_j_ghk��Ijb�^Zevg_cr_f�m\_ebq_gbb�we_dljb�
q_kdh]h�ihey��\�h[eZklb�l_fi_jZlmj����–����D�ij_h[eZ^Zxsbf�y\ey_lky�ijhp_kk�l_jfhklb�
fmebjh\Zggh]h�lmgg_ebjh\Zgby�we_dljhgh\�gZ�ihjh]�ih^\b`ghklb�>�@��kf_gyxsbcky�\�h[�
eZklb�[he__�gbadbo�l_fi_jZlmjZo�ijyfuf�lmgg_ebjh\Zgb_f�\�ahgm�ijh\h^bfhklb�>�@�� 

Ebl_jZlmjZ 
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2. Bozhko A., Shupegin M., Takagi T. Diamond Rel. Mater. 11, 1753 (2002) 
3. Godet C., Kumar S., Chu V. Phil. Mag. 83, 3351 (2003) 
4. Vincent G., Chantre A., Bois D. J. Appl. Phys 50, 5484 (1979) 
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FHJNHEH=BQ?KDBC�:G:EBA�N:AH<UO�I?J?OH>H< 
<�:;JBDHKH<KDBO�KLJMDLMJ:O 

<UKHDHL?FI?J:LMJGUO�K<?JOIJH<H>GBDH< 2-=H�JH>: 

Kfbjgh\�:�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijb�\g_k_gbb�k\_joijh\h^gbdZ��]h�jh^Z�\�fZ]gblgh_�ihe_�ijhbkoh^bl�qZklbq�
gh_�ijhgbdgh\_gb_�fZ]gblgh]h�ihlhdZ�\gmljv��JZ^bmk�gbl_c��ijhgbau\Zxsbo�h[jZa_p��
qj_a\uqZcgh�fZe�-�ihjy^dZ�jZaf_jZ�dmi_jh\kdhc�iZju��FZ]gblguc�ihlhd�g_�lhevdh�aZ�
dexq_g�\gmljb�wlbo�gbl_c��gh�b�aZo\Zlu\Z_l�lhgdbc�kehc�k\_joijh\h^gbdZ�\�g_dhlhjhc�
hdj_klghklb�>�@��<hdjm]�dZ`^hc�lZdhc�gblb�h[jZamxlky�dhevp_\u_�f_ckg_jh\kdb_�lhdb��
Hgb�ihemqbeb�gZa\Zgb_��Z[jbdhkh\kdb_�\bojb��>�@��FZ]gblguc�ihlhd�d\Zglh\Zg��\�dZ�
`^hc�gblb�kh^_j`blky�h^bg�d\Zgl�fZ]gblgh]h�ihey�N0 = 2,068.10-15

�<[��Q_f�kbevg__�
fZ]gblgh_�ihe_��l_f�[hevr_�\boj_c�\hagbdZ_l�\�k\_joijh\h^gbd_��:[jbdhkh\kdb_�\bo�
jb�g_�fZl_fZlbq_kdZy�fh^_ev��kha^ZggZy�^ey�m^h[kl\Z�jZkq_lh\��Z�j_Zevgh_�h[jZah\Z�
gb_��dhlhjh_�fh`gh�m\b^_lv��>ey�wlh]h�lhj_p�k\_joijh\h^ys_]h�h[jZapZ�ijbim^jb\Zxl�
ihjhrdhf�n_jjhfZ]g_lbdZ��?]h�qZklbpu�kh[bjZxlky�lZf��]^_�_klv�fZ]gblgh_�ihe_��lh�
_klv�\�lhqdZo�\uoh^Z�\boj_c� 

<�aZ\bkbfhklb�hl�l_fi_jZlmju��fZ]gblgh]h�ihey�b�kljmdlmju�<LKI��\�qZklgh�
klb��dhebq_kl\Z�^_n_dlh\�� Z[jbdhkh\kdb_�\bojb�fh]ml�h[jZah\u\Zlv�djbklZeebq_kdb_�
j_r_ldb� �jbk�����beb�jZkiheZ]Zlvky�[_kihjy^hqgh� �jbk������Ijhp_kku�h[jZah\Zgby��i_�
j_kljhcdb� b� jZajmr_gby� lZdbo� j_r_lhd�� l�_�� ijhp_kku�nZah\uo� i_j_oh^h\� \� kbkl_f_�
\boj_c��keh`gu�^ey�wdki_jbf_glZevgh]h�bamq_gby��:\lhjhf�ij_^eZ]Z_lky�ijhklZy�fZ�
l_fZlbq_kdZy�fh^_ev�lZdbo�ijhp_kkh\�^ey��D-kemqZy�b�g_dhlhju_�f_lh^u�bkke_^h\Zgby�
k�bkihevah\Zgb_f�wlhc�fh^_eb� 

    
 
Jbk���      Jbk��� 
 

Kms_kl\mxl�ZdlmZevgu_�aZ^Zqb��dhlhju_�lj_[mxl�ZgZebaZ�nZah\uo�i_j_oh^h\�b�
nZah\uo� ^bZ]jZff�� >jm]bfb� keh\Zfb�� ^ey� [he__� ^_lZevgh]h� bkke_^h\Zgby� ijhp_kkZ�
ieZ\e_gby�Z[jbdhkh\kdhc�j_r_ldb�g_h[oh^bfh�agZlv��dZdZy�^hey�h[t_fZ�nZau�m`_�gZ�
oh^blky�\�khklhygbb�\boj_\h]h�kl_deZ��Zfhjngh_�khklhygb_���Z�dZdZy�\�djbklZeebah\Zg�
ghf� �lj_m]hevgZy�Z[jbdhkh\kdZy�j_r_ldZ���LZd`_�\�ijhp_kk_�nZah\h]h�i_j_oh^Z�Z[jb�
dhkh\kdZy�j_r_ldZ�–�\boj_\h_�kl_deh�gZ[ex^Zxlky�jy^�ijhf_`mlhqguo�khklhygbc��dh�
lhju_�g_h[oh^bfh�mqblu\Zlv� 

:\lhj�klZlvb�ij_^eZ]Z_l�fhjnheh]bq_kdbc�f_lh^�bkke_^h\Zgby�ijhp_kkZ�ieZ\�
e_gby�Z[jbdhkh\kdhc�kljmdlmju��Kmlv�f_lh^Z�aZdexqZ_lky�\�Z\lhfZlbq_kdhf�hihagZ\Z�
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gbb�\b^h\�nZa�gZ�bah[jZ`_gbb�iehlghklb�\boj_c��ihemq_gghf�ijb�fZl_fZlbq_kdhf�fh�
^_ebjh\Zgbb��<u^_eyxlky�h[eZklb�bah[jZ`_gby��gZ�dhlhjhc�\bojb�bf_xl�djbklZeeb�
q_kdmx�kljmdlmjm� 

AZ^ZqZ� klZ\blky� dZd� aZ^ZqZ� ihbkdZ� njZ]f_glZ� bah[jZ`_gby� aZ^Zgghc� nhjfu��
Bah[jZ`_gb_�jZkkfZljb\Z_lky�dZd�we_f_gl�_\deb^h\Z�ijhkljZgkl\Z�nmgdpbc��aZ^Zgguo�
gZ� ijyfhm]hevghc� ih^h[eZklb� iehkdhklb� �ihe_� aj_gby���Fh^_ev�nhjfu� bah[jZ`_gby�
aZ^Z_lky�dZd�fgh`_kl\h�V�bah[jZ`_gbc��dhlhju_�fh]ml�[ulv�ihemq_gu�ba�b^_Zevgh]h�
bah[jZ`_gby�djbklZeebq_kdhc�yq_cdb�iml_f�\jZs_gby�b�fhghlhggh]h�ij_h[jZah\Zgby�
yjdhklb��NjZ]f_gl�g�kqblZ_lky�bah[jZ`_gb_f�djbklZeebq_kdh]h�mqZkldZ��_keb�jZkklhy�

gb_�
2

gPg f− �hl�ij_^ty\ey_fh]h�njZ]f_glZ�^h�fgh`_kl\Z�V f_gvr_�g_dhlhjh]h�ihjh�

]Z��a^_kv� fP  -�hi_jZlhj�ijh_pbjh\Zgby�gZ�V. 

KlZ\blky�aZ^ZqZ�magZ\Zgby�h[t_dlZ�ih�nhjf_�_]h�
bah[jZ`_gby��NhjfZ� bah[jZ`_gby� aZ^Z_lky� mkeh\byfb�
aZ^Zqb��LZd��gZijbf_j��^ey�gZoh`^_gby�\�kljmdlmj_�lj_�
m]hevghc�j_r_ldb��rZ[ehghf�ihbkdZ� kem`bl� ��^bkdh\��
jZaf_j�^bZf_ljZ�dhlhjuo�jZ\_g�©dhjmª�\bojy��b�jZkih�
eh`_gguo�\�\b^_�r_klbm]hevghc�j_r_ldb��jbk������ 

Ij_^eh`_gguc�f_lh^�y\ey_lky�mgb\_jkZevguf��
ihkdhevdm�k�ihfhsvx�g_]h�fh`gh�g_�lhevdh�bkke_^h�
\Zlv� dZjlbgu��ihemq_ggu_�ijb�fZl_fZlbq_kdhf�fh^_�
ebjh\Zgbb�� gh� b� dZjlbgu�� ihemq_ggu_� ijb� wdki_jb�
f_glZevguo� bkke_^h\Zgbyo� lZd� gZau\Z_fuf� f_lh^hf�
^_dhjbjh\Zgby� 

Ebl_jZlmjZ 
1. =bga[mj]�<�E��EZg^Zm�E�>��@WLN,������]������������ 
2. :[jbdhkh\�A�:���@WLN��������L�����\ui���������� 

 
 

M>D�������� 

BKKE?>H<:GB?�A:<BKBFHKLB�D<:GLH<HC�WNN?DLB<GHKLB�
H>GHNHLHGGUO�K<?JOIJH<H>GBDH<UO�>?L?DLHJH< 

HL�L?FI?J:LMJU 

∗FbgZ_\Z�H�<���Dhjg__\�:�:���>b\hqbc�:�<� 

Fhkdh\kdbc�i_^Z]h]bq_kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�jZ[hl_�ijh\_^_gh�bkke_^h\Zgb_�h^ghnhlhgguo�k\_joijh\h^gbdh\uo�^_l_dlh�
jh\�\b^bfh]h�b�BD�^bZiZahgh\�^ebg�\heg��;ueb�ihemq_gu�aZ\bkbfhklb�d\Zglh\hc�wn�
n_dlb\ghklb��QE��b�kdhjhklb�l_fgh\uo�kjZ[Zlu\Zgbc�h^ghnhlhggh]h�^_l_dlhjZ�hl�lh�
dZ�kf_s_gby�ijb�l_fi_jZlmjZo��D�b����D� 

K\_joijh\h^ysbc� h^ghnhlhgguc� ^_l_dlhj� ba]hlh\e_g� ba� k\_joijh\h^gbdh\hc�
ie_gdb�1E1�lhesbghc�����gf��ihemq_gghc�f_lh^hf�j_Zdlb\gh]h�fZ]g_ljhggh]h�jZkiu�
e_gby�1E�gZ�kZinbjh\mx�ih^eh`dm�\�]Zah\hc�kf_kb�Zj]hgZ�b�ZahlZ�>�@��F_lh^Zfb�we_d�

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb� 
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ljhgghc�eblh]jZnbb�b�ieZafhobfbq_kdh]h� ljZ\e_gby�nhjfbjh\ZeZkv�madZy� �rbjbghc�
����gf��ihehkdZ��bah]gmlZy�\�\b^_�f_Zg^jZ��ihdju\Zxs_]h�iehsZ^v���×10 fdf2. 

Ijbgpbi� ^_ckl\by� ^_l_dlhjZ� hkgh\Zg�
gZ�i_j_oh^_�\�j_abklb\gh_�khklhygb_�ihehkdb�
gbljb^Z� gbh[by�� gZoh^ys_cky� \� k\_joijh-
\h^ys_f�khklhygbb�b�kf_s_gghc�lhdhf��[eba�
dbf� ih� \_ebqbg_� d� djblbq_kdhfm� lhdm� jZk-
iZjb\Zgby�=bga[mj]Z-EZg^Zm��D\Zgl�k\_lZ��ih�
]ehszgguc� k\_joijh\h^gbdhf�� ijb\h^bl� d�
jZajmr_gbx�dmi_jh\kdbo�iZj�b�h[jZah\Zgbx�
eZ\bgu� d\ZabqZklbp�� qbkeh� dhlhjuo� hij_^_-
ey_lky�wg_j]b_c�ih]ehs_ggh]h�d\ZglZ��L�h��h[�
jZam_lky� h[eZklv�� ]^_� k\_joijh\h^bfhklv�
ih^Z\e_gZ� beb� jZajmr_gZ�� lZd� gZau\Z_fh_�
©]hjyq__� iylghª� >�@�� Ba-aZ� ^bnnmabb� d\Zab-
qZklbp� iehsZ^v� ©]hjyq_]h� iylgZª� m\_eb-
qb\Z_lky�� h^gh\j_f_ggh�ijhbkoh^bl�i_j_jZk-
ij_^_e_gb_� k\_joijh\h^ys_]h� lhdZ� ih� k_q_-
gbx�k\_joijh\h^gbdZ�b�^ey�^hklZlhqgh�madhc�
ie_gdb� \_ebqbgZ� iehlghklb� lhdZ� gZqbgZ_l�

ij_\urZlv�djblbq_kdmx� �jbk�����QZklv�ihehkdb�i_j_oh^bl�\�ghjfZevgh_�khklhygb_��qlh�
ijb\h^bl�d�\hagbdgh\_gbx�we_dljbq_kdh]h�khijhlb\e_gby��Ihke_^mxsZy�^bnnmaby�d\Z�
abqZklbp�\�ih^eh`dm�b�bo�j_eZdkZpby�ijb\h^bl�d�mf_gvr_gbx�]hjyq_]h�iylgZ��b�q_j_a�
g_dhlhjh_�\j_fy�hgh�bkq_aZ_l��k\_joijh\h^bfhklv�\hkklZgZ\eb\Z_lky��b�^_l_dlhj�\gh\v�
]hlh\�d�j_]bkljZpbb�hq_j_^gh]h�nhlhgZ��Bfimevk�gZijy`_gby�gZ�^_l_dlhj_�ih�ihjy^dm�
\_ebqbgu� khklZ\ey_l� ��f<��>ebl_evghklv�bfimevkZ�gZijy`_gby� hij_^_ey_lky� ]eZ\guf�
h[jZahf�\j_f_g_f�hklu\Zgby�]hjyq_]h�iylgZ�b�khklZ\ey_l�hdheh�����ik�>�@� 

<�wdki_jbf_gl_�bkke_^h\ZeZkv�aZ\bkbfhklv�QE�hl�lhdZ�kf_s_gby�ijb�l_fi_jZlmjZo�
2÷���D��Bkke_^m_fuc� h[jZa_p� ihf_sZeky� \� ]_eb_\uc� djbhklZl��GZ� h[jZa_p� ih^Z\Zehkv�
we_dljbq_kdh_�kf_s_gb_�\�j_`bf_�bklhqgbdZ�gZijy`_gby��HkeZ[e_ggh_�baemq_gb_�k\_lh�
^bh^Z�k�^ebghc�\hegu������fdf�ihklmiZeh�gZ�h[jZa_p�q_j_a�k\_lh\h^��I_j_oh^�h[jZapZ�\�
j_abklb\gh_� khklhygb_�ijb�ih]ehs_gbb�nhlhgZ� khijh\h`^Zeky�bfimevkhf�gZijy`_gby��
Kb]gZe� k� h[jZapZ� ih� \ukhdhqZklhlghfm� ljZdlm� ih^Z\Zeky� q_j_a� kbkl_fm� mkbebl_e_c� gZ�
kdhjhklghc�hkpbeeh]jZn�K�-���b�qZklhlhf_j�Q�-����\dexq_gguc�\�j_`bf_�kq_lZ�bfimev�
kh\��>ey�^hklb`_gby�l_fi_jZlmju��D�ba�djbhklZlZ�ijhba\h^beZkv�hldZqdZ�iZjh\�]_eby� 

D\Zglh\Zy� wnn_dlb\ghklv� �QE�� hij_^_ey_lky� dZd� hlghr_gb_� qbkeZ� kjZ[Zlu\Z�
gbc�^_l_dlhjZ�d�qbkem�iZ^Zxsbo�gZ�g_]h�nhlhgh\�aZ�lhl�`_�bgl_j\Ze�\j_f_gb� 

.

.

iZ^

j_]

N

N
QE = ,      (1) 

NiZ^� hij_^_eyehkv�ih�\_ebqbg_�fhsghklb�iZ^Zxs_]h�baemq_gby��baf_j_ggh]h�ijb[h�
jhf������NewFocus Inc. 

Kdhjhklv� l_fgh\h]h� kq_lZ� hij_^_ey_lky� dZd� qbkeh� kjZ[Zlu\Zgbc� ^_l_dlhjZ� \�
_^bgbpm�\j_f_gb�\�hlkmlkl\bb�baemq_gby� 

J_amevlZlu�wdki_jbf_glZ�ih�hij_^_e_gbx�aZ\bkbfhklb�QE�gZ�^ebg_�\hegu������
fdf�b�kdhjhklb�l_fgh\h]h�kq_lZ�hl�lhdZ�kf_s_gby�ijb�jZaebqguo�jZ[hqbo�l_fi_jZlm�
jZo�ij_^klZ\e_gu�gZ��jbk�����Bkke_^m_fu_�^_l_dlhju�h[gZjm`b\Zxl�\ukhdmx�QE�\�BD�
^bZiZahg_��Ihgb`_gb_� l_fi_jZlmju�ijb\h^bl� d� agZqbl_evghfm�ih\ur_gbx�QE��LZd��
ijb�L ���D�d\Zglh\Zy� wnn_dlb\ghklv�^hklb]Z_l� ����� Z�ijb�L �D�QE§�����Ijb�ijb�
[eb`_gbb�d�djblbq_kdhfm�lhdm�aZ\bkbfhklv�d\Zglh\hc�wnn_dlb\ghklb�hl�lhdZ�kf_s_�

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jbk�� ��Fh^_ev� f_oZgbafZ� jZ[hlu� h^ghnh�
lhggh]h�k\_joijh\h^gbdh\h]h�^_l_dlhjZ 

hν
Ih]ehs_gb_ nhlhgZ
b aZjh`^_gb_
]hjyq_]h iylgZ

>bnnmaby
d\ZabqZklbp b jhkl
]hjyq_]h iylgZ

H[jZah\Zgb_
ghjfZevghc
h[eZklb

Iehlghklv lhdZ
ij_\urZ_l
djblbq_kdmx

J_abklb\gZy
h[eZklv
i_j_dju\Z_l
\kz k_q_gb_
ie_gdb
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gby� \uoh^bl� gZ� gZkus_gb_�� qlh�
k\b^_l_evkl\m_l� h� lhf�� qlh� ijb�
L �D�QE� h]jZgbq_gZ� dhwnnbpb_g�
lhf� ih]ehs_gby�� l�_�� \gmlj_ggyy�
d\Zglh\Zy� wnn_dlb\ghklv� [ebadZ� d�
������ AZ\bkbfhklv� kdhjhklb� l_f�
gh\h]h� kq_lZ� hl� lhdZ� kf_s_gby� y\�
ey_lky�wdkihg_gpbZevghc� 

)exp( cbdk IIbaR ⋅⋅=      (2) 
]^_�a�b b –�dhwnnbpb_glu��hij_^_�
ey_fu_� ba� l_hjbb��Ihkdhevdm� ijb�
jh^Z� l_fgh\uo� bfimevkh\� g_� ykgZ��
khhl\_lkl\mxsZy�l_hjby�_s_�g_�ih�
kljh_gZ� 

K\_joijh\h^gbdh\u_�h^ghnh�
lhggu_�^_l_dlhju�gZ�wnn_dl_�we_d�
ljhggh]h�jZah]j_\Z�\�lhgdbo�k\_jo�

ijh\h^gbdh\uo�ie_gdZo�fh]ml�[ulv�ijbf_g_gu�\h�fgh]bo�h[eZklyo��lj_[mxsbo�^_l_d�
lbjh\Zgby�baemq_gby�k\_jogbadhc�bgl_gkb\ghklb�k�\ukhdbf�\j_f_gguf�jZaj_r_gb_f��
lZdbo�dZd�^bZ]ghklbdZ�b�l_klbjh\Zgb_�K;BK�\�we_dljhgbd_��ki_dljhkdhiby�h^bghqguo�
fhe_dme�� ZgZeba�baemq_gby�d\Zglh\uo� lhq_d�\�ihemijh\h^gbdh\uo�gZghkljmdlmjZo�� Z�
lZd`_��^ey�j_]bkljZpbb�k\_jokeZ[uo�kb]gZeh\�\�Zkljhghfbb� 

Ebl_jZlmjZ 
1. Gol’tsman G.N., et al., IEEE Trans. on Appl. Supercond., Vol. 13, No. 2, June 2003, pp. 

192-195 
2. Goltsman G. et al., Appl. Phys. Lett. 79, 705 (2001); 
3. Sobolewski R., et al., Proc. SPIE vol. 5123, pp. 2-12 (2003). 

 
 

M>D 535.232.61 

KI?DLJ:EVG:Y�QM<KL<BL?EVGHKLV�BGNJ:DJ:KGH=H�
K<?JOIJH<H>GBDH<H=H�H>GHNHLHGGH=H�>?L?DLHJ: 

∗Ke_igz\Z K.D., Jm[ph\Z B.:. 

Fhkdh\kdbc�i_^Z]h]bq_kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Fu�ij_^klZ\ey_f�j_amevlZlu�baf_j_gby�Z[khexlghc�qm\kl\bl_evghklb�^_l_d�
lhjZ� gZ� hkgh\_� lhgdhie_ghqguo� k\_joijh\h^gbdh\uo� gZghkljmdlmj�� JZkkfZljb\Z_�
fuc�h^ghnhlhgguc�^_l_dlhj�y\ey_lky�rbjhdhihehkguf�ijb_fgbdhf��jZ[hlZxs_f�\�
\b^bfhf�b�bgnjZdjZkghf�^bZiZahg_�^ebg�\heg�����-����fdf���;eZ]h^Zjy�hilbfZevguf�
oZjZdl_jbklbdZf� �\ukhdZy� qm\kl\bl_evghklv�� ibdhk_dmg^gh_� \j_fy� kjZ[Zlu\Zgby��
gbadbc�mjh\_gv�l_fgh\uo�kjZ[Zlu\Zgbc���^Zgguc�^_l_dlhj�ij_\hkoh^bl�ihemijh\h^�
gbdh\u_�ZgZeh]b�b�m`_�mki_rgh�ijbf_gy_lky�^ey�g_jZajmrZxs_]h�dhgljhey�jZ[hlu�
fbdjhko_f� 

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb� 
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Jbk�� ��� AZ\bkbfhklv� d\Zglh\hc� wnn_dlb\ghklb�
�hldjulu_� kbf\heu�� b� kdhjhklb� l_fgh\h]h� kq_lZ�
�aZdjulu_� kbf\heu�� hl� lhdZ� kf_s_gby� ijb�
l_fi_jZlmjZo��D�����D�b����D 
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>_l_dlhj�ij_^klZ\ey_l�kh[hc�madmx������gf��ihehkdm�lhgdhc������gf��k\_joijh\h�
^ys_c�ie_gdb�NbN��\uiheg_gghc�\�nhjf_�f_Zg^jZ� ���×10 beb���×20 fdf����K\_joijh�
\h^ysZy�ie_gdZ�NbN��ijbf_gy_fZy�^ey�ba]hlh\e_gby�^_l_dlhjZ��gZghkblky�gZ�kZinbjh�
\mx�ih^eh`dm�f_lh^hf�j_Zdlb\gh]h�fZ]g_ljhggh]h�jZkiue_gby�\�]Zah\hc�kf_kb�Zj]hgZ�b�
ZahlZ��<�ijhp_kk_�gZg_k_gby�ih^eh`dZ�gZ]j_\Z_lky�^h�����K��\ke_^kl\b_�q_]h�ijhbkoh�
^bl� wiblZdkbZevguc� jhkl� ie_gdb�� IZjZf_lju� ie_gdb�� ih\_joghklgh_� khijhlb\e_gb_��
400-����Hf��djblbq_kdZy�l_fi_jZlmjZ��Tc=10-���D��rbjbgZ�k\_joijh\h^ys_]h�i_j_oh^Z��
û7F ~ 0.3 K�� Lhiheh]by� Zdlb\gh]h� we_f_glZ� ^_l_dlhjZ� nhjfbjm_lky� f_lh^hf� ijyfhc�
we_dljhgghc�eblh]jZnbb�b�j_Zdlb\gh]h�bhggh]h�ljZ\e_gby��>ey�hilbfZevghc�jZ[hlu�^_�
l_dlhjZ�kms_kl\_ggh��qlh[u�ihehkdZ�k\_joijh\h^gbdZ�[ueZ�h^ghjh^ghc�� 

Ijbgpbi�^_ckl\by�^_l_dlhjZ�hkgh\Zg�gZ�wnn_dl_�we_dljhggh]h�jZah]j_\Z�\�mevl�
jZlhgdbo�iezgdZo�k\_joijh\h^gbdh\�b�h[jZah\Zgbb�ghjfZevghc�h[eZklb� �]hjyq_]h�iyl�
gZ��ijb�ih]ehs_gbb�nhlhgZ�>�@��>_l_dlhj�gZoh^blky�ijb�l_fi_jZlmj_�]hjZa^h�gb`_�djb�
lbq_kdhc� b� kf_sZ_lky� ihklhygguf� lhdhf�� [ebadbf� d� lhdm� jZkiZjb\Zgby� =bga[mj]Z� - 
EZg^Zm��Ih]ehs_gb_�hilbq_kdh]h�d\ZglZ��h[eZ^Zxs_]h�^hklZlhqghc�wg_j]b_c��ijb\h^bl�
d�jZkiZjb\Zgbx�dmi_jh\kdbo�iZj�b�h[jZah\Zgbx�eZ\bgu�d\ZabqZklbp�-�aZjh`^Z_lky�]hjy�
q__�iylgh��aZ�kq_l�^bnnmabb�d\ZabqZklbp�ijhbkoh^bl�i_j_jZkij_^_e_gb_�wg_j]bb�\�we_d�
ljhgghc�ih^kbkl_f_��=hjyq__�iylgh�jZkl_l��qlh�\uau\Z_l�m\_ebq_gb_�iehlghklb� ljZgk�
ihjlgh]h�k\_joijh\h^ys_]h�lhdZ�\�k_q_gbb�ie_gdb��Dh]^Z�agZq_gb_�iehlghklb�lhdZ�ij_�
\urZ_l�djblbq_kdh_��jc = 6÷7Â��6

�:�kf2 ijb�����D���k\_joijh\h^bfhklv�\�k_q_gbb�lhgdhc�
ie_gdb� jZajmrZ_lky� -� \hagbdZ_l� bfimevk� gZijy`_gby� ���f<��� dhlhjuc� j_]bkljbjm_lky�
ko_fhc�kt_fZ�kb]gZeZ�� 

OZjZdl_jbklbdhc�qm\kl\bl_evghklb�^_l_dlhjZ�y\ey_lky�d\Zglh\Zy�wnn_dlb\ghklv�
(QE���jZ\gZy�hlghr_gbx�qbkeZ�nhlhgh\��aZj_]bkljbjh\Zgguo�aZ�\j_fy�2��d�qbkem�nhlh�
gh\��iZ^Zxsbo�gZ�^_l_dlhj�aZ�lh�`_�\j_fy��JZg__�ijh\_^_ggu_�bkke_^h\Zgby�ki_dljZev�
ghc�aZ\bkbfhklb�QE�^_l_dlhjZ�ihdZaZeb�>����@��qlh�\�^hklmighf�^ey�baf_j_gbc�^bZiZahg_�
^ebg�\heg�����-�fdf��qm\kl\bl_evghklv�^_l_dlhjZ�wdkihg_gpbZevgh�iZ^Z_l�k�m\_ebq_gb�
_f�^ebgu�\hegu���iZ^Zxs_]h�baemq_gby��>ZggZy�aZ\bkbfhklv�fh`_l�[ulv�ij_^klZ\e_gZ�
\ujZ`_gb_f�QE=A· exp(-bÂ ��Â �������ijb�nbdkbjh\Zgghf�agZq_gbb�jZ[hq_c�l_fi_jZlmju�
b�lhdZ�kf_s_gby���]^_�b-�qbke_gguc�dhwnnbpb_gl��hij_^_ey_fuc�ba�ki_dljZevguo�baf_�
j_gbc��Z�A-dhwnnbpb_gl��aZ\bkysbc�hl�Z[khexlghc�fhsghklb�bklhqgbdZ�baemq_gby�� 

>ey�hij_^_e_gby�b�g_h[oh^bfh�ihemqblv�aZ\bkbfhklv�qm\kl\bl_evghklb�^_l_dlh�
jZ�hl�^ebgu�\hegu�baemq_gby��Bklhqgbdhf�fhghojhfZlbq_kdh]h�baemq_gby�y\eyeky�bg�
njZdjZkguc�ki_dljhf_lj��BDK�-�^bZiZahg�^ebg�\heg����-���fdf���Bkke_^m_fuc�h[jZa_p�
gZoh^beky�\�djbhklZl_�ijb�l_fi_jZlmj_�`b^dh]h�]_eby�����D��b�kf_sZeky�ih�ihklhyggh�
fm�lhdm�k�ihfhsvx�bklhqgbdZ��Kb]gZe�k�h[jZapZ�ih�\ukhdhqZklhlghfm�ljZdlm�ih^Z\Zeky�
gZ�kbkl_fm�K<Q�mkbebl_e_c�b�j_]bkljbjh\Zeky�kdhjhklguf�hkpbeeh]jZnhf�b�qZklhlhf_�
jhf��jZ[hlZxsbf�\�j_`bf_�kq_lZ�bfimevkh\��Baemq_gb_�BDK�ih^\h^behkv�d�^_l_dlhjm�\�
k\h[h^ghf�ijhkljZgkl\_�b�nhdmkbjh\Zehkv� kbkl_fhc� a_jdZe��>ey� wdjZgbjh\db�iZjZabl�
gh]h�dhfgZlgh]h�baemq_gby�ijbf_gyebkv�kZinbjh\h_��\�^bZiZahg_����-3 fdf��beb�dj_f�
gb_\h_� ����-5.6 fdf��\oh^gu_�hdgZ�djbhklZlZ��Z�lZd`_�oheh^gu_�kZinbjh\uc�beb�dj_f�
gb_\uc�nbevlju�\gmljb�djbhklZlZ� H^ghnhlhgguc�j_`bf�^_l_dlbjh\Zgby�gZ[ex^Zeky�\�
^bZiZahg_�^ebg�\heg�hl����� fdf�^h���� fdf�  

>ey�hij_^_e_gby�dhwnnbpb_glZ�:�g_h[oh^bfh� agZlv�fhsghklv�bklhqgbdZ�baem�
q_gby��:[khexlgh�q_jgh�l_eh��:QL��y\ey_lky�bklhqgbdhf�k�ba\_klguf�agZq_gb_f�iehl�
ghklb�baemq_gby��lZdbf�h[jZahf��j_amevlZlu�baf_j_gby�QE�k�bkihevah\Zgb_f�:QL�\�dZ�
q_kl\_�bklhqgbdZ�iha\heyxl�hij_^_eblv�fgh`bl_ev�:�b��ke_^h\Zl_evgh��Z[khexlgh_�agZ�
q_gb_�d\Zglh\hc�wnn_dlb\ghklb�^_l_dlhjZ�� 

Ijb� bkihevah\Zgbb�:QL� \� dZq_kl\_� bklhqgbdZ�� h[jZa_p� ihf_sZeky� \� ljZgk�
ihjlguc�khkm^�>vxZjZ�b�baemq_gb_�ih^\h^behkv�d�h[jZapm�ih�ljm[_�k�ih]ehsZxsbfb�
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kl_gdZfb�^ey�kgb`_gby�ihl_jv�ijb�hljZ`_gbb��
>bZiZahg�l_fi_jZlmj�:QL�\Zjvbjh\Zeky�hl�����
^h����D��fZdkbfZevgZy�iehlghklv�ki_dljZevgh�
]h�jZkij_^_e_gby�wg_j]bb�\�wlhf�kemqZ_�ijboh�
^beZkv�gZ�bgl_j\Ze�^ebg�\heg�hl�����^h�����fdf��
Dhwnnbpb_gl�:�hij_^_eyeky�ba�kjZ\g_gby�wdk�
i_jbf_glZevghc� b� l_hj_lbq_kdhc� djb\uo� aZ\b�
kbfhklb� qm\kl\bl_evghklb� ^_l_dlhjZ� hl� l_fi_�
jZlmju�:QL��Baf_j_gb_� hldebdh\� ^_l_dlhjZ� \�

^Zgghf� ^bZiZahg_� ^ebg� \heg� ijh\h^b�
ehkv� \i_j\u_� �jbk����� Bkihevamy� ihem�
q_ggu_�agZq_gby�d\Zglh\hc�wnn_dlb\gh�
klb� ^_l_dlhjZ� fh`gh� ijh\_klb� dZeb[�
jh\dm� agZq_gbc� d\Zglh\hc� wnn_dlb\gh�
klb��ihemq_ggu_�ijb�bkihevah\Zgbb�^jm�
]bo�bklhqgbdh\�baemq_gby��jbk����� 

Ijh\_^_gb_� ^Zggh]h� bkke_^h\Z�
gby�y\ey_lky�ZdlmZevguf��ihkdhevdm�ih�
a\hey_l� ihemqblv� Z[khexlgu_� agZq_gby�
d\Zglh\hc� wnn_dlb\ghklb�^_l_dlhjZ�^ey�
hij_^_e_gghc�\hegu�baemq_gby��hij_^_�
eblv�ihjh]h\uc�fbgbfmf�wg_j]bb�d\Zg�
lZ�baemq_gby��dhlhjuc�_s_�fh`_l�[ulv�aZj_]bkljbjh\Zg��qlh�iha\hebeh�[u�mlhqgblv�nb�
abq_kdb_�ijbgpbiu�jZ[hlu�^_l_dlhjZ�b�jZkrbjblv�h[eZklv�_]h�ijbf_g_gby�� 

Ebl_jZlmjZ 
1. Semenov A. et al., Supercond. Sci.Technol., 15, R1 (2002); 
2. Verevkin A. et al.,Journal of Modern Optics, vol. 51, No 9-10, 1447-14458 (2004) 
3. Korneev A. et al., Appl.Phys.Lett., vol. 84, No 26 (2004) 
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BAF?G?GB?�KL?I?GB�EHD:EBA:PBB�A:JH>UR:�
K<?JOIJH<H>YS?C�N:AU 

<�FGH=HKEHCGUO�K<?JOIJH<H>GBD:O�IJB�J:AGHC�
HJB?GL:PBB�<G?RG?=H�F:=GBLGH=H�IHEY 

BevbgZ�?�:� 

;_ehjmkkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 
bgnhjfZlbdb�b�jZ^bhwe_dljhgbdb 

H^ghc� ba� nmg^Zf_glZevguo� \_ebqbg�� oZjZdl_jbamxsbo� k\_joijh\h^ys__� kh�
klhygb_��y\ey_lky�\_jog__�djblbq_kdh_�fZ]gblgh_�ihe_�Hc2��Baf_jyy�m]eh\u_�aZ\bkbfh�
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hl� ^ebgu� \hegu�� AgZq_gby��ihemq_ggu_� k�ihfhsvx�
BDK��q_jgu_�kbf\heu���dZeb[jh\Zggu_�gZ�agZq_gby��
ihemq_ggu_�k�ihfhsvx�:QL��ijyfZy�ebgby� 

510 515 520 525 530 535 540 545 550 555 560 565 570 575
0

50

100

150

200

250

300

350

400

450

500

550

600

 

 

k
dh
j
h
k
lv
�
k
q
_
lZ
�
^
_
l_

dl
h
j
Z
�
�
k
��

T(K)

 Ib/Ic=0.978
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 Ib/Ic=0.914
 Ib/Ic=0.88

 
Jbk�����AZ\bkbfhklv�qbkeZ�hlkq_lh\�^_l_dlhjZ�
hl� l_fi_jZlmju� :QL� ijb� jZaebqguo� lhdZo�
kf_s_gby�^_l_dlhjZ�,E��agZq_gb_�djblbq_kdh�
]h�lhdZ��,F ����fd: 
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klb�Hc2(Θ) (Θ -�m]he�f_`^m�\_dlhjhf�\g_rg_]h�fZ]gblgh]h�ihey�b�iehkdhklvx�h[jZapZ���
fh`gh� [he__� ^_lZevgh�bkke_^h\Zlv� \ebygb_� wnn_dlb\ghc� jZaf_jghklb� k\_joijh\h^y�
s_c�nZau�gZ�l_jfh^bgZfbq_kdb_�oZjZdl_jbklbdb�k\_joijh\h^gbdZ�  

>ey�bkke_^h\Zgby�[ueb�\aylu�h[jZapu�fgh]hkehcghc�kljmdlmju�Nb/Pd��dhebq_�
kl\h�[bkeh_\�jZ\gyehkv������;ueb�baf_j_gu�m]eh\u_�aZ\bkbfhklb�Hc2(Θ��\�l_fi_jZlmj�
ghf�^bZiZahg_�hl���� D�^h�L��]^_�L* - �l_fi_jZlmjZ�jZaf_jgh]h�djhkkh\_jZ� 

Ihemq_gh��qlh�ijb�baf_g_gbb�Θ�hl���^h�g_dh_]h�Θ�aZjh^ur�k\_joijh\h^ys_c�
nZau�ehdZebah\Zg�\�h^ghf�i_jbh^_�fgh]hkehcghc�S/N�kljmdlmju��H[jZa_p�fh`gh�jZk�
kfZljb\Zlv�dZd�^\mf_jguc��Ijb�Θ > Θ�i_ji_g^bdmeyjgZy� khklZ\eyxsZy�fZ]gblgh]h�
ihey�hdZau\Z_l�\ebygb_�gZ�kl_i_gv�ehdZebaZpbb�iZjZf_ljZ�ihjy^dZ���jZafu\Zy��_]h�ih�
g_kdhevdbf�i_jbh^Zf�fgh]hkehcghc�kljmdlmju��<�wlhf�kemqZ_�h[jZa_p�m`_�g_evay�jZk�
kfZljb\Zlv�dZd�^\mf_jguc��LZdbf�h[jZahf��\�^bZiZahg_�m]eh\�Θ < Θ�h[jZa_p�k\h^blky�
d�ijhklhc�[bkehcghc�S/N�kljmdlmj_��dhlhjZy�bf__l�f_gvrmx�djblbq_kdmx�l_fi_jZlmjm�
ih�kjZ\g_gbx�k�fgh]hkehcghc� �D�kljmdlmjhc��m�dhlhjhc�kmffZjgZy�lhesbgZ�S�kehz\�
fgh]h�[hevr_��<ke_^kl\b_�wlh]h�i_ji_g^bdmeyjgh_�djblbq_kdh_�fZ]gblgh_�ihe_�[m^_l�
f_gvr_�� 

MklZgh\e_gh��qlh�m]he�Θ�y\ey_lky�fhghlhgghc�nmgdpb_c�l_fi_jZlmju��K�jhk�
lhf�L�hg�kgb`Z_lky�hl�≈25°�ijb��D�^h�≈5°�ijb�L��Wlh�mf_gvr_gb_�Θ�k�jhklhf�l_fi_�
jZlmju�gZoh^bl�k\hz�h[tykg_gb_�\�jZfdZo�ij_^eh`_gghc�fh^_eb��K�jhklhf�l_fi_jZlm�
ju� \_ebqbgZ� ξ� jZklzl�� qlh� kgb`Z_l� kl_i_gv� ehdZebaZpbb� aZjh^urZ� k\_joijh\h^ys_c�
nZau�\�iZjZee_evghf�fZ]gblghf�ihe_�b�kihkh[kl\m_l�_]h�^_ehdZebaZpbb�ijb�f_gvrbo�
Θ*(L).  

LZdbf�h[jZahf��\�hlebqb_�hl�h^ghjh^guo�Zgbahljhiguo�k\_joijh\h^gbdh\��dh�
lhju_� ijhy\eyxl� eb[h� ^\mf_jguc�� eb[h� ljzof_jguc� oZjZdl_j� gZ� \k_c� aZ\bkbfhklb�
Hc2(Θ), fgh]hkehcgu_�S/N�kljmdlmju�bf_xl�mqZklhd�����Θ*(T)) 2D-ih\_^_gby�b�mqZklhd�
(Θ*(T), π/2) 3D-ih\_^_gby��>Zggh_�baf_g_gb_�jZaf_jghklb�\�aZ\bkbfhklb�hl�m]eZ�Θ�\u�
a\Zgh�baf_g_gb_f�kl_i_gb�ehdZebaZpbb�aZjh^urZ�k\_joijh\h^ys_c�nZau� 

 
 

M>D�������� 

KI?DLJ:EVGUC�KHKL:<�IE:AFU 
IJB�<UKHDHQ:KLHLGHF�HK:@>?GBB�IE?GHD�Y-Ba-Cu-O 

Nbebfhgh\Z�K�<���IeydZ�I�K� 

Jhklh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��GBB�nbabdb��kh\f_klguc�

XGP�J:G�–�GBB�nbabdb�J=M�–�BHNJ:G�p_glj�©Nbabdb�b�l_ogheh]bb�

we_dljbq_kdb�Zdlb\guo�kj_^ª 

:dlmZevghklv� jZ[hlu� hij_^_ey_lky� g_h[oh^bfhklvx� ihbkdZ� gh\uo� Zdlb\guo�
kj_^�fbdjhwe_dljhgbdb��ij_^gZagZq_gguo�^ey�kha^Zgby�\ukhdhkdhjhklguo�kbkl_f�i_�
j_^Zqb��ijb_fZ��k[hjZ�b�h[jZ[hldb�bgnhjfZpbb��<�gZklhys__�\j_fy�mki_rgh_�j_r_gb_�
^Zgghc�ijh[e_fu�k\yau\Zxl�k�kha^Zgb_f�gh\h]h�ihdhe_gby�mkljhckl\�nmgdpbhgZevghc�
fbdjhwe_dljhgbdb�gZ�hkgh\_�fgh]hdhfihg_glguo�hdkb^h\��lZdbo�dZd�\ukhdhl_fi_jZ�
lmjgu_�k\_joijh\h^gbdb� �<LKI��b�g_ebg_cgu_�^bwe_dljbdb� �k_]g_lhwe_dljbdb���Kha�
^Zgb_�fgh]hkehcguo�]_l_jhkljmdlmj�gZ�hkgh\_�wlbo�fZl_jbZeh\�iha\hebl�bkihevah\Zlv�
dZd�kihkh[ghklv�k\_joijh\h^gbdZ�h[_ki_qb\Zlv�jZkijhkljZg_gb_�K<Q-kb]gZeZ�k�fbgb�
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fZevgufb�ihl_jyfb��lZd�b�kms_kl\_ggmx�aZ\bkbfhklv�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�
k_]g_lhwe_dljbdZ�hl�ijbeh`_ggh]h�\g_rg_]h�we_dljbq_kdh]h�ihey� 

Bkke_^h\Zgby� ie_ghd Y-Ba-Cu-O� ijh\h^bebkv� \� _fdhklghf� \ukhdhqZklhlghf�
�<Q��jZajy^_�\�dbkehjh^_�gZ�ih^eh`d_�ba�MgO��<�jy^_�jZ[hl�ihdZaZgh�>����@��qlh�_fdh�
klghc�<Q�jZajy^�h[_ki_qb\Z_l�ihemq_gb_�ie_ghd�ba�Y-Ba-Cu-O�k�fZdkbfZevguf�kljmd�
lmjguf�kh\_jr_gkl\hf��<�dZq_kl\_�[_kdhglZdlgh]h�f_lh^Z�bkke_^h\Zgby�ijhp_kkZ�jhk�
lZ�ie_ghd�[ue�\ayl�hilbq_kdbc�kihkh[� 

<�^Zgghf�^hdeZ^_�ijb\h^ylky�j_amevlZlu�bkke_^h\Zgbc�ki_dljZevgh]h�khklZ\Z�
ieZafu��Ki_dlj�aZibku\Zeky�\�jZaguo�k_q_gbyo�jZajy^Z�\�aZahj_�©fbr_gv-ih^eh`dZª�\�
^bZiZahg_�����–�����:�k�jZaj_r_gb_f�\���:��Ijb�bkke_^h\Zgbb�ki_dljZ�mklZgh\e_gh��
qlh� kj_^b� ebgbc� dbkehjh^Z�gZb[hevr_c�bgl_gkb\ghklvx� h[eZ^Zxl� ebgbb��ijbgZ^e_�
`Zsb_�\ha[m`^_gguf�bhgZf�dbkehjh^Z��>Zgh�h[tykg_gb_�^Zgghfm�nZdlm��<�lh`_�\j_�
fy��hq_gv�bgl_gkb\guf�k\_q_gb_f�h[eZ^Zeb�ebgbb�Cu, Ba+*

��GZjy^m�k�wlbf�\�ki_dlj_�
hlkmlkl\h\Zeb� ebgbb�� ijbgZ^e_`Zsb_� Y��Ijh\_^_g� ZgZeba� \hafh`guo� ijbqbg� wlh]h�
wnn_dlZ��K�[hevrhc�\_jhylghklvx�fh`gh�ij_^iheh`blv��qlh�Y�\� ]Zah\hc�nZa_�gZoh�
^blky�\�k\yaZgghf�khklhygbb�gZ�mjh\g_��ij_\urZxs_f�fhe_dmeyjgh_�kh_^bg_gb_��l�_��
dZd�fbgbfmf�\�deZkl_jghf��Wg_j]bb�imqdh\uo�we_dljhgh\�^ey�lZdbo�qZklbp�m`_�g_^hk�
lZlhqgh��qlh[u�\ua\Zlv�bo�^bkkhpbZpbx��b�wfbkkbhggu_�ebgbb�g_�gZ[ex^Zxlky��LZdbf�
h[jZahf��ihdZaZgh��qlh�ZgZeba�ki_dljZevgh]h�khklZ\Z�ieZafu�ijb�hkZ`^_gbb�ie_ghd�Y-
Ba-Cu-O�\�_fdhklghf�\ukhdhqZklhlghf�jZajy^_�fh`_l�y\eylvky�wnn_dlb\guf�f_lh^hf�
bkke_^h\Zgby�f_oZgbafh\�jhklZ�ie_ghd�\�j_`bf_�in situ. 

Ebl_jZlmjZ 
1. Fmohjlh\�<�F���=heh\dh�X�B���LhefZqz\�=�G���FZs_gdh�:�B� =_l_jhwiblZdkbZev�

guc�jhkl�ie_ghd�keh`gh]h�hdkb^Z�ba�kZfhhj]Zgbah\Zgghc�kbkl_fu��h[jZamxs_cky�\�
ieZaf_�]Zah\h]h�jZajy^Z����@LN��������l������������k����-91. 

2. Fmohjlh\�<�F���=heh\dh�X�B���LhefZqz\�=�G���FZs_gdh�:�B��F_oZgbaf� \ukhdh�
qZklhlgh]h�jZkiue_gby�keh`guo�hdkb^h\����@LN��������l�����������k����-103. 

 
 

M>D��38.945 

K<HCKL<:�AJ-<BOJ?C�<�:GBAHLJHIGUO�K<?JOIJH<H>GBD:O 

:cg[bg^_j�J�F���FZdkbfh\Z�=�F� 

Gb`_]hjh^kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��G�B��Eh[Zq_\kdh]h 

K\hckl\Z�\ukhdhl_fi_jZlmjguo�k\_joijh\h^gbdh\��<LKI��b�oZjZdl_j�lhdhi_�
j_ghkZ�\�gbo�kbevgh�baf_gyxlky�\�khhl\_lkl\bb�k�bo�kljmdlmjgufb�^_n_dlZfb��Ba-aZ�
fZehc�^ebgu�dh]_j_glghklb�djbklZeebq_kdb_�^_n_dlu�kms_kl\_gguf�h[jZahf�\eby�
xl� gZ� \boj_\mx� kljmdlmjm��LZd�� \� d_jZfbq_kdbo� h[jZapZo�� y\eyxsboky� g_mihjy^h�
q_gghc�kbkl_fhc�]jZgme��k\yaZgguo�keZ[uf�^`ha_nkhgh\kdbf�\aZbfh^_ckl\b_f��wlZ�
\boj_\Zy�kljmdlmjZ�ij_^klZ\e_gZ�^\mfy�lbiZfb�\boj_c��\gmljb]jZgmevgufb�Z[jbdh�
kh\kdbfb�\bojyfb�b�^`ha_nkhgh\kdbfb��ehdZebah\Zggufb�gZ�]jZgbpZo�a_j_g��<ke_^�
kl\b_� k\h_]h� [hevrh]h� jZaf_jZ� ^`ha_nkhgh\kdb_� \bojb� keZ[h� ibggbg]mxlky�� qlh�
ijb\h^bl� d� wnn_dlb\ghfm� mf_gvr_gbx� djblbq_kdh]h� lhdZ��<f_kl_� k� l_f� \�<LKI-
fZl_jbZeZo� kms_kl\mxl� ieZgZjgu_� ^_n_dlu� �^\hcgbdh\u_� ]jZgbpu� \� YBa2Cu3O7, 
gbadhm]eh\u_�]jZgbpu�a_j_g�b�l�^���k�\ukhdhc�iehlghklvx�djblbq_kdh]h�lhdZ��GZeb�
qb_� lZdbo�^_n_dlh\�ijb\h^bl�d�kbevghc�^_nhjfZpbb�dhjZ�Z[jbdhkh\kdh]h�\bojy� >���
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�@��dhlhjuc�ij_\jZsZ_lky�\� lZd�gZau\Z_fuc�AJ-\bojv� k� kbevgh� Zgbahljhiguf�^`h�
a_nkhgh\kdbf� dhjhf��>ey� hibkZgby� lZdbo� \boj_c��bo� ^\b`_gby� \� ^`ha_nkhgh\kdbo�
dhglZdlZo�b�\aZbfh^_ckl\by�\boj_c�k�ieZgZjgufb�^_n_dlZfb�[ueb�ihemq_gu�mjZ\g_�
gby� g_ehdZevghc� we_dljh^bgZfbdb��Ijb� wlhf� jZkkfZljb\Zebkv� ieZgZjgu_� ^_n_dlu�
f_`^m� bahljhigufb� k\_joijh\h^gbdZfb�� F_`^m� l_f� <LKI-fZl_jbZeu� h[eZ^Zxl�
kbevghc� Zgbahljhib_c�� Ihwlhfm� jZkkfhlj_gb_� ieZgZjguo� dhglZdlh\� f_`^m� Zgbah�
ljhigufb� k\_joijh\h^gbdZfb�ij_^klZ\ey_l� agZqbl_evguc�bgl_j_k��<�gZr_c�jZ[hl_�
jZkkfhlj_g�iehkdbc�^`ha_nkhgh\kdbc�dhglZdl��jZa^_eyxsbc�khhkgu_�Zgbahljhigu_�
k\_joijh\h^gbdb��b�h[h[s_gu�mjZ\g_gby�g_ehdZevghc�we_dljh^bgZfbdb�gZ�wlhl�kem�
qZc��HibkZgZ�kljmdlmjZ�bahebjh\Zggh]h�\bojy�ijhba\hevghc�hjb_glZpbb��ih�hlghr_�
gbx�d�djbklZeeh]jZnbq_kdbf�hkyf���IhdZaZgh��qlh�oZjZdl_jguc�jZaf_j�AJ-\bojy�aZ�
\bkbl�hl�dhwnnbpb_glZ�Zgbahljhibb�b�m]eZ��h[jZah\Zggh]h�\boj_f�b�hkvx� c ��GZfb�
[ueh�gZc^_gu�jZkij_^_e_gby�fZ]gblgh]h�ihey�b�iehlghklb�lhdZ��kha^Z\Z_fh]h�m_^b�
g_gguf�AJ-\boj_f�\[ebab�dhglZdlZ��GZc^_gh�i_j\h_�djblbq_kdh_�ihe_��ijb�dhlhjhf�
h[jZah\Zgb_� lZdbo� \boj_c� klZgh\blky� wg_j]_lbq_kdb�\u]h^guf��H[km`^Zxlky�m]eh�
\u_�oZjZdl_jbklbdb�gZc^_gguo�\ujZ`_gbc�b�bo�aZ\bkbfhklv�hl�kl_i_gb�Zgbahljhibb��
<� ^Zgghc� jZ[hl_� [ueh� lZd`_� jZkkfhlj_gh� \aZbfh^_ckl\b_� Z[jbdhkh\kdh]h� \bojy� k�
ieZgZjguf�^_n_dlhf��b]jZxsbf�jhev�p_gljZ�ibggbg]Z�b�jZkkqblZgZ�m]eh\Zy�aZ\bkb�
fhklv�ihi_j_qghc�khklZ\eyxs_c�kbeu�ibggbg]Z� 

Ebl_jZlmjZ 
1. Gurevich A., Phys.Rev.B., 46, 3187 (1992). 
2. Gurevich A., Cooley L.D., Phys.Rev.B., 50, 13563 (1994). 

 
 

M>D��������������� 

KLJMDLMJ:�B�>BWE?DLJBQ?KDB?�K<HCKL<: 
GH<UO�N:A�:MJB<BEEBMK: 

>jZggbdh\�>�K� 

Jhklh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Kbgl_abjh\Zgu�gh\u_�ihebdjbklZeebq_kdb_�\bkfmlkh^_j`Zsb_� kehbklu_�i_�
jh\kdblhih^h[gu_� hdkb^u� �nZau� :mjb\beebmkZ� �N:�� -Bi2H2:m-1<mO3m+1, m=1-5): 
Bi4Pb1.5Ti4.5O16.5 b�Bi5Ca0.5GaTi3.5O16.5 (m ������dhlhju_�y\eyxlky�i_jki_dlb\gufb�\u�
khdhl_fi_jZlmjgufb� k_]g_lhwe_dljbdZfb�� <u[hj� we_f_glguo� khklZ\h\� gh\uo� N:�
ijhba\h^beky�dhf[bgZlhjguf�f_lh^hf�>�@��aZdexqZxsbfky�\�ij_^klZ\e_gbb�wlbo�kh�
klZ\h\�\�\b^_�ebg_cghc�dhf[bgZpbb�khklZ\h\�g_dhlhjuo�ijhkl_crbo�[Zah\uo�N:�b�
nZa�kh�kljmdlmjhc�i_jh\kdblZ��HKI���Ijhp_^mjZ�ihbkdZ�gh\uo�khklZ\h\�N:�k\h^bl�
ky��\�lZdhf�kemqZ_��d�ih^[hjm�dhwnnbpb_glh\�\�ebg_cguo�dhf[bgZpbyo�[Zah\uo�N:�b�
HKI�lZdbf�h[jZahf��qlh[u�j_Zebah\u\Zeky�nhjfmevguc�khklZ\�N:��We_f_glgu_�kh�
klZ\u� bkke_^h\Zgguo� kh_^bg_gbc�fh`gh� ij_^klZ\blv� \� \b^_� ke_^mxsbo� ebg_cguo�
dhf[bgZpbc� 

Bi4Pb1.5Ti4.5O16.5 = Bi4Ti3O12 + 1.5Ü3E7L23     

Bi5Ca0.5GaTi3.5O16.5 = Bi4Ti3O12 + 0.5Ü&D7L23 + BiGaO3    

Ihemq_ggu_�kh_^bg_gby�y\eyxlky�i_j\ufb�ij_^klZ\bl_eyfb�N:�k�m=4.5. 
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GZ�hkgh\_�^Zgguo�ihjhrdh\hc�j_gl]_gh\kdhc�^bnjZdpbb��hij_^_e_ggu�iZjZ�
f_lju�b�kbg]hgby�we_f_glZjguo�yq__d�ihemq_gguo�kh_^bg_gbc��We_f_glZjgu_�yq_c�
db�h[hbo�kh_^bg_gbc�bf_xl�hjlhjhf[bq_kdmx�kbg]hgbx�b�ijhkljZgkl\_ggmx�]jmiim�
Cmm2 –D11

2v�������IZjZf_lju�we_f_glZjguo�yq__d�bf_xl�agZq_gby�a= 5.4434(1) Å; b= 
5.4506(1) Å; c= 45.527(2) Å�^ey�%L4Pb1.5Ti4.5O16.5�b�D �����������Å; b= 5.4185(8) Å; c= 
45.267(5) Å ̂ ey�Bi5Ca0.5GaTi3.5O16.5. 

AZ\bkbfhklb�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�����hl�l_fi_jZlmju��T��\�qZklhl�
ghf�bgl_j\Ze_��-���d=p�ij_^klZ\e_gu�gZ�jbkmgd_��LZdhc�\b^���L��oZjZdl_j_g�^ey�N:�
k�ihemp_euf�m��gZijbf_j��^ey�CaBi8Ti7O27 (m �����>�@�b�Bi7Ti4NbO21 (m �����>�@��>ey�
kh_^bg_gby� %L5Ca0.5GaTi3.5O16.5 rbjhdbc�gbadhl_fi_jZlmjguc�gZieu\�ehdZebah\Zg�\�
h[eZklb�L1=730-���D��Z�\ukhdhl_fi_jZlmjguc�fZdkbfmf�bf__l�agZq_gb_-�L2 ���D��b�
^ey�%L4Pb1.5Ti4.5O16.5�L1=670-���D�b�L2 ���D��khhl\_lkl\_ggh��Bkke_^h\Zgby�ijb�dhf�
gZlghc�l_fi_jZlmj_�iheyjbaZpbb�P�hl�\_ebqbgu�ijbeh`_ggh]h�ihey�E�ihdZaZeb�gZeb�
qb_�i_l_ev�]bkl_j_abkZ�P(E���qlh��\f_kl_�k�\ukhdbfb�agZq_gbyfb����mdZau\Z_l�gZ�k_]�
g_lhwe_dljbq_kdh_�khklhygb_�wlbo�kh_^bg_gbc� 

 

 
 
Jbk�� ��� AZ\bkbfhklv� ^bwe_dljbq_kdhc� ijhgbpZ_fhklb� hl� l_fi_jZlmju� ^ey� kh_^bg_gbc�
Bi4Pb1.5Ti4.5O16.5�b�Bi5Ca0.5GaTi3.5O16.5 

 
 

AgZq_gby�L2��lZdbf�h[jZahf��khhl\_lkl\mxl�l_fi_jZlmjZf�Dxjb�LK�\�wlbo�kh�
_^bg_gbyo�� l�_�� l_fi_jZlmjZf� kljmdlmjgh]h� nZah\h]h� i_j_oh^Z� k_]g_lhwe_dljbd-
iZjZwe_dljbd��Ijhbkoh`^_gb_�gbadhl_fi_jZlmjguo�hkh[_gghkl_c�gZ���L��fh`_l�[ulv�
h[mkeh\e_gh�nZah\uf�i_j_oh^Zf�k_]g_lhwe_dljbd�I-k_]g_lhwe_dljbd�II [2]. 

Ebl_jZlmjZ 
1. Rm\Z_\�:�L���<eZk_gdh�<�=���=_]mabgZ�=�:���RbedbgZ�E�:��"Ihbkd�gh\uo�nZa�:m�

jb\beebmkZ� dhf[bgZlhjguf� f_lh^hf"// We_dlj�� `mjg�� �Bkke_^h\Zgh� \� Jhkkbb���
����������K�����-663.  

2. Maalal R., Manier M., Mercurio J.P. "Dielectric properties of the mixed Aurivillius 
phases MIIBi8Ti7O27 (MII= Ca, Sr, Ba and Pb)" // Journ. Europ. Ceram. Soc., 1995, 
V.15, P.1135-1140. 

3. Kikuchi T., Watanabe A., Uchida K. "A family of mixed-layer type bismuth com-
pounds" // Mat. Res. Bull., 1977, V.12, P.299-304. 
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<EBYGB?�MKEH<BC�HK:@>?GBY�A-Si:H 
G:�EHD:EVGMX�IEHLGHKLV�WE?DLJHGGUO�KHKLHYGBC 

IZgdh\�D�G� 

<hjhg_`kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

F_lh^hf� mevljZfy]dhc� j_gl]_gh\kdhc� wfbkkbhgghc� ki_dljhkdhibb� �MFJWK��
ijh\_^_gh�bkke_^h\Zgb_�\ebygby�khklZ\Z�]Zah\hc�kf_kb�ijb�hkZ`^_gby�a-Si:H \�le_x�
s_f�jZajy^_�gZ�oZjZdl_j�nhjfbjm_fhc�kljmdlmjghc�k_ldb��Bkke_^h\Zebkv�h[jZapu�ih�
emq_ggu_�ijb�jZaghf�hlghkbl_evghf�kh^_j`Zgbb�SiH4 \�]Zah\hc�nZa_��\�dZq_kl\_�]ZaZ�– 
jZa[Z\bl_ey�bkihevah\Zebkv�H2�b�He��L_fi_jZlmjZ�ih^eh`db�khklZ\eyeZ����-280hC.  

F_lh^hf�MFJWK�[ueZ�ihemq_gZ�bgnhjfZpby�h[�wg_j]_lbq_kdhf�jZkij_^_e_gbb�
\Ze_glguo� khklhygbc�� Z� lZd`_�ehdZebah\Zgguo� khklhygbc�\�h[eZklb� ©o\hklZª�\Ze_gl�
ghc�ahgu�wlbo�iezghd��K�wlhc�p_evx�^ey�iezghd�a-Si:H�gZ�j_gl]_gh\kdhf�ki_dljhf_lj_-
fhghojhfZlhj_�JKF-����[ueb�ihemq_gu�Si L2,3–ki_dlju��hljZ`Zxsb_�jZkij_^_e_gb_�
Si L2,3–khklhygbc� \� \Ze_glghc� ahg_�� Z� lZd`_� ehdZebah\Zgguo� khklhygbc� \� o\hkl_� \Z�
e_glghc�ahgu��H[gZjm`_gh��qlh�m\_ebq_gb_�kh^_j`Zgby�SiH4�\�]Zah\hc�kf_kb�k�����^h�
����k�h^gh\j_f_gghc�aZf_ghc�H2�gZ�He�ijb\h^bl�d�mf_gvr_gbx�iehlghklb�khklhygbc�
\�\_jog_c�qZklb�\Ze_glghc�ahgu�\�h[eZklb�Ev-E=1-��w<�� 

Wlhl�j_amevlZl�k\b^_l_evkl\m_l�\�ihevam�g_dhlhjh]h�mihjy^hq_gby�kljmdlmjghc�
k_ldb��H[�wlhf�k\b^_l_evkl\m_l�b�mf_gvr_gb_�iehlghklb�ehdZebah\Zgguo�khklhygbc�\�
h[eZklb�o\hklZ�\Ze_glghc�ahgu�E-Ev ≥�����Iheh`_gb_�ihlhedZ�\Ze_glghc�ahgu�Ev�\�rdZ�
e_�wg_j]bc�hlghkbl_evgh�hklh\gh]h�Si 2p –�mjh\gy�hij_^_ey_lky�wdkljZiheypb_c�j_adh�
]h�kiZ^Z�iehlghklb�\Ze_glguo�khklhygbc���Ijb�wlhf�\hafh`gh�ihy\e_gb_�\�iezgd_�h[�
eZkl_c�k�jZaebqghc�kl_i_gvx�mihjy^hq_gghklb��qlh�aZf_lgh�ijhy\ey_lky�gZ�jZkij_^_�
e_gbb�iehlghkl_c�dZd�\Ze_glguo��lZd�b�ehdZebah\Zgguo�khklhygbc� 

 
 

M>D�������� 

KHHLGHR?GB?�BGL?GKB<GHKL?C�BHGGUO�EBGBC�
DBKEHJH>:�IJB�G:IUE?GBB�IE?GHD�KEH@GUO�HDKB>H< 

IeydZ�I�K���Nbebfhgh\Z�K�<� 

Jhklh\kdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l��GBB�nbabdb��kh\f_klguc�

XGP�J:G�–�GBB�nbabdb�J=M�–�BHNJ:G�p_glj�©Nbabdb�b�l_ogheh]bb�

we_dljbq_kdb�Zdlb\guo�kj_^ª 

Ijb�jZajZ[hld_�l_ogheh]bb�ihemq_gby�ie_ghd�keh`guo�hdkb^h\� �\ukhdhl_fi_�
jZlmjguo�k\_joijh\h^gbdh\�b�k_]g_lhwe_dljbdh\���lj_[m_lky�gZoh`^_gb_�iZjZf_ljh\��
dhlhju_�iha\heyeb�[u�dhgljhebjh\Zlv�iZjZf_lju�l_ogheh]bq_kdh]h�ijhp_kkZ�\�j_`bf_�
LQ�VLWX��<�jy^_�jZ[hl�>����@�[ueh�ihdZaZgh��qlh�gZb[he__�wnn_dlb\guf�kihkh[hf�y\ey_l�
ky�dhgljhev�hilbq_kdbo�oZjZdl_jbklbd�ieZafu�b�gZoh`^_gb_�ijb�wlhf�iZjZf_ljh\��dh�
lhju_� k\yaZgu� k� dZq_kl\hf� ihemqZ_fuo� ie_ghd�� <� gZklhys_f� ^hdeZ^_� ijb\_^_gu�
j_amevlZlu�ih�jZa\blbx�^Zggh]h�ih^oh^Z� 

Bkke_^h\Zgby�ijh\h^bebkv�\�_fdhklghf�\ukhdhqZklhlghf�jZajy^_�\�dbkehjh^_�
ijb�gZiue_gbb�ie_ghd�Y-Ba-Cu-O��JZajy^�aZ`b]Zeky�f_`^m�iehkdbf�<Q�we_dljh^hf�b�



Ih^k_dpby�k\_joijh\h^ysbo�b�we_dljhgguo�k\hckl\�l\_j^uo�l_e 

 

53 

aZa_fe_gghc�f_lZeebq_kdhc�pbebg^jbq_kdhc� dZf_jhc�� kem`Zs_c� \lhjuf� we_dljh^hf��
Ijb� lZdhc� Zkbff_ljbb� we_dljh^h\�jZajy^�\hagbdZe�ebrv�m�<Q� we_dljh^Z��Baemq_gb_�
jZajy^Z�q_j_a�d\Zjp_\h_�hdgh�gZijZ\eyehkv�\�kbkl_fm�hilbq_kdbo�s_e_c�b�fhghojhfZ�
lhj��dhlhju_�i_j_f_sZebkv�\^hev�hkb�jZajy^Z��Kbkl_fZ�hilbq_kdbo�s_e_c�iha\heyeZ�
bkke_^h\Zlv�madmx�h[eZklv�jZajy^Z��iZjZee_evgmx�ih\_joghklb�dZlh^Z��Bgl_gkb\ghklv�
wfbkkbhgguo�ebgbc�ihke_�nhlhwe_dljbq_kdh]h�mfgh`bl_ey�q_j_a�ZgZeh]h\h-pbnjh\hc�
ij_h[jZah\Zl_ev�\\h^beZkv�\�dhfivxl_j� 

IZjZee_evgh� fbr_gb� �Y-Ba-Cu-O��� ijbde_b\Z_fhc� k� \gmlj_gg_c� klhjhgu� <Q�
we_dljh^Z��\�jZajy^�ihf_sZeZkv�^bwe_dljbq_kdZy�ih^eh`dZ�ba�MgO��Ki_dlj�aZibku\Ze�
ky�\�jZaguo�k_q_gbyo�jZajy^Z�\�aZahj_�©fbr_gv-ih^eh`dZª�\�^bZiZahg_�����–�����:�k�
jZaj_r_gb_f�\���:��Ijb�bkke_^h\Zgbb�ki_dljZ�mklZgh\e_gh��qlh�kj_^b�bhgguo�ebgbc�
dbkehjh^Z�_klv�g_kdhevdh�ebgbc��khhlghr_gb_�dhlhjuo�k\yaZgh�k�dZq_kl\hf�ihemqZ_�
fuo�ie_ghd��Ijh\_^_gu�bkke_^h\Zgby��k\yau\Zxsb_�khhlghr_gby�wlbo�ebgbc�k�dZq_�
kl\hf�gZiuey_fuo�Y-Ba-Cu-O�ie_ghd��IhdZaZgh��qlh� ZgZeba� khhlghr_gby�jy^Z� ki_d�
ljZevguo�ebgbc�ieZafu�ijb�gZiue_gbb�ie_ghd�Y-Ba-Cu-O�\�_fdhklghf�\ukhdhqZklhl�
ghf� jZajy^_�fh`_l� y\eylvky� wnn_dlb\guf�f_lh^hf� dhgljhey� l_ogheh]bq_kdh]h� ijh�
p_kkZ�jhklZ�ie_ghd�\�j_`bf_�in situ. 

Ebl_jZlmjZ 
1. Fmohjlh\�<�F���LhefZqz\� =�G���FZs_gdh�:�B�� ©<ebygb_� \gmlj_ggbo� iZjZf_ljh\�

kbkl_fu�<Q�hkZ`^_gby�gZ�f_oZgbaf�kbgl_aZ�b�djbklZeebaZpbb�ie_ghd�Pb(ZrTi)O3�\�
ijhp_kk_�bo�jhklZª����@LN��������l������������k�����-142. 

2. Fmohjlh\�<�F���=heh\dh�X�B���LhefZqz\�=�G���FZs_gdh�:�B��©F_oZgbaf�\ukhdhqZk�
lhlgh]h�jZkiue_gby�keh`guo�hdkb^h\ª����@LN��������l�����������k��99-103. 

 
 

M>D������� 

I?JDHEYPBHGGU?�B�F?AHKDHIBQ?KDB?�Y<E?GBY 
<�J:AMIHJY>HQ?GGUO�SI-F>I�KLJMDLMJ:O 

∗∗N_debkh\�F�:���;m]Z_\�:�K���<_^_g__\�:�K� 

Bgklblml�jZ^bhl_ogbdb�b�we_dljhgbdb�J:G��Njyabgh��Fhkdh\kdZy�h[e 

H[km`^Zxlky� hkh[_gghklb� eZl_jZevgh]h� we_dljhggh]h� i_j_ghkZ� \� jZamihjy^h�
q_gguo�kbkl_fZo�lbiZ�Si-F>I�ihe_\hc�ljZgabklhj��IL��k�bg\_jkbhgguf�n-�beb�p-�dZ�
gZehf��DZd�]eZ\gZy�ijbqbgZ�jZamihjy^hq_gby�kbkl_f�jZkkfZljb\Zxlky�\kljh_ggu_�aZ�
jy^u�\�h[eZklb�]jZgbpu�jZa^_eZ�dj_fgbc-hdbk_e��h[eZ^Zxsb_�\ukhdhc�dhgp_gljZpb_c��
Bo� ijbkmlkl\b_f� h[mkeh\e_gu� wnn_dlu� kbevgh]h� we_dljhklZlbq_kdh]h�nemdlmZpbhg�
gh]h�ihl_gpbZeZ� �NI��h[eZklb� ]jZgbpu�jZa^_eZ��<� kh\j_f_gguo�IL� k� km[fbdjhgghc�
^ebghc�aZl\hjZ�wlbfb�aZjy^Zfb�y\eyxlky�bhgbabjh\Zggu_�ijbf_kb��dhgp_gljZpby�dh�
lhjuo� ^hklb]Z_l� a�012-1013

� kf-2
�� qlh� khhl\_lkl\m_l� Zfieblm^_�NI�≤� ����fw<��ij_\u�

rZxs_c�oZjZdl_jgmx�wg_j]bx�ghkbl_e_c�aZjy^Z�� 
GZ�ijbf_j_�fh^_evguo�IL��^ebgZ�aZl\hjZ��-���fdf��rbjbgZ���-�����fdf��lhe�

sbgZ�aZl\hjgh]h�baheylhjZ���–����gf��ijh\_^_g�ZgZeba�wdki_jbf_glZevguo�aZ\bkbfh�
kl_c�dhg^ZdlZgkZ�G�p_ib�bklhd-klhd�hl�ihl_gpbZeZ�aZl\hjZ�Vg�b�ijh^hevgh]h�gZijy`_�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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gby Vd�� baf_j_gguo� \� h[eZklb� l_fi_jZlmj� ���-���� D� ijb� nbdkbjh\Zgguo� agZq_gbyo�
dhgp_gljZpbb�\kljh_gguo�aZjy^h\�Nt = 1011-3⋅1012

�kf-2
��\�gZr_f�kemqZ_�–�aZjy`_gguo�

eh\mr_d�gZ�bgl_jn_ck_�Si3N4-SiO2� �FGHI��beb�bhgh\��kf_s_gguo�d�]jZgbp_�Si-SiO2 
�FHI-kljmdlmju�� 

DZd�ihdZaZgh��\�jZkkfZljb\Z_fuo�mkeh\byo� 
Ijb�Nt ≥1012

�kf-2
�eZl_jZevguc�we_dljhgguc�i_j_ghk�ijbh[j_lZ_l�i_jdheypbhg�

guc� oZjZdl_j�� qlh� khijh\h`^Z_lky� bkq_agh\_gb_f�� gZijbf_j�� deZkkbq_kdh]h� wnn_dlZ�
OheeZ�ijb�dhg_qguo�agZq_gbyo�ijh\h^bfhklb�� -�gb`_�ihjy^dZ�ihjh]h\hc�\_ebqbgu�≈ 
2e2/h�b�ihy\e_gb_f�oZjZdl_jguo�hkh[_gghkl_c�aZ\bkbfhklb�G vs. Vg�b�Vd��dZd�lh� -�h[�
eZklv�d\Zab-ieZlh�gZ�djb\uo�ijb�agZq_gbyo�G ≈ 2e2/h�b�N-h[jZagh_�ih\_^_gb_�aZ\bkb�
fhklb�G vs. Vd�k�fbgbfmfhf�aZ\bkbfhklb�ijb�fh^me_�Vd�������<�� 

Wdki_jbf_glZevgu_�hp_gdb�jZ^bmkZ�dhjj_eypbb�G vs. Vg�i_jdheypbhggh]h�deZ�
kl_jZ�ij_\urZxl����fdf��l�_��jZkkfZljb\Z_fu_�h[t_dlu�y\eyxlky�f_ahkdhibq_kdbfb��
Wlh�hagZqZ_l��qlh�we_dljhgguc�i_j_ghk�ij_bfms_kl\_ggh�hkms_kl\ey_lky�ih�gZb[he__�
gbadhhfghfm�imlb�ijhl_dZgby�b�dhgljhebjm_lky�kZfuf�j_abklb\guf�mqZkldhf�lZdh]h�
imlb�–�h^bghqghc�i_j_\Zevghc�h[eZklvx�NI� 

I_j_\Zevgu_� h[eZklb�NI� \[ebab� mjh\gy� i_jdheypbb� ij_^klZ\eyxl� kh[hc�lh�
q_qgu_�d\Zglh\u_�dhglZdlu�f_`^m�fZdjhkdhibq_kdbfb�yfZfb�oZhlbq_kdh]h�ihl_gpb�
Zevgh]h�j_ev_nZ��aZiheg_ggufb�d\Zab-2D�ghkbl_eyfb�aZjy^Z��Z�k\hckl\Z�wlbo�h[eZkl_c�
hij_^_eyxl� we_dljhggu_� oZjZdl_jbklbdb� kbkl_fu� \� p_ehf�� \� qZklghklb�� -� ihy\e_gb_�
oZjZdl_jguo�d\Zglh\uo�klmi_g_c�gZ�aZ\bkbfhklyo�G�hl�Vg�ijb�G ≈ 2e2/h. 

:gZeh]bqgu_� wnn_dlu� h[gZjm`_gu� gZfb� gZ� ijbf_j_� GaAs-AlGaAs HEMT� b�
GaAs-ILR�k�^ebghc�aZl\hjZ�a�����fdf�ijb�L�a����.� 

Ih� wdki_jbf_glZevguf� aZ\bkbfhklyf� G� hl� Vg� b� Vd� hij_^_e_gu� oZjZdl_jgu_�
wg_j]_lbq_kdb_�b�ijhkljZgkl\_ggu_�fZkrlZ[u�lhq_qgh]h�d\Zglh\h]h�dhglZdlZ� �k_^eh�
\uo�h[eZkl_c�NI���IhdZaZgh� khhl\_lkl\b_� wdki_jbf_glZevguo� aZ\bkbfhkl_c�G vs. Vg 
j_amevlZlZf�l_hj_lbq_kdbo�ij_^klZ\e_gbc��H[gZjm`_gh�jZkoh`^_gb_��\�i_j_^_eZo�ih�
jy^dZ�\_ebqbgu��j_amevlZlh\�ZgZebaZ�aZ\bkbfhklb�G�hl�Vg�b�Vd��JZkoh`^_gb_�k\yaZgh�k�
fh^bnbdZpb_c�i_jdheypbhgguo�iml_c�ijb�baf_g_gbb�ihi_j_qgh]h�b�ijh^hevgh]h�gZ�
ijy`_gbc��H[km`^Zxlky�ih^oh^u�d�ZgZebam�oZjZdl_jbklbd�jZkkfZljb\Z_fuo�i_jdhey�
pbhgguo�kbkl_f�ih�kh\hdmighklb�^Zgguo�G vs. Vg, Vd��\�qZklghklb��g_aZ\bkbfhc�hp_gd_�
jZ^bmkZ�dhjj_eypbb�� 

H[km`^Z_fu_� j_amevlZlu� ^_fhgkljbjmxl� gZ[ex^_gb_� d\Zglh\uo� wnn_dlh\�
ijh\h^bfhklb��ijbkmsbo�gZgh-jZaf_jguf�kbkl_fZf��gZ�ijbf_j_�lbih\uo�ij_^klZ\bl_�
e_c�kh\j_f_gghc�fbdjhwe_dljhgbdb�b�\�g_hj^bgZjguo�mkeh\byo��^ebgZ� aZl\hjZ�IL – 
_^bgbpu�fbdjhg��l_fi_jZlmjZ�– 77-����D� 

Ebl_jZlmjZ 
1. :jhgahg� ;�:���<_^_g__\�:�K��� Juevdh\�<�<��F_ahkdhibq_kdb_� wnn_dlu� \� h[eZklb�

iju`dh\hc�ijh\h^bfhklb�fZdjhkdhibq_kdbo�d\Zab-2D�h[t_dlh\��NLI��������L������
1R����k�����-652. 

2. :jhgahg� ;�:��� ;ZdZmrbg� >�:��� <_^_g__\� :�K��� F_ceboh\� ?�A��� Juevdh\� <�<��
D\Zabh^ghf_jguc� ljZgkihjl�g_\ujh`^_gguo� we_dljhgh\�\�^\mf_jguo� kbkl_fZo� k�
nemdlmZpbhgguf�ihl_gpbZehf��IbkvfZ�\�@WLN��������L������1R�����F�����-638. 

3. Aronzon B.A., Bakaushin D.A., Davydov A.B., Feklisov M.A., Vedeneev A.S. Quantum 
conductance of disordered Si-MOS FET structures with inversional p-channel. Proceed-
ings of the International Symposium NANOSTRUCTURES: Physics and Technology, S-
Petersburg, 2004. 
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<GMLJ?GGBC�WNN?DL�>@HA?NKHG:�–�WDKI?JBF?GL:EVGH?�
K<B>?L?EVKL<H�<�IHEVAM�D<:AB><MF?JGH=H�LJ:GKIHJL: 

<�>HIBJH<:GGUO�FHGHDJBKL:EE:O�Bi-2212 

Kdbi_ljh\�:�?� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

F_lh^�lmgg_evghc�ki_dljhkdhibb�<LKI�ihdZaZe�\ukhdmx�wnn_dlb\ghklv�b�ih�
a\hebe� ihemqblv� p_ggmx� bgnhjfZpbx� h� nbabq_kdbo� k\hckl\Zo� wlbo� fZl_jbZeh\� \�
k\_joijh\h^ys_f�b�ghjfZevghf�khklhygbyo��H^gbf�ba�agZqbl_evguo�^hklb`_gbc�ke_�
^m_l�kqblZlv�h[gZjm`_gb_�b�bkke_^h\Zgb_�\�dmijZlguo�k\_joijh\h^gbdZo�\gmlj_gg_]h�
wnn_dlZ�>`ha_nkhgZ� �<W>�� >�-�@��dhlhjuc�gZ]ey^gh�ijh^_fhgkljbjh\Ze� �D�oZjZdl_j�
we_dljhggh]h�ljZgkihjlZ�\�<LKI�� 

Bkke_^h\Zgby� <W>� m� <LKI� f_aZkljmdlmj� iheghklvx� ih^l\_j^beb� S-I-S-I-
fh^_ev�� ��� ijb� T<Tc� h[gZjm`_gu� fgh]h\_l\_\u_� \hevl-Zfi_jgu_� oZjZdl_jbklbdb�
�<:O��f_aZkljmdlmj�ijb�lhd_�\�k-gZijZ\e_gbb� >�-�@�����gZ�<:O�f_aZkljmdlmj�h[gZjm�
`_gu�]_hf_ljbq_kdb_�j_ahgZgku�Nbkd_�>�@�����gZ[ex^_gu�njZmg]hn_jh\u�hkpbeeypbb�
djblbq_kdh]h� ^`ha_nkhgh\kdh]h� lhdZ� f_aZkljmdlmj� \� nmgdpbb� \g_rg_]h� fZ]gblgh]h�
ihey� >�@�b����ijb�ijhimkdZgbb�q_j_a�<LKI�f_aZkljmdlmju�lhdZ�\ur_�djblbq_kdh]h� jc 
h[gZjm`_gh�fbdjh\hegh\h_�baemq_gb_�ba�f_aZkljmdlmj�>�-3]. 

<�gZklhys_c�jZ[hl_�\gmlj_ggbc�wnn_dl�>`ha_nkhgZ�m�^hibjh\Zgguo�fhghdjb�
klZeeh\�Bi-�����gZ[ex^Zeky�gZ� _kl_kl\_gguo�mevljZlhgdbo�klmi_gvdZo� �k�\ukhlhc�hl�
���� gf� ^h� ��� gf��� dhlhju_� \k_]^Z� ijbkmlkl\mxl� gZ� ih\_joghklb� djbh]_gguo� kdheh\�
�l_ogbdZ�break junction���Ijyfu_� baf_j_gby� k� ihfhsvx�STM-� l_ogbdb�ihdZaZeb�� qlh�
\ukhlZ� wlbo� klmi_g_d� ijhihjpbhgZevgZ� iheh\bg_� we_f_glZjghc� yq_cdb� c���  � ���� gf�
�iehkdhklv�jZkdheZ�ijhoh^bl�f_`^m�^\mfy�khk_^gbfb�BiO-iehkdhklyfb�� >����@��Hlf_�
lbf�� qlh�iheh\bgZ� we_f_glZjghc� yq_cdb� \� k-gZijZ\e_gbb� khhl\_lkl\m_l� h^ghfm� ^`h�
a_nkhgh\kdhfm� dhglZdlm��Ijb�i_j_kljhcd_� dhglZdlZ�fbdjhf_ljbq_kdbf� \bglhf� \� h^�
ghf� wdki_jbf_gl_�fh`gh� i_j_oh^blv� k� h^ghc� klmi_gvdb� gZ� ^jm]mx� b� aZibku\Zlv� bo�
<:O�ihhq_j_^gh��j || c). 

Ijb�]_eb_\hc�l_fi_jZlmj_�gZfb�h[gZjm`_gZ�q_ldh�\ujZ`_ggZy�s_e_\Zy�kljmd�
lmjZ�gZ�<:O�fbdjhklmi_g_d�gZ�ih\_joghklb�djbh]_gguo�kdheh\�m�g_^h^hibjh\Zgguo�b�
hilbfZevgh�^hibjh\Zgguo�Bi-2212(La)-�fhghdjbklZeeh\��Z�lZd`_�m�i_j_^hibjh\Zgguo�
Bi-2212-�fhghdjbklZeeh\�b�\bkd_jh\��;ueb�bkke_^h\Zgu�klhidb�^`ha_nkhgh\kdbo�i_�
j_oh^h\�k�qbkehf�dhglZdlh\���≤ n ≤�����<ukhdh_�khijhlb\e_gb_�klhihd��Rn 4.2K = 200 ÷ 
�����Hf�gZ�h^bg�dhglZdl��^Zeh�\hafh`ghklv�jZkrbjblv�^bZiZahg�gZijy`_gbc�kms_kl�
\_ggh�\ur_�s_e_\h]h�kf_s_gby�Vgn�[_a�agZqbl_evgh]h�i_j_]j_\Z�dhglZdlh\��>ey�klhi�
db�ba�n�wd\b\Ze_glguo�dhglZdlh\�\_ebqbgZ�s_e_\h]h�kf_s_gby�Vgn��khhl\_lkl\mxs_]h�
j_adhfm�jhklm�d\ZabqZklbqgh]h�lhdZ�j qp || c��hij_^_ey_lky�khhlghr_gb_f���Vgn = (2∆/e)n. 
Ba� wdki_jbf_glZevghc� aZ\bkbfhklb�Vgn (n��fh`gh�hij_^_eblv�s_e_\hc�iZjZf_lj�∆� k�
\ukhdhc�lhqghklvx��>ey�hilbfZevgh�^hibjh\Zgguo�BSCCO(La��h[jZaph\�∆4.2K = (27 ± 
�����fw<�ijb�Lk� ��������D�b��∆/kTc� ������������K�ih\ur_gb_f�l_fi_jZlmju�s_e_\Zy�
kljmdlmjZ�gZ�klhihqguo�<:O�^hklZlhqgh�^he]h�khojZgy_l�j_admx�nhjfm��qlh�iha\hey_l�
hij_^_eblv�l_fi_jZlmjgmx�aZ\bkbfhklv�s_eb�∆(T).  

GZfb�h[gZjm`_gh��qlh�<:O�klhihqguo�6,6�dhglZdlh\��ihkljh_ggu_�\�ijb\_^_g�
guo�dhhj^bgZlZo��ohjhrh�kh\iZ^Zxl��S_e_\Zy�hkh[_gghklv�gZ�<:O�bf__l�\b^��lbibq�
guc�^ey�³s-�kbff_ljbcgh]h´��bahljhigh]h��s_e_\h]h�iZjZf_ljZ��GZ�i_j\uc�\a]ey^�wlhl�
j_amevlZl�ljm^gh�kh\f_klblv�k�^Zggufb�nhlhwfbkkbhgghc�ki_dljhkdhibb��kh]eZkgh�dh�
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lhjuf�s_e_\hc�iZjZf_lj�\�ab–�iehkdhklb�kbevgh�Zgbahljhi_g��KblmZpby��h^gZdh��f_�
gy_lky�\�kemqZ_�ijbkmlkl\by�kbg]meyjghklb�\Zg�Oh\Z�gZ�mjh\g_�N_jfb��<�l_hj_lbq_�
kdhc�jZ[hl_�:jk__\Z��N_^hjh\Z�b�Ehcdh�>�@�[ueh�ihdZaZgh��qlh�ijhly`_ggZy�kbg]meyj�
ghklv�\Zg�Oh\Z�kms_kl\_ggh�mkbeb\Z_l�s_e_\mx�kljmdlmjm�gZ�<:O�dhglZdlh\�^Z`_�ijb�
kbevghc�Zgbahljhibb�s_e_\h]h�iZjZf_ljZ�\�ab –�iehkdhklb��qlh�iha\hey_l�hibkZlv�ih�
emq_ggu_�gZfb�oZjZdl_jbklbdb�klhihqguo�Bi-�����dhglZdlh\�dZd�dZq_kl\_gguf��lZd�b�
dhebq_kl\_gguf�h[jZahf�� 

Ebl_jZlmjZ 
1. Kleiner R., Müller P. Phys. Rev. B 49 (1994) 1327. 
2. K. Schlenga, R. Kleiner, G. Hechtfischer et al. Phys. Rev. B 57 (1998) 14518-14535. 
3. Kleiner R., Müller P. Physica C 293 (1997) 156-167. 
4. Yurgens A.A. Supercond. Sci. Technol. 13 (2000) R85-R100 
5. Ponomarev Ya.G., Chong Soon Khi, Kim Ki Uk et al. Physica C. 315 (1999) 85-90. 
6. Krasnov V.N., Mros N., Yrgens A., Winkler D. Phys. Rev. B. 59 (1999) 8463-8466. 
7. Yamashita T., Kim S.-J., Latyshev Y., Nakajima K. Physica C. 335 (2000) 219-225. 
8. Kaneko S. et al. Surface Science, 438 (1999) pp. 353-357.  
9. Mitchell C.E.J. et al. Surface Science, 433-435 (1999) pp. 728-733. 
10. Arseev P.I., Fedorov N.K., Loiko S.O. cond-mat/0304525 v. 1 23 Apr 2003. 

 
 

<HA;M@>?GB?�HILBQ?KDBO�NHGHGH<�I?J?F?GGUF�

>@HA?NKHGH<KDBF�LHDHF�<�DHGL:DL:O�G:�;:A?�
>HIBJH<:GGH=H�<BKFMLH<H=H�DMIJ:L:�Bi-2212 

:gZgh\�:�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

D� gZklhys_fm� \j_f_gb� ij_^eh`_gh� [hevrh_� dhebq_kl\h� l_hj_lbq_kdbo� fh^_�
e_c�� \� dhlhjuo� y\e_gb_� \ukhdhl_fi_jZlmjghc� k\_joijh\h^bfhklb� hibku\Z_lky� k� ih�
fhsvx�nhghggh]h�f_oZgbafZ�kiZjb\Zgby��^hiheg_ggh]h�mq_lhf�kbevgh]h�dmehgh\kdh�
]h�hllZedb\Zgby��H^gZ�ba�lZdbo�fh^_e_c�[ueZ�g_^Z\gh�ij_^eh`_gZ�:[jbdhkh\uf�>�-4]. 
Kh]eZkgh�:[jbdhkh\m�\ukhdZy�djblbq_kdZy�l_fi_jZlmjZ�Lk�\�<LKI�j_Zebam_lky�[eZ]h�
^Zjy�kms_kl\h\Zgbx�\[ebab�mjh\gy�N_jfb�ijhly`_gghc�hkh[_gghklb�\Zg�Oh\Z�k�\ukh�
dhc�iehlghklvx�khklhygbc��<�fh^_eb�:[jbdhkh\Z�hkgh\gmx�jhev�\�kiZjb\Zgbb�b]jZxl�
hilbq_kdb_�nhghgu�k�fZeufb�\hegh\ufb�\_dlhjZfb�� 

Kbevgh_� we_dljhg-nhghggh_� \aZbfh^_ckl\b_� \� <LKI� [ueh� ih^l\_j`^_gh� bk�
ke_^h\Zgbyfb� wnn_dlZ� \ha[m`^_gby� hilbq_kdbo� jZfZg� -� Zdlb\guo�nhghgh\�i_j_f_g�
guf�^`ha_nkhgh\kdbf�lhdhf�\�^bZiZahg_�qZklhl�^h����L=p�\�Bi-2201 -, Bi-2212 -�b�Bi-
2223 -�^`ha_nkhgh\kdbo�dhglZdlZo�>�@��L_hjby��mqblu\ZxsZy�\aZbfh^_ckl\b_�kh�\k_fb�
hilbq_kdbfb�fh^Zfb��[ueZ�jZa\blZ�\�jZ[hl_�FZdkbfh\Z��:jk__\Z�b�FZkeh\hc�>�@��Wdk�
i_jbf_glZevgu_�bkke_^h\Zgby�gbadhqZklhlguo�nhghgguo�j_ahgZgkh\��Bi -, Sr –�b�Cu – 
hilbq_kdb_�fh^u��gZ�<:O�dhglZdlh\�gZ�fbdjhlj_sbg_�\�Bi-2201(La��fhghdjbklZeeZo�
ihdZaZeb�� qlh� i_j_f_gguc� ^`ha_nkhgh\kdbc� lhd� \ha[m`^Z_l� hilbq_kdb_� nhghgu� g_�
lhevdh�\�SIS –�dhglZdlZo��gh�b�\�SNS –�dhglZdlZo��qlh�h^ghagZqgh�ih^l\_j^beh�kijZ�
\_^eb\hklv�fh^_eb�FZdkbfh\Z��:jk__\Z�b�FZkeh\hc�>�@�� 

<�gZklhys_c�jZ[hl_�bkke_^h\Zgh�\ebygb_�^hibjh\Zgby�gZ�j_ahgZgkgmx�kljmdlm�
jm�gZ�dI/dV–oZjZdl_jbklbdZo�dhglZdlh\�gZ�fbdjhlj_sbg_� �break junctions��\�h[jZapZo�
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\bkfmlh\uo� dmijZlh\��KhklZ\eyxsb_� kljmdlmjm� j_ahgZgku�gZ[ex^Zxlky�ijb� kf_s_�
gbyo�V��m^h\e_l\hjyxsbo�mkeh\bx���eV = «&nhg��M�hilbfZevgh�^hibjh\Zgguo�h[jZa�
ph\�kljmdlmjZ�gZ[ex^Z_lky�\�^bZiZahg_�wg_j]bc������eV ≤����fw<��dhlhjuc�ho\Zlu\Z_l�
h[eZklv�kms_kl\h\Zgby�jZfZg�–�Zdlb\guo�hilbq_kdbo�nhghgh\�\�Bi-2212. 

;ueh�mklZgh\e_gh��qlh� kljmdlmjZ�gZ�<:O�^`ha_nkhgh\kdbo�dhglZdlh\�gZ�[Za_�
Bi-������ k\yaZggZy� k� \ha[m`^_gb_f� hilbq_kdbo�nhghgguo�fh^�� gZ[ex^Z_lky� \h� \k_c�
h[eZklb�kms_kl\h\Zgby�k\_joijh\h^ys_c�nZau�k�baf_g_gb_f�mjh\gy�^hibjh\Zgby��Ih�
ke_^g__�hagZqZ_l��qlh�\_ebqbgZ�we_dljhg-nhghggh]h�\aZbfh^_ckl\by�\�BSCCO�g_�f_�
gy_lky�k�^hibjh\Zgb_f�kms_kl\_gguf�h[jZahf��<�lh�`_�\j_fy�fu�g_�h[gZjm`beb�\�bk�
ke_^h\Zgghc�kljmdlmj_�gZ�<:O�hkh[_gghkl_c��dhlhju_�fh`gh�[ueh�[u�k\yaZlv�k�³fZ]�
ghgguf�j_ahgZgkZfb´��h[gZjm`_ggufb�k�ihfhsvx�jZkk_ygby�l_ieh\uo�g_cljhgh\�>�@��
Hlkx^Z�ke_^m_l��qlh�we_dljhggZy�ih^kbkl_fZ�\�<LKI�keZ[h�\aZbfh^_ckl\m_l�k�fZ]ghg�
gufb�fh^Zfb��lZd�qlh�kiZjb\Zgb_�gZ�fZ]ghgZo�\�dmijZlZo�hdZau\Z_lky�\_kvfZ�ijh[e_�
fZlbqguf�� 

Ijh\_^_ggu_� \�gZklhys_c�jZ[hl_�bkke_^h\Zgby� \gmlj_gg_]h� wnn_dlZ�>`ha_n�
khgZ�\�BSCCO�ihdZaZeb��qlh�]_g_jZpby�g_jZ\gh\_kguo�hilbq_kdbo�nhghgh\�\�g_dhlh�
juo�kemqZyo�ghkbl�kbgojhgbabjh\Zgguc�oZjZdl_j��Hlf_lbf�lZd`_��qlh�m�[ebadbo�d�hi�
lbfZevghfm�^hibjh\Zgbx�h[jZaph\�Bi-2201(La��h[gZjm`_gu�l_fi_jZlmjgu_�ZghfZebb�
m��∆�hilbq_kdhc�Cu-nhghgghc�fh^u�ijb�L���Lk��<hafh`gh��qlh�wlb�ZghfZebb�k\yaZgu�k�
i_j_ghjfbjh\dhc� ki_dljZ� hilbq_kdbo� nhghgh\� k� N� →� �� b� k� qZklhlZfb�� [ebadbfb� d�
2∆(0).  

Ebl_jZlmjZ 
1. Abrikosov A.A. cond-mat/9912394, 21 Dec 1999; A.A. Abrikosov. Physica C, 341-348 

(2000) 97-102. 
2. Abrikosov A.A. Physica C 317-318 (1999) 154-174. 
3. Abrikosov A.A. Phys. Rev. B 55 (1997) 11735-11737. 
4. Abrikosov A.A. Phys. Rev. B 64 (2001) 104521(1-10). 
5. Ponomarev Ya.G., Tsokur E.B., Sudakova M.V., Tchesnokov S.N., Shabalin M.E., Lo-

renz M.A., Hein M.A., Müller G., Piel H., Aminov B.A. Sol. State Comm. 111 (1999) 
513-518.  

6. Maksimov E.G., Arseev P.I., Maslova N.S. Sol. State Comm. 111 (1999) 391-395. 
7. Fong H.F., Bourges P., Sidis Y. et al. Phys. Rev. B 61 (2000) 14773-14786. 

 
 

BKKE?>H<:GB?�K<?JOIJH<H>YS?C�KBKL?FU�Mg1-XAlXB2 
F?LH>:FB�LMGG?EVGHC�B�FBDJHDHGL:DLGHC�

�:G>J??<KDHC��KI?DLJHKDHIBB 

>m[_gv�<�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

HldjulZy� g_kdhevdh� e_l� gZaZ^� >�@� k\_joijh\h^bfhklv� \� 0J%2� k� hlghkbl_evgh�
\ukhdbf� agZq_gb_f�djblbq_kdhc�l_fi_jZlmju�7c� ����.�ijh^he`Z_l�ijb\e_dZlv�\gb�
fZgb_�bkke_^h\Zl_e_c��Bgl_j_k�d�0J%2�\ua\Zg� l_f�h[klhyl_evkl\hf��qlh�\�g_f�[ueb�
h[gZjm`_gu��dZd�fbgbfmf��^\_�k\_joijh\h^ysb_�s_eb��\hagbdZxsb_�gZ�^\mo�jZaebq�
guo� mqZkldZo� ih\_joghklb� N_jfb�� K\hckl\Z� lZdbo� fgh]hahgguo� k\_joijh\h^gbdh\�
bamqZebkv�\h�fgh]bo�l_hj_lbq_kdbo�jZ[hlZo�ihke_�ihy\e_gby�ibhg_jkdbo�jZ[hl�>����@�� 
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M`_�ba�i_j\uo�jZ[hl�>�@�[ueh�ykgh��qlh�fgh]hahgghklv�k\_joijh\h^ysbo�s_e_c�
^he`gZ� bkq_aZlv� \� ³]jyaghf´� ij_^_e_��M^b\bl_evguf� k\hckl\hf�fgh]hahgghc� k\_jo�
ijh\h^bfhklb�\�kbkl_f_�0J%2�y\ey_lky�lh�h[klhyl_evkl\h��qlh�hgZ�g_�bkq_aZ_l��dZd�wlh�
ihdZaZgh�\�^Zgghc�jZ[hl_��ijb�m\_ebq_gbb�hklZlhqgh]h�khijhlb\e_gby�gZ�^\Z�ihjy^dZ�b�
[he__��Ijbqbghc�klZ[bevghklb�fgh]hahgghc�k\_joijh\h^bfhklb�\�0JB2�y\ey_lky�fZ�
ehklv�ihl_gpbZeh\�jZkk_ygby�f_`^m�σ�b�π-�ahgZfb�>�@�� 

GZfb�[ueb�bamq_gu�ihebdjbklZeebq_kdb_�h[jZapu�Mg1-xAl xB2 k�dhgp_gljZpby�
fb��������x �������b��khhl\_lkl\_ggh��c�djblbq_kdbfb�l_fi_jZlmjZfb������K ��Tc ������
K��<� dZq_kl\_� wdki_jbf_glZevguo�f_lh^h\� bkihevah\Zgu�fbdjhdhglZdlgZy� �Zg^j__\�
kdZy��b�lmgg_evgZy�ki_dljhkdhibb��H[Z�wlbo�f_lh^Z�j_Zebah\Zgu�k�ihfhsvx�dhglZdlh\�
gZ�fbdjhlj_sbg_��break junction) [5].  

Ke_^m_l� hlf_lblv�� qlh� baf_j_gb_� l_fi_jZlmjguo� aZ\bkbfhkl_c�s_e_c�∆σ(T�� b�
∆π(T�� [he__� ij_^ihqlbl_evgh� k� ihfhsvx� Zg^j__\kdhc� ki_dljhkdhibb�� lZd� dZd� ^hklZ�
lhqgh�j_adZy�km[]Zjfhgbq_kdZy�s_e_\Zy�kljmdlmjZ�gZ[ex^Z_lky�ijZdlbq_kdb�\iehlv�^h�
djblbq_kdhc� l_fi_jZlmju� Tc��Ihke_^g__� iha\hey_l� hp_gblv� ehdZevgmx� djblbq_kdmx�
l_fi_jZlmjm�Tc�\�h[eZklb�fbdjhdhglZdlZ�� 

GZfb�mklZgh\e_gh��qlh�l_fi_jZlmjgu_�aZ\bkbfhklb�s_e_c�∆σ(T��b�∆π(T��m�kbk�
l_fu�Mg1-xAl xB2�hlebqZxlky�dZq_kl\_gguf�h[jZahf��L_fi_jZlmjgu_�aZ\bkbfhklb�∆σ(T) 
[ebadb�d�;DR-�lbim��<�lh�`_�\j_fy�s_ev�∆π�\_^_l�k_[y�kh\_jr_ggh�bgZq_��AZ\bkbfhklb�
∆π(T��\�[hevrhc�kl_i_gb�gZihfbgZxl�khhl\_lkl\mxsb_�]jZnbdb�^ey�klZg^Zjlgh]h�wn�
n_dlZ�[ebahklb�f_`^m�^\mfy�k\_joijh\h^gbdZfb�k�kms_kl\_ggh�hlebqZxsbfbky�agZ�
q_gbyfb� Tc� b� fZehc� k\yavx� f_`^m� gbfb��Mf_gvr_gb_� ∆σ�L:��� ijb� ^h[Z\e_gbb� Al 
ijhbkoh^bl�ijb�hq_gv�fZehf�baf_g_gbb�hlghr_gby��∆σ/kTc��;he__�lh]h��wlh�hlghr_gb_�
kms_kl\_ggh�ij_\hkoh^bl�agZq_gb_��oZjZdl_jgh_�^ey�;DR-�ij_^_eZ��<�lh�`_�\j_fy��hl�
ghr_gb_��∆π/kTc�ijb�Lk →���klj_fblky�d�������Ihke_^g__�mdZau\Z_l�gZ�lh��qlh�³kh[kl�
\_ggZy´�k\_joijh\h^bfhklv�π-�ahg�khhl\_lkl\m_l�;DR-�ij_^_em� 

<�ebl_jZlmj_�mdZau\Zehkv�g_kdhevdh�ijbqbg�\hafh`gh]h�mf_gvr_gby�Tc�b�khhl�
\_lkl\_ggh�s_eb�∆σ�ijb�aZf_s_gbb�0J�gZ�Al ��Wlh��\h-i_j\uo��aZiheg_gb_�^ujhqghc�σ- 
ahgu� ^hihegbl_evgufb� we_dljhgZfb� hl� Zexfbgby�� ijb\h^ys__� d� kms_kl\_gghfm�
mf_gvr_gbx�iehlghklb�we_dljhgguo�khklhygbc�b�d�iheghfm�_z�bkq_agh\_gbx�ijb�[�!�
����>�@��<h-\lhjuo��wlh�\hajZklZgb_�f_`ahggh]h�jZkk_ygby�aZ�kq_l�m\_ebq_gby�dhgp_g�
ljZpbb�ijbf_k_c� >�@��Ke_^m_l�hlf_lblv��qlh�fu�g_�gZ[ex^Z_f�ij_^kdZaZggh]h�\�wlbo�
jZ[hlZo� i_j_oh^Z� \� ³]jyaguc´� h^ghs_e_\hc� ij_^_e�� ]^_� ^he`gu� kh\iZ^Zlv� agZq_gby�
h[_bo�s_e_c�∆σ�b�∆π. 

Ebl_jZlmjZ 
1. Nagamatsu J., Nakagawa N., Muranaka T. et. al., Nature 410, 63 (2001). 
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M>.�������������� 

H>GH�B�><MONHLHGGH?�IH=EHS?GB? 
<�D<:GLH<UO�LHQD:O�CDSE�IJB�J:AEBQGUO�MJH<GYO�

<HA;M@>?GB 

Dhkuo�:�<���EZklh\dbgZ�F�:���Eykdh\kdbc�<�E� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� ki_dlj_� ijhimkdZgby� h[jZapZ��
kh^_j`Zs_]h�DL�CdSe/ZnS��jbk������h[gZ�
jm`_gZ� ihehkZ� ih]ehs_gby� \� h[eZklb�
2.32 w<�� dhlhjZy� h[mkeh\e_gZ� i_j_oh^hf�
1 2/3

hs :�se� d\Zglh\uo� lhq_d�CdSe��H[jZ�
a_p� ij_^klZ\ey_l� kh[hc� dheehb^gu_�
d\Zglh\u_� lhqdb� CdSe/ZnS� �jZ^bmk� r = 
���� gf��� FZdkbfmf� ki_dljZ� nhlhexfb�
g_kp_gpbb�h[jZapZ��jbk�����k^\bgml�hlgh�
kbl_evgh�fZdkbfmfZ�ihehku�ih]ehs_gby�
gZ��� fw<��Wlhl�k^\b]�fh`_l�[ulv�k\yaZg�
k�l_f��qlh�\�ih]ehs_gbb�b�baemq_gbb�bk�
ihevamxlky�jZaebqgu_�mjh\gb�jZaf_jgh�
]h�d\Zglh\Zgby�^ujhd�\�DL��<�h[t_fguo�
ihemijh\h^gbdZo� ijb� nhlh\ha[m`^_gbb�
ih]ehs_gb_� k\_lZ� fh`_l� ijhbkoh^blv�
ijb�h^ghnhlhgghf�ih]ehs_gbb��ijb�\ha�
[m`^_gbb� k\h[h^guo� ghkbl_e_c�� ijb�
^\monhlhgghf�ih]ehs_gbb��Z�lZd�`_�ijb�
]_g_jZpbb�\lhjhc�]Zjfhgbdb >�@��Wg_j]by�
nhlhgZ� YAG� eZa_jZ� ihiZ^Z_l� \� ihehkm�
ih]ehs_gby� DL�� ihwlhfm� \hafh`gh 
^\monhlhggh_� ih]ehs_gb_� i_j\hc� ]Zj�
fhgbdb�k�wg_j]b_c�nhlhgZ�«&� ������w<�b�
h^ghnhlhggh_� ih]ehs_gb_� \lhjhc� ]Zj�
fhgbdb��«&� ������w<��Ijb�ijhoh`^_gbb�
MDB�baemq_gby�eZa_jZ�hkgh\ghc�qZklhlu�
q_j_a� h[jZa_p� gZ[ex^Zehkv� g_ebg_cgh_�
m\_ebq_gb_� ih]ehs_gby� bfimevkh\� k�
jhklhf� bgl_gkb\ghklb�� qlh�� ih-

 

L<?J>HL?EVG:Y�G:GHWE?DLJHGBD:� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
^�n�-f�g��Lbfhr_gdh�<bdlhj�Xjv_\bq 
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\b^bfhfm��h[mkeh\e_gh�ijhp_kkhf�^\monhlhggh]h�ih]ehs_gby��GZ�jbk���Z�ij_^klZ\e_�
gZ�aZ\bkbfhklv�hlghr_gby�iZ^Zxs_]h�baemq_gby�d�ijhr_^r_fm�hl�iehlghklb�fhsgh�
klb�iZ^Zxs_]h�baemq_gby��WlZ�aZ\bkbfhklv�fh`_l�[ulv�Ziijhdkbfbjh\ZgZ�\ujZ`_gb�
_f�^ey�^\monhlhggh]h�ih]ehs_gby� 

0
01

ij

I zII β= + ,       

]^_� 0I -�bgl_gkb\ghklv�iZ^Zxs_]h�baemq_gby�� ijI -�bgl_gkb\ghklv�ijhr_^r_]h�baemq_�

gby��z –�lhesbgZ�h[jZapZ����–�dhwnnbpb_gl�^\monhlhggh]h�ih]ehs_gby��qlh�^ey�^Zggh�
]h�h[jZapZ�iha\hey_l�hij_^_eblv��� �����kf�=<l��Ijhp_kk�h^ghnhlhggh]h�ih]ehs_gby�
gZ�m^\h_gghc�qZklhl_�eZa_jZ�khijh\h`^Z_lky�mf_gvr_gb_f�ih]ehs_gby�k�jhklhf�fhs�
ghklb�bfimevkh\��h[mkeh\e_gguc�wnn_dlhf�aZiheg_gby�wg_j]_lbq_kdbo�khklhygbc��GZ�
jbk�� �[� ij_^klZ\e_gu� j_amevlZlu� baf_j_gbc� aZ\bkbfhklb� hlghr_gby� bgl_gkb\ghklb�
ijhr_^r_]h�baemq_gby�d�bgl_gkb\ghklb�iZ^Zxs_]h�baemq_gby�hl�iehlghklb�fhsghklb�
ijb�\ha[m`^_gbb�h[jZapZ�\lhjhc�]Zjfhgbdhc�YAG�eZa_jZ� �«& = 2,32 w<���Wlm� aZ\bkb�
fhklv�fh`gh�Ziijhdkbfbjh\Zlv�k�ihfhsvx�fh^_eb�gZkus_gby�� 
 

0 0

exp
1

ij

S

zI
I I

I

α
 
 

= − 
+ 

 

,      

]^_� 0I -�bgl_gkb\ghklv�iZ^Zxs_]h�baemq_gby�� ijI -�bgl_gkb\ghklv�ijhr_^r_]h�baemq_�

gby��z –�lhesbgZ�h[jZapZ��. – dhwnnbpb_gl�h^ghnhlhggh]h�ih]ehs_gby�� SI  - iZjZf_lj�

gZkus_gby�–�iehlghklv�fhsghklb�ijb�dhlhjhc�bgl_gkb\ghklv�ijhr_^r_]h�baemq_gby�
f_gvr_�\�exp(-�����jZa�ih�kjZ\g_gbx�k�__�agZq_gb_f�ijb�ebg_cghf�jhkl_�k�m\_ebq_gb_f�
mjh\gy�iZ^Zxs_]h�baemq_gby��>ey�^Zggh]h�h[jZapZ� SI  ��F<l�kf2. 

Ebl_jZlmjZ 
1. :jk_gv_\�<�<���>g_ijh\kdbc�<�K��b�^j��@WLN�������l�����\ui�����klj�����-764 
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Jbk����Ki_dlju�WIJ�k\_`_ijb]hlh\e_ggh]h�
fbdjhihjbklh]h� dj_fgby�� baf_j_ggu_� gZ�
\ha^mo_������\�\Zdmmf_���-2�Lhjj�����b�aZl_f�
gZ�\ha^mo_�ijb�hk\_s_gbb���� 

M>D���������������� 

BKKE?>H<:GB?�=?G?J:PBB�KBG=E?LGH=H�DBKEHJH>: 
<�IHJBKLHF�DJ?FGBB�F?LH>HF�WIJ 

∗∗>zfbg�<�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

GZ�ijhly`_gbb�ihke_^gbo�e_l�ihjbkluc�dj_fgbc��por-Si��ijb\e_dZ_l�ih\ur_g�
gh_�\gbfZgb_�bkke_^h\Zl_e_c�\�k\yab�k�i_jki_dlb\Zfb�_]h�bkihevah\Zgby�\�fbdjhwe_d�
ljhgguo�ijb[hjZo�b�k_gkhjZo�>�@��KjZ\gbl_evgh�g_^Z\gh������]���[ueh�h[gZjm`_gh�_s_ 
h^gh�aZf_qZl_evgh_�k\hckl\h�ihjbklh]h�dj_fgby��]_g_jZpby�gZ�_]h�\ukhdhjZa\blhc�ih�
\_joghklb�kbg]e_lgh]h�dbkehjh^Z��1H2��>�@��dhlhjuc�Zdlb\gh�bkihevam_lky�\�f_^bpbg_�
\�nhlhl_jZi_\lbq_kdbo� wnn_dlZo� ijb� e_q_gbb�`_elmob� gh\hjh`^_gguo�� dh`guo� [h�
e_ag_c�� Z� lZd`_�jZdh\uo� aZ[he_\Zgbc��Ba\_klgh��qlh�hkgh\gh_�khklhygb_�fhe_dme�db�
kehjh^Z� y\ey_lky� ljbie_lguf�� h^gZdh� ijb� ih]ehs_gbb� wg_j]bb�fhe_dmeu� dbkehjh^Z�
i_j_oh^yl�\�\ha[m`^_ggh_� kbg]e_lgh_� khklhygb_��>ey�hkms_kl\e_gby� wlh]h�ijhp_kkZ��
dZd�ijZ\beh��bkihevah\Zebkv�djZkbl_eb��\uklmiZxsb_�\�jheb�nhlhk_gkb[bebaZlhjh\�b�
h[_ki_qb\Zxsb_�i_j_^Zqm�wg_j]bb�ljbie_lghfm�dbkehjh^m��<�lh�`_�\j_fy��\�por-Si�^h�
ghjZfb�wg_j]bb�y\eyxlky�wdkblhgu��>h�gZklhys_]h�\j_f_gb�wnn_dl�]_g_jZpbb�1H2�gZ�
ih\_joghklb� gZghdjbklZeeh\� por-Si� gZ[ex^Zeky� dZq_kl\_ggh� ih� ki_dljZf�nhlhexfb�
g_kp_gpbb��<�^Zgghc�jZ[hl_�fu�bkihevam_f�f_lh^�we_dljhggh]h�iZjZfZ]gblgh]h�j_ah�
gZgkZ� �WIJ���k�ihfhsvx�dhlhjh]h�g_�lhevdh�fh`gh�bkke_^h\Zlv�ijhp_kk�h[jZah\Zgby�
1H2��gh�b�dhebq_kl\_ggh�hp_gb\Zlv�_]h�dhgp_gljZpbx�� 

H[jZapu�fbdjh-�b�f_ah- por-Si�[ueb�ijb]hlh\e_gu� klZg^Zjlguf�f_lh^hf� we_d�
ljhobfbq_kdh]h�ljZ\e_gby�\�\h^ghf�jZkl\hj_�ieZ\bdh\hc�dbkehlu�HF��������k�^h[Z\e_�
gb_f�wlbeh\h]h�kibjlZ�C2H5OH�\�khhlghr_gbb������M^_evgh_�khijhlb\e_gb_�ih^eh`db�
fhghdjbklZeebq_kdh]h� dj_fgby� ^ey� ijb]hlh\e_gby� fbdjhihjbklh]h� �f_ahihjbklh]h��
dj_fgby�khklZ\eyeh����Hf⋅kf�����fHf⋅kf���lhd�ljZ\e_gby�—����f:�kf2 ����f:�kf2���\j_�
fy�ljZ\e_gby�—���qZk�����fbg����Ie_gdb�por-Si�hlkeZb\Zebkv�\�j_`bf_�we_dljhihebjh\db�
iml_f� djZldh\j_f_ggh]h� m\_ebq_gby� lhdZ� ^h� ����f:�kf2��<ihke_^kl\bb� h[jZapu� [ueb�
baf_evq_gu�^h�ihjhrdhh[jZagh]h�khklhygby�b�aZkuiZgu�\�d\Zjp_\u_�Zfimeu��<u[hj�\�

                                                           
∗∗�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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dZq_kl\_�]eZ\gh]h�h[t_dlZ�bkke_^h\Zgby�fbdjh- por-Si�h[mkeh\e_g�gZebqb_f�\�g_f�wdkb�
lhgh\�ijb�dhfgZlghc�l_fi_jZlmj_�\ke_^kl\b_�d\Zglh\hjZaf_jgh]h�wnn_dlZ�� 

Baf_j_gby� ijh\h^bebkv� gZ�WIJ-ki_dljhf_lj_�BRUKER ELEXSYS� ���� �jZ[hqZy�
qZklhlZ�����==p���Hk\_s_gb_�h[jZaph\�ijhba\h^behkv�g_ihkj_^kl\_ggh�\�j_ahgZlhj_�ki_d�
ljhf_ljZ�k�ihfhsvx�jlmlghc�eZfiu�BRUKER ELEXSYS ER 202 UV��fhsghklv����<l�� 

Kb]gZe�WIJ�\ por-Si�h[mkeh\e_g�ih]ehs_gb_f�K<Q-wg_j]bb��iZ^Zxs_c�gZ�h[jZ�
a_p�� iZjZfZ]gblgufb� h[hj\Zggufb� k\yayfb� dj_fgby� gZ� ]jZgbp_�Si/SiO2 (Pb-p_gljZfb��
>�@�� Ijbq_f� ih]ehs_gb_� ijhbkoh^bl� k� ^\mfy� oZjZdl_jgufb� \j_f_gZfb�� kibg-
j_r_lhqghc�b�kibg-kibgh\hc�j_eZdkZpbb��<j_fy�kibg-j_r_lhqghc�j_eZdkZpbb�L1�oZjZd�
l_jbam_l� kdhjhklv� h[f_gZ� wg_j]b_c�Pb-p_gljh\� k� nhghgZfb� djbklZeebq_kdhc� j_r_ldb. 
<j_fy�kibg-kibgh\hc�j_eZdkZpbb�L2�oZjZdl_jbam_l�ijhp_kk�h[f_gZ�wg_j]b_c�Pb-p_gljh\�
k�^jm]bfb�kibgh\ufb�kbkl_fZfb��gZijbf_j��k�fhe_dmeZfb� ljbie_lgh]h�dbkehjh^Z��hd�
jm`Zxsbfb�gZghdjbklZeeu�dj_fgby��>ey� l\_j^uo� l_e�h[uqgh�L2<<L1�b�[uklju_�ijh�
p_kku� kibg-kibgh\h]h� h[f_gZ� wg_j]b_c� aZf_lgh� mf_gvrZxl� h[s__� \j_fy� j_eZdkZpbb�
\ha[m`^_ggh]h�khklhygby�Pb-p_gljh\�ijb�[hevrbo�fhsghklyo�K<Q-baemq_gby�� 

LZdbf�h[jZahf��_keb�ijb�hk\_s_gbb�g_�h[jZam_lky�gh\uo�^_n_dlh\��lh�ijb�fZ�
euo�K<Q-fhsghklyo�WIJ-ki_dlju��ihemq_ggu_�gZ�\ha^mo_��\�\Zdmmf_�b�gZ�\ha^mo_�ijb�
hk\_s_gbb�� ^he`gu� ijZdlbq_kdb� kh\iZ^Zlv��>_ckl\bl_evgh�� \� wlhf� kemqZ_� hkgh\guf�
f_oZgbafhf� j_eZdkZpbb� wg_j]bb Pb-p_gljh\� y\ey_lky� kibg-j_r_lhqgh_� \aZbfh^_ckl�
\b_��LZdh_�kh\iZ^_gb_�gZ[ex^Zehkv�\�wdki_jbf_gl_�ijb�K<Q-fhsghklb�J� ������f<l� 

Ijb�[hevrhc�fhsghklb�iZ^Zxs_]h�K<Q-baemq_gby�P� ����f<l�ki_dlju�WIJ�gZ�
\ha^mo_� b� \� \Zdmmf_� ijb� hlkmlkl\bb� hk\_s_gby� hq_gv� kbevgh� jZaebqZxlky� �jbk�� ���
\ke_^kl\b_�wnn_dlZ�gZkus_gby�kb]gZeZ�WIJ�>�@��GZebqb_�\�\ha^mo_�ljbie_lguo�fhe_�
dme� dbkehjh^Z�� k� dhlhjufb� \ha[m`^_ggu_�Pb-p_glju� [ukljh� h[f_gb\Zxlky� wg_j]b_c�
�kibg-kibgh\Zy�j_eZdkZpby���ijb\h^bl�d�lhfm��qlh�gZkus_gb_�gZ�\ha^mo_�]hjZa^h�keZ�
[__��q_f�\�\Zdmmf_��]^_�jZ[hlZ_l�³f_^e_gguc´�f_oZgbaf�kibg-j_r_lhqghc�j_eZdkZpbb� 

:gZeba�ki_dljh\�gZ�\ha^mo_�\�hlkmlkl\b_�b�ijb�hk\_s_gbb��jbk�����iha\hey_l�k^_�
eZlv� \u\h^�� qlh� mf_gvr_gb_� kb]gZeZ� gZ� k\_lm� h[tykgy_lky� m\_ebq_gb_f� \j_f_gb� kibg-
kibgh\hc�j_eZdkZpbb�� lZd�dZd�dhebq_kl\h�^_n_dlh\�hklZ_lky�g_baf_gguf� �ki_dlju�WIJ�
kh\iZ^Zxl�ijb�fZeuo�fhsghklyo�iZ^Zxs_]h�K<Q-baemq_gby���<�k\hx�hq_j_^v�wlh�k\b^_�
l_evkl\m_l�h[�mf_gvr_gbb�dhgp_gljZpbb�fhe_dme�ljbie_lgh]h�dbkehjh^Z�\[ebab�ih\_jo�

ghklb�fbdjh- por-Si��lZd�dZd�qZklv�
bo� i_j_reZ� \� kbg]e_lgh_� khklhy�
gb_�iml_f�h[f_gZ�wg_j]b_c�k�wdkb�
lhgZfb�� LZdbf� h[jZahf�� fu� aZj_�
]bkljbjh\Zeb� h[jZah\Zgb_� 1H2� \�
ihjbklhf�dj_fgbb�f_lh^hf�WIJ� 

Q_j_a� ��� fbgml� ihke_�
hdhgqZgby� hk\_s_gby� ki_dlj�
k\_`_ijb]hlh\e_ggh]h� fbdjh- 
por-Si� \ha\jZsZeky� \� bkoh^gh_�
khklhygb_��jbk������Wlhl�nZdl��gZ�
jy^m�k�hlkmlkl\b_f�^_n_dlhh[jZ�
ah\Zgby�� k\b^_l_evkl\m_l�h[�moh�
^_�fhe_dme�1H2�k�ih\_joghklb�h[�
jZapZ� b� \hkklZgh\e_gbb� ij_`g_c�
dhgp_gljZpbb� dbkehjh^Z� \� ljb�
ie_lghf� khklhygbb�� Ke_^h\Z�
l_evgh��ijhp_kk�]_g_jZpbb�1H2 gZ�
k\_`_ijb]hlh\e_gguo� Zgh^bjh�
\Zgguo�h[jZapZo�por-Si�h[jZlbf� 

���� ���� ���� ���� ����

����

����

����

�

���

���

���

���

�

�

 1
 4

S
ig

na
l, 

a.
u.

Magnetic field, G

Electrochemical microporous Si

P = 100 mW
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Ki_dlju�WIJ�^ey�f_ah- por-Si��ihemq_ggu_�gZ�\ha^mo_�\�hlkmlkl\b_�b�ijb�hk\_�
s_gbb��iheghklvx�kh\iZeb��qlh�mdZau\Z_l�gZ�hlkmlkl\b_�]_g_jZpbb�1H2�\�wlhf�fZl_jbZ�
e_��Wlh�ih^l\_j`^Z_l�wdkblhgguc�f_oZgbaf�i_j_^Zqb�wg_j]bb�dbkehjh^m��lZd�dZd�\�f_�
ah- por-Si�k�jZaf_jhf�gZghdjbklZeeh\�[he__���gf�wdkblhgu�ijb�dhfgZlghc�l_fi_jZlmj_�
l_jfbq_kdb�^bkkhpbbjmxl�\ke_^kl\b_�fZeuo�wg_j]bc�k\yab�>�@� 

 

Ebl_jZlmjZ 
1. 7KHL���:�����6XUIDFH�6FLHQV�5HSRUWV������������3���� 
2. Kovalev D., Gross E., Künzner N. et al. // Phys. Rev. Lett. 2002. 89. P. 137401-1. 
3. Ime�Q�����L_ogbdZ�WIJ-ki_dljhkdhibb��³Fbj´��������K����� 
4. EbkZq_gdh�F�=���Lbfhr_gdh�<�X�����<_klgbd�Fhkdh\kdh]h�mgb\_jkbl_lZ��K_jby�nb�

abdZ��:kljhghfby����������C.30. 
 
 

M>D�������; 538.971  

NHJFBJH<:GB?�G:GHA:AHJH<�F?@>M�F?L:EEBQ?KDBFB�
IE?GHQGUFB�WE?DLJH>:FB�F?LH>HF�WE?DLJHFB=J:PBB 

Dmlmjh\�:�G���FZke_ggbdh\�<�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Klj_fbl_evgh_�jZa\blb_�fbdjhwe_dljhgbdb�b�we_f_glghc�[Zau�^ey�g__�m`_�k_c�
qZk� ijb\_eh� d� kha^Zgbx� we_f_glh\� km[fbdjhggh]h� jZaf_jZ�� >Zevg_crbc� ijh]j_kk�
we_dljhgbdb�kdhjh�[m^_l�\hafh`_g�lhevdh�ijb�kha^Zgbb�gh\uo�we_f_glh\�k�jZaf_jZfb�
ihjy^dZ�^_kyldh\�b�_^bgbp�gZghf_ljh\��H^gbf�ba�jZa\b\Zxsboky�i_jki_dlb\guo�gZ�
ijZ\e_gbc�y\ey_lky�fhe_dmeyjgZy�gZghwe_dljhgbdZ� 

;Zah\uf� mkljhckl\hf� fhe_dmeyjguo� jZaf_jh\� y\ey_lky� ljZgabklhj� gZ� hkgh\_�
h^ghc�fhe_dmeu��AZ^ZqZ�kha^Zgby�lZdh]h�mkljhckl\Z�jZa[b\Z_lky�gZ�^\_� 

Kha^Zgb_� ih^\h^ysbo� we_dljh^h\� k� aZahjhf�f_`^m�gbfb��iha\heyxsbf� jZ[h�
lZlv�k�h[t_dlZfb�gZghf_ljh\uo�jZaf_jh\��l�_��lh`_�ihjy^dZ�g_kdhevdbo�gZghf_ljh\� 

Ihf_s_gb_�f_`^m�wlbfb�we_dljh^Zfb�h^bghqghc�fhe_dmeu�b�__�aZdj_ie_gb_�\�
aZahj_� 

>ZggZy�jZ[hlZ�ihk\ys_gZ�j_r_gbx�i_j\hc�ba�wlbo�aZ^Zq��GZb[he__�i_jki_dlb\�
gufb�^ey�kha^Zgby�aZahjh\�g_h[oh^bfhc�fZehc�rbjbgu�ij_^klZ\eyxlky�f_lh^u�k�bk�
ihevah\Zgb_f� dhf[bgZpbc� gZgheblh]jZnbq_kdbo� f_lh^h\� b� f_lh^h\� we_dljhobfbb�
�we_dljhobfbq_kdh_�gZg_k_gb_��ljZ\e_gb_�>�@��b�^jm]bo�wnn_dlh\�ijhbkoh^ysbo�\�lhg�
dbo�ie_gdZo��we_dljhfb]jZpby�Zlhfh\�f_lZeeZ�\�lhgdbo�ie_gdZo�>�@���<�^Zgghc�jZ[hl_�
^ey�nhjfbjh\Zgby�we_dljh^h\�gZfb�bkihevah\Zgh�y\e_gb_�we_dljhfb]jZpbb�Zlhfh\�f_�
lZeeZ�\�lhgdbo�ie_gdZo�ijb�ijhimkdZgbb�ih�gbf�agZqbl_evgh]h�lhdZ� 

LhgdZy�ie_gdZ��\�dhlhjhc�kha^Z\Zeky�gZghaZahj��ij_^klZ\eyeZ�kh[hc�i_j_fuqdm�
k_q_gb_f����o��gf2���dhlhjZy�nhjfbjh\ZeZkv�\�madhf�aZahj_������gf��f_`^m�lheklufb�
�ihjy^dZ����gf��we_dljh^Zfb��kha^Zggufb�f_lh^Zfb�we_dljhggh-emq_\hc�gZgheblh]jZ�
nbb�k�bkihevah\Zgb_f�jZkljh\h]h�we_dljhggh]h�fbdjhkdhiZ�³Stereoscan-���´��mklZgh\�
db�j_Zdlb\gh]h�ieZafh-obfbq_kdh]h�ljZ\e_gby�RDE-����b�mklZgh\hd�gZiue_gby�Z-400 
b�L-�����>ZggZy�i_j_fuqdZ�khklhyeZ�ba�^\mo�keh_\��ojhfZ��gf�b�ahehlZ��gf��Ojhf�[ue�
g_h[oh^bf�^ey�memqr_gby�Z^]_abb� ahehlZ��Lheklu_�we_dljh^u�hdZgqb\Zebkv�dhglZdl�
gufb� iehsZ^dZfb� �jZaf_jhf� �o���� ff��� d� dhlhjuf� ih^\_^_gu� mijm]b_� b]hevqZlu_�
eZidb��LZdh_� \dexq_gb_� h[_ki_qb\Zeh� ih^dexq_gb_� ba]hlh\e_gguo� h[jZaph\� d� we_d�
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ljhgghc�mklZgh\d_�^ey�kha^Zgby�aZahjZ�iml_f�ijhimkdZgby�lhdZ�b�baf_j_gby�we_dljb�
q_kdbo�oZjZdl_jbklbd�ihemq_gghc�kbkl_fu��MklZgh\dZ�gZ�[Za_�ibdhZfi_jf_ljZ�Keith-
ley-������dhfivxl_jZ�b�ki_pbZevgh�kh[jZggh]h�baf_jbl_evgh]h�ahg^Z�iha\heyeZ�aZ^Z�
\Zlv�lhdb�\�^bZiZahg_���–����f:�b�gZijy`_gby���–����<��dhgljhebjm_fu_�dhfivxl_jhf��
Ijb�wlhf�j_Zevgu_�lhdb�ml_qdb�iha\heyeb�baf_jylv�khijhlb\e_gb_�^h����LHf� 

>ey�nhjfbjh\Zgby�gZghaZahjZ�ih�i_j_fuqd_�ijhimkdZ_lky�lhd�ihjy^dZ�g_kdhev�
dbo�f:��dhlhjuc�\uau\Z_l�ehdZevguc�jZah]j_\��ijb\h^ysbc�ijb�\uiheg_gbb�g_dhlh�
juo�mkeh\bc�d�dhgljhebjm_fhfm�jZaju\m�ie_gdb��Wlhl�ijhp_kk�j_Zebah\u\Zeky�iml_f�
ieZ\gh]h�m\_ebq_gby�gZijy`_gby�gZ�h[jZap_�b�Z\lhfZlbq_kdh]h�dhgljhey�ijh\h^bfh�
klb�h[jZapZ��<�fhf_gl�j_adh]h�iZ^_gby�ijh\h^bfhklb�iblZgb_�hldexqZehkv��Baf_j_gb_�
we_dljbq_kdbo�oZjZdl_jbklbd�h[jZaph\�ihke_�jZaju\Z�ihdZaZeh��qlh�bo�khijhlb\e_gb_�
bf_eh�^h\hevgh�[hevrhc�jZa[jhk�hl����������=Hf�^h�����������=Hf��JZaju\�ijhbkoh^be�
[uklj__��q_f�aZ����fk��ijb�agZq_gbyo�lhdZ�\�jZchg_����f:�b�gZijy`_gbyo�ihjy^dZ���<��
Baf_j_gb_� aZahjZ� k�ihfhsvx�jZkljh\h]h� we_dljhggh]h�fbdjhkdhiZ�ihdZaZeh��qlh� _]h�
lbibqgZy�\_ebqbgZ�khklZ\ey_l�ihjy^dZ����gf��LZdh_�agZq_gb_�m`_�^hklZlhqgh�^ey�j_Z�
ebaZpbb�fhe_dmeyjguo�ljZgabklhjh\�k�djmigufb�fhe_dmeZfb��H^gZdh�^ey�ijZdlbq_kdb�
[he__�agZqbfuo�ijbf_g_gbc�g_h[oh^bfh�bkihevah\Zgb_�[he__�f_edbo�fhe_dme�hl��-3 
^h����gf� 

Ijh\_^_gguc� ZgZeba�ihemq_gguo� j_amevlZlh\�ihdZaZe�g_h[oh^bfhklv� hilbfb�
aZpbb�iZjZf_ljh\�ijhp_kkZ�^ey�ihemq_gby�ij_^_evgh�madbo�aZahjh\�ihjy^dZ�g_kdhevdbo�
gZghf_ljh\�b�iha\hebe�hij_^_eblv�i_j\hhq_j_^gu_�f_ju�^ey�^hklb`_gby�wlbo�hilb�
fZevguo�iZjZf_ljh\. HilbfbaZpb_c�iZjZf_ljh\� kbkl_fu�b�iZjZf_ljh\�ijhp_kkZ�jZa�
ju\Z�fh`gh�mf_gvrblv�wlm�\_ebqbgm�\�g_kdhevdh�jZa� 

Ebl_jZlmjZ 
1. Kervennic Y.V., Vanmaekelbergh D., Kouwenhoven L.P., and Zant H.J.Van der. Planar 

nanocontacts with atomically controlled separation Appl. Phys. Lett., Vol. 83, No. 18 
3782-3784 (2003) 

2. Ho Paul S and Kwok Thomas. Electromigration in metals, Rep. Prog. Phys. 52, 301-348 
(1989) 

 
 

M>D�������� 

=?G?J:PBY�FHE?DME�KBG=E?LGH=H�DBKEHJH>: 
K�IHFHSVX�IHJBKLH=H�DJ?FGBY 

;_eh]hjhoh\�B�:���Jy[qbdh\�X�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Dbkehjh^�y\ey_lky�h^gbf�ba�hkgh\guo�we_f_glh\�gZ�ieZg_l_��Ohjhrh�ba\_klgh��
qlh�_]h�fhe_dmeu�fh]ml�gZoh^blvky�\�^\mo�khklhygbyo��ljbie_lghf�b�kbg]e_lghf��ijb�
q_f� \� hlebqb_� hl� [hevrbgkl\Z�fhe_dme� ljbie_lgh_� khklhygb_� y\ey_lky� hkgh\guf�� Z�
kbg]e_lgh_� -� \ha[m`^_gguf��<� ihke_^g_f� kemqZ_� hdbkebl_evgu_� k\hckl\Z� dbkehjh^Z�
agZqbl_evgh� mkbeb\Zxlky�� qlh� fh`_l� [ulv� bkihevah\Zgh� ^ey� jZajmr_gby� jZaebqguo�
ldZg_c��\�qZklghklb��jZdh\uo�h[jZah\Zgbc��Ihwlhfm�\�gZklhys__�\j_fy�m^_ey_lky�fgh]h�
\gbfZgby�ijhp_kkm�]_g_jZpbb�kbg]e_lgh]h�dbkehjh^Z�k�ihfhsvx�jZaebqguo�nhlhk_g�
kb[bebaZlhjh\��<�jZ[hl_�>�@�[ueh�ihdZaZgh��qlh�^ey�\ha[m`^_gby�dbkehjh^Z�\�kbg]e_l�
gh_� khklhygb_�fh`_l�[ulv�bkihevah\Zg�ihjbkluc�dj_fgbc� �ID���Hlf_lbf��qlh�nhlh�
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exfbg_kp_gpby� �NE��\�ID�h[mkeh\e_gZ�baemqZl_evghc�Zggb]beypb_c�wdkblhgh\��\ha�
fh`ghklv� kms_kl\h\Zgby� dhlhjuo� ijb� dhfgZlghc� l_fi_jZlmj_� ih^l\_j`^Z_lky� dZd�
wdki_jbf_glZevgufb�nZdlZfb��lZd�b�l_hj_lbq_kdbfb�jZkq_lZfb��H^gZdh�wdkblhgu�fh�
]ml�Zggb]bebjh\Zlv�[_auaemqZl_evgh��i_j_^Z\Zy�wg_j]bx�fhe_dme_�dbkehjh^Z��\ke_^kl�
\b_�q_]h�hgZ�i_j_oh^bl�\�\ha[m`^_ggh_��kbg]e_lgh_��khklhygb_�>�@� 

Ihjhrhd�ID�ihemqZeky�klZg�
^Zjlguf� we_dljhobfbq_kdbf� ljZ\�
e_gb_f� ieZklbg� fhghdjbklZeebq_�
kdh]h� dj_fgby�� p-lbiZ� k� m^_evguf�
khijhlb\e_gb_f�! ���HfÂ kf��\�we_d�
ljhebl_� gZ� hkgh\_� ieZ\bdh\hc� db�
kehlu�b� wlbeh\h]h� kibjlZ�� \ayluo� \ 
ijhihjpbb� ����� Iehlghklv� lhdZ�
ljZ\e_gby�\Zjvbjh\ZeZkv�hl���^h�����
f:�kf2��NE�gZghdjbklZeeh\�ID�\ha�
[m`^ZeZkv� baemq_gb_f� Zahlgh]h� eZ�
a_jZ� k� ^ebghc� \hegu� � ���� gf� b�
^ebl_evghklvx� bfimevkZ� ��� gk�� J_�
]bkljZpby�ki_dljh\�NE�ijh\h^beZkv�
ijb�dhfgZlghc�l_fi_jZlmj_�k�ihfh�
svx� NWM� Hamamatsu�� >ey� j_]bkl�
jZpbb� dbg_lbd� NE�� bkihevah\Zeky�
pbnjh\hc� aZihfbgZxsbc� hkpbeeh�
]jZn�Agilent.  

Ki_dlju� NE� ihjhrdZ� ID��
ihemq_ggu_�gZ�\ha^mo_�b�\�\Zdmmf_�
(0.01 Lhjj���ij_^klZ\e_gu�gZ�jbk� 1. 
A^_kv� ohjhrh� aZf_lgh� m\_ebq_gb_�
bgl_gkb\ghklb�NE�ID�ijb�\Zdmmfb�
jh\Zgbb� h[jZapZ�� qlh� fh`gh� h[tyk�
gblv� kgb`_gb_f� \� \Zdmmf_� dhgp_g�
ljZpbb� dbkehjh^Z�� ke_^h\Zl_evgh��
[hevr__� dhebq_kl\h� \ha[m`^_gguo�
wdkblhgh\� Zggb]bebjm_l� baemqZ�
l_evgh� 

Ijb�wlhf�gZb[he__�bgl_gkb\�
guc�i_j_ghk�wg_j]bb�ijhbkoh^bl�gZ�
^ebg_� \hegu� ����gf�� khhl\_lkl\mx�
s_c� wg_j]bb� ����� w<��>Zgghc� \_eb�
qbghc�y\ey_lky�jZagbpZ�wg_j]bc�f_`^m�hkgh\guf�b�\ha[m`^_gguf�khklhygbyfb�fhe_�
dme�dbkehjh^Z�>�@��GZ�\klZ\d_�d�jbk����ij_^klZ\e_gZ�aZ\bkbfhklv�]Zr_gby�NE�hl�^ebgu�
\hegu��dhlhjZy�jZkkqblu\ZeZkv�dZd�hlghr_gb_�ki_dljh\�NE�ID�gZoh^ys_]hky�ih^�\Z�
dmmfhf�b�gZ�hldjulhf�\ha^mo_��<Z`gh�hlf_lblv��qlh�fZdkbfmf�wlhc�nmgdpbb�gZoh^bl�
ky�gZ�^ebg_�\hegu�����gf�� 

GZ�jbk����ij_^klZ\e_gu�\j_f_ggu_�aZ\bkbfhklb�bgl_gkb\ghklb�NE�ihjhrdZ�ID�
hl�\j_f_gb��Mf_gvr_gb_�\j_f_gb�`bagb�wdkblhgh\�\�gZghdjbklZeeZo�dj_fgby�gZ�\ha�
^mo_��djb\Zy ����ih�kjZ\g_gbx�k�\Zdmmfhf��djb\Zy�����lZd`_�k\b^_l_evkl\m_l�h�i_j_^Zq_�
wg_j]bb�hl�wdkblhgh\�d�fhe_dmeZf�dbkehjh^Z� 
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<�^Zgghc�jZ[hl_�ihdZaZgh��qlh�k�mf_gvr_gb_f�jZaf_jZ�gZghdjbklZeeZ�\hajZklZ�
_l�jhev�ih\_joghklguo�khklhygbc��l��_��m\_ebqb\Z_lky�\_jhylghklv�i_j_^Zqb�wg_j]bb�hl�
wdkblhgZ�gZ� k\yav�dj_fgbc�–�dbkehjh^�� khhl\_lkl\_ggh��mf_gvrZ_lky�\_jhylghklv�j_�
dhf[bgZpbb� wdkblhgZ� q_j_a� jh`^_gb_�nhghgZ�� l�� _�� [_auaemqZl_evghc� j_dhf[bgZpbb��
Wlh�khijh\h`^Z_lky�mf_gvr_gb_f�\j_f_gb�`bagb�wdkblhgZ� 

>Zggh_�bkke_^h\Zgb_�ij_^klZ\ey_l�bgl_j_k�dZd�\�nmg^Zf_glZevghc�nbabd_��bam�
q_gb_�ijhp_kkZ�i_j_ghkZ�wg_j]bb�\�ID���lZd�b�\�ijbdeZ^ghc�h[eZklb� 

<ujZ`Z_f� [eZ]h^Zjghklv� \_^ms_fm� gZmqghfm� khljm^gbdm�Lbfhr_gdh�<�X�� b�
gZmqghfm�khljm^gbdm�Hkfbgdbghc�E�:��aZ�ieh^hl\hjgh_�h[km`^_gb_�j_amevlZlh\� 

 
1. Kovalev D., Gross E., Diener J., Timoshenko V.Yu., Fujii M. Applied Phys. Letters 85, 

16 (2004). 
2. Kovalev D., Gross E., Künzner N., Koch F., Timoshenko V.Yu., Fujii M. Phys. Rev. 89, 

13 (2002). 
3. Fujii M., Usui M., Hayashi Sh., Gross E., Kovalev D., Künzner N., Diener J., Timoshenko 

V.Yu. J. of Applied Physics, 95, 7 (2004). 
 
 

M>D��������������� 

L?OGHEH=BY�IHEMQ?GBY�G:GHA:AHJH< 
K�IHFHSVX�WE?DLJHOBFBQ?KDH=H�F?LH>: 

Ayabg�:�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

H^gbf�ba�\ZjbZglh\�jZa\blby�kh\j_f_gghc�fbdjhwe_dljhgbdb�y\ey_lky�i_j_oh^�
d�bkihevah\Zgbx�fhe_dmeyjguo�we_f_glh\�\�we_dljhgguo�mkljhckl\Zo��Wlh�iha\hebeh�
[u�kha^Zlv�gh\u_�deZkku�aZihfbgZxsbo�mkljhckl\�k\_jo\ukhdhc�_fdhklb��jZaebqguo�
k_gkhjh\�b�^_l_dlhjh\��bklhqgbdh\�baemq_gby��H^ghc�ba�hkgh\guo�ijh[e_f��klhysbo�
gZ�wlhf�imlb�y\ey_lky�ijh[e_fZ�bgl_jn_ckZ�f_`^m�fhe_dmeyjgufb�we_f_glZfb�b�ljZ�
^bpbhggufb�we_f_glZfb�fbdjhwe_dljhgguo�ko_f��l�_��ijh[e_fZ�kha^Zgby�mklhcqb\uo�
we_dljbq_kdbo�kh_^bg_gbc�f_`^m�fhe_dmeyjgufb�b�f_lZeebq_kdbfb�beb�ihemijh\h^�
gbdh\ufb� we_f_glZfb��<hafh`gh_� j_r_gb_� wlhc�ijh[e_fu�–� kha^Zgb_� kbkl_fu�ieZ�
gZjguo�f_lZeebq_kdbo�we_dljh^h\��f_`^m�dhlhjufb�fh`_l�[ulv�ihf_s_g�fhe_dmeyj�
guc�we_f_gl��Hkh[uc�bgl_j_k�ij_^klZ\eyxl�we_dljh^u�k�aZahjZfb�ihjy^dZ�_^bgbp�gZ�
ghf_ljh\� 

>ey� kha^Zgby� lZdbo� we_dljh^h\� \�^Zgghc�jZ[hl_�ijbf_g_g� we_dljhobfbq_kdbc�
f_lh^��H[jZapu� ih^]hlZ\eb\Zebkv� \� ^\Z� wlZiZ��I_j\uc� wlZi� –� kha^Zgb_� we_dljh^h\-
aZ]hlh\hd��Ij_^ty\ey_fu_�d�gbf�lj_[h\Zgby�–�\_ebqbgZ�aZahjZ�f_`^m�we_dljh^Zfb�ih�
jy^dZ���-����gf��kljmdlmjgZy�b obfbq_kdZy�klhcdhklv�d�\ha^_ckl\bx�dbkehl�b�s_ehq_c��
Ihke_^g__�lj_[h\Zgb_�h[mkeZ\eb\Z_l�\u[hj�fZl_jbZeZ�^ey�we_dljh^h\�–�f_lZeeu�[eZ�
]hjh^ghc�]jmiiu��Lj_[m_fZy�\_ebqbgZ�aZahjZ�^hklb]Z_lky�k�ihfhsvx�we_dljhgghc�eb�
lh]jZnbb��L_ogheh]by�ba]hlh\e_gby�aZ]hlh\hd�aZdexqZ_lky�\�ke_^mxs_f��GZ�hdbke_g�
gmx� dj_fgb_\mx� ih^eh`dm� gZghkblky� lZd� gZau\Z_fZy� ©lj_okehcdZª� -� kljmdlmjZ�� kh�
klhysZy�ba�kehy�we_dljhggh]h�j_abklZ�PMMA/MMA ��]_jfZgby�b�nhlhj_abklZ�PMMA. 
WlZ� kljmdlmjZ� ih^\_j]Z_lky� mevljZnbhe_lh\hc� aZk\_ld_�� \� j_amevlZl_� dhlhjhc� ihke_�
ijhy\db�gZ�nhlhj_abkl_�ihemqZ_lky�jbkmghd�]jm[hc�jZa\h^db�k�dhglZdlgufb�iehsZ^�
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dZfb��>ey�ihemq_gby�[he__�lhgdh]h�jbkmgdZ�kZfbo�we_dljh^h\�h[jZa_p�ih^\_j]Z_lky�aZ�
k\_ld_�gZ�we_dljhgghf�fbdjhkdhi_��Ihke_�q_]h�ijh\h^blky�j_Zdlb\gh_�bhggh_�ljZ\e_�
gb_� ]_jfZgby�b� we_dljhggh]h�j_abklZ�ih� wlhfm�jbkmgdm.�<�j_amevlZl_�gZ�dj_fgb_\hc�
ih^eh`d_�ihemqZ_lky�`_kldZy�ih^\_r_ggZy�fZkdZ��q_j_a�dhlhjmx�aZl_f�gZiueyxl�kh[�
kl\_ggh�we_dljh^u�� 

<lhjhc� wlZi� ihemq_gby� gZghaZahjZ�–� we_dljhobfbq_kdh_� hkZ`^_gb_��Ihemq_g�
guc�gZ�ij_^u^ms_f�wlZi_�h[jZa_p�ihf_sZ_lky�\�we_dljhobfbq_kdmx�yq_cdm�k�jZkl\h�
jhf� we_dljheblZ�� ihke_� q_]h� d� we_dljh^Zf� ijbdeZ^u\Z_lky� gZijy`_gb_�� \� j_amevlZl_�
f_lZee� ba� we_dljheblZ� gZqbgZ_l� hkZ`^Zlvky� gZ� we_dljh^u�� b� \_ebqbgZ� aZahjZ�f_`^m�
gbfb�khdjZsZ_lky��JZaf_ju�yq_cdb�ih^h[jZgu�lZdbf�h[jZahf��qlh[u�iehsZ^v�dhglZdlZ�
we_dljh^h\�k�we_dljheblhf�g_�ij_\urZeZ���-2 ff2��LZdZy�iehsZ^v�dhglZdlZ�iha\hey_l�
ihemqZlv�fZeu_�lhdb�hkZ`^_gby��qlh�^Z_l�\hafh`ghklv�[he__�lhgdh�dhgljhebjh\Zlv�\_�
ebqbgm� kdhjhklb�hkZ`^_gby��AgZy� kdhjhklv� �ihjy^dZ�Å/k���fh`gh�hklZgh\blv�ijhp_kk�
ijb�^hklb`_gbb�lj_[m_fhc�\_ebqbgu�aZahjZ��Djhf_�lh]h��\hafh`_g�^jm]hc�j_`bf�hkZ�
`^_gby��hkgh\Zgguc�gZ�baf_j_gbb�ijh\h^bfhklb�f_`^m�we_dljh^Zfb��Ijb�^hklb`_gbb�
hij_^_e_ggh]h� agZq_gby�ijh\h^bfhklb�ijhp_kk�hklZgZ\eb\Z_lky��<�^Zgghc�jZ[hl_�bk�
ihevah\ZeZkv�we_dljheblbq_kdZy�\ZggZ�^ey�hkZ`^_gby�ieZlbgu�gZ�hkgh\_�kheb�K2PtCl6. 
Wlhl�\u[hj�h[mkeh\e_g�l_f��qlh�kh]eZkgh�him[ebdh\Zgguf�^Zgguf1��ieZlbgZ�h[_ki_�
qb\Z_l�\ukhdmx�kljmdlmjgmx�klZ[bevghklv�kbkl_f�gZghwe_dljh^h\�� 

D�gZklhys_fm�\j_f_gb�ihemq_gh�g_kdhevdh�k_jbc�h[jZaph\�k�aZahjZfb����gf�b�
f_g__��>ZggZy�f_lh^bdZ�y\ey_lky�gh\hc�b��g_khfg_ggh��h[eZ^Z_l�hij_^_e_ggufb�ij_�
bfms_kl\Zfb�ih�kjZ\g_gbx�k�^jm]bfb�kihkh[Zfb�ihemq_gby�gZghaZahjh\��Ijh\h^blky�
jZ[hlZ�ih�__�^Zevg_cr_fm�mkh\_jr_gkl\h\Zgbx��ih^[hjm�obfbq_kdh]h�khklZ\Z�b�mlhq�
g_gbx�iZjZf_ljh\�hkZ`^_gby�we_dljheblZ�� 

Ebl_jZlmjZ 
1. Kervennic Y.V., Zant H.S.J.Van der, Morpurgo A.F., Gurevich L., Kouwenhoven L.P. 

Nanometer-spaced electrodes with calibrated separation. Appl. Phys. Lett., Vol. 80, No. 2, 
321(2002). 

2. Morpurgo A.F., Marcus C.M. Controlled fabrication of metallic electrodes with atomic 
separation. Appl. Phys. Lett., Vol. 74, No. 14, 2084(1999). 

3. Wu Wenhao, DiMaria J.B., Yoo Han G., Shanin Pan, Rothberg L.J. Yong Zhang. In situ 
electrochemical fabrication of natural contacts on single nanowires. Appl. Phys. Lett.,Vol. 
84, No. 6, 966(2004). 

 
 

M>D��������� 

IEHLGHKLV�WE?DLJHGGUO�KHKLHYGBC�<�G:GHIHJBKLHF�TiO2 

>Zgbebg�:�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>bhdkb^� lblZgZ� –� rbjhdhahgguc� ihemijh\h^gbd� ijbf_gy_fuc� dZd� \� obfbb�
�nhlhdZlZeba��hqbkldZ�\h^u�b�l��^���lZd��\�ihke_^gb_�]h^u�b�\�nbabd_� �kheg_qgu_�we_�
f_glu��nhlh^_l_dlhju��]Zah\u_�k_gkhju���<�lh`_�\j_fy�ijbjh^Z�b�k\hckl\Z�we_dljhg�
guo�khklhygbc�b�f_oZgbafu�we_dljhggh]h�ljZgkihjlZ�\�wlhf�fZl_jbZe_�^h�kbo�ihj�hk�
lZxlky�g_�\iheg_�ihgylufb��F_`^m�l_f��bf_ggh�we_dljhggu_�k\hckl\Z�hij_^_eyxl�jZ�
[hlu�hdkb^Z�lblZgZ�\h�fgh]bo�\Z`guo�ijbeh`_gbyo��<�qZklghklb��\�TiO2��dZd�b�\h�fgh�
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]bo� ^jm]bo� fZl_jbZeZo�� dexq_\mx� jhev� b]jZ_l� nmgdpby� iehlghklb� we_dljhgguo� kh�
klhygbc��l��d��bf_ggh�hgZ�y\ey_lky�hij_^_eyxsbf�nZdlhjhf�\�ijhp_kkZo�we_dljhggh]h�
ljZgkihjlZ��Bf_ggh�hl�g__� aZ\bkyl� lZdb_� \Z`g_crb_� we_dljhnbabq_kdb_� y\e_gby�dZd�
nhlhijh\h^bfhklv�b�ijh\h^bfhklv�\�p_ehf��we_dljhggZy�l_ieh_fdhklv�b�^j��Ihwlhfm�
^ey�ijZ\bevgh]h� hibkZgby� wlbo� k\hckl\�qZklh�g_h[oh^bfh� agZlv�nmgdpbx�iehlghklb�
khklhygbc�� 

H^bg�ba�f_lh^h\�hij_^_e_gby� wlhc�nmgdpbb�hkgh\Zg�gZ�baf_j_gbb�baf_g_gby�
dhgp_gljZpbb�we_dljhgh\��k\yaZgghc�k�baf_g_gb_f�mjh\gy�N_jfb��Wlhl�f_lh^�bkihev�
ah\Zeky�fgh]bfb�Z\lhjZfb�^ey�bamq_gby�nmgdpbb�iehlghklb�khklhygbc�\�ijh\h^ysbo�
ihebf_jZo�>�@��d\Zglh\uo�lhqdZo�>�@�b�ihjbkluo�ihemijh\h^gbdZo�>�@��<�gZghihjbkluo�
ihemijh\h^gbdZo� aZiheg_gguo�ijh\h^ys_c� kj_^hc� �gZijbf_j� we_dljheblhf��mjh\_gv�
N_jfb�hij_^_ey_lky�ijbeh`_gguf�\g_rgbf�ihl_gpbZehf�b�fh`_l�[ulv�baf_g_g�\�rb�
jhdbo�ij_^_eZo���<�f_lh^_�ihemqZxl�ihl_gpbZevgmx�aZ\bkbfhklv�dhgp_gljZpbb�we_d�
ljhgh\��n = n(U)�b�\uqbkeyxl�i_j\mx�ijhba\h^gmx�hl�wlhc�aZ\bkbfhklb�ih�ihl_gpbZem�
U��Ihke_�q_]h�h[uqgh�ijbgbfZxl�� 

dU

dn

e
g

1
)( −=ε      (1). 

<� j_amevlZl_� wlbo� baf_j_gbc� b� bo� h[jZ[hldb� ih�nhjfme_� ���� ihemqZehkv�� qlh�
nmgdpby�iehlghklb�khklhygbc�bf__l�wdkihg_gpbZevgh�kiZ^Zxsmx�\]em[v�aZij_s_gghc�
ahgu� aZ\bkbfhklv�� H^gZdh� lZdZy� h[jZ[hldZ� g_� mqblu\Z_l� l_fi_jZlmjgh]h� mrbj_gby�
nmgdpbb�jZkij_^_e_gby�b��ihwlhfm��g_�\uy\ey_l�gbdZdbo�hkh[_gghkl_c�m�^Zgghc�nmgd�
pbb� \gmljb� aZij_s_gghc� ahgu��Ih^h[gh]h�ijb[eb`_gby�[u\Z_l�g_^hklZlhqgh� \�jy^_�
kemqZ_\�� 

P_evx� ^Zgghc� jZ[hlu� klZeh� \uqbke_gb_�nmgdpbb� iehlghklb� we_dljhgguo� kh�
klhygbc� \�gZghihjbklhf�TiO2�iml_f�^_lZevgh]h� ZgZebaZ�pbdebq_kdbo� \hevlZfh]jZff�
�jbk���Z���aZibkZgguo�k�bkihevah\Zgb_f�klZg^Zjlghc�lj_owe_dljh^ghc�yq_cdb��]^_�\�dZ�
q_kl\_� we_dljh^Z� kjZ\g_gby� [ue� \u[jZg� oehjb^-k_j_[jyguc� we_dljh^�� Z� \� dZq_kl\_�
we_dljheblZ�–�\h^guc�jZkl\hj�HClO4 (pH� �����kh^_j`Zsbc�����F�LiClO4��<�oh^_�jZ[h�
lu�[ueb�ihemq_gu�pbdebq_kdb_�\hevlZfh]jZffu�^ey� lj_o� lbih\�h[jZaph\�gZghihjb�
klh]h�^bhdkb^Z�lblZgZ��h[jZapu�hlebqZebkv�jZaf_jZfb�gZghdjbklZeeblh\��ijb�jZaebq�

�

�

 
   Z�      [ 
 

Jbk���Z��pbdebq_kdb_�\hevlZfh]jZffu��[��iehlghklv�we_dljhgguo�khklhygbc 
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guo�l_fi_jZlmjZo� �\�bgl_j\Ze_�l_fi_jZlmj�hl��ºK�^h���ºK�k�rZ]hf�\��ºK���GZ�jbk���Z 
ij_^klZ\e_gu�\hevlZfh]jZffu�^ey�h[jZapZ�k�jZaf_jZfb�gZghdjbklZeeblh\�\����gf�� 

>Ze__�[ue�ijh\_^_g�^_lZevguc�ZgZeba�ihemq_gguo�\hevlZfh]jZff�b�\uqbke_�
gb_�ih�gbf�nmgdpbb�iehlghkl_c�we_dljhgguo�khklhygbc�\�gZghihjbklhf�TiO2 �jbk���[) 
k�mq_lhf�l_fi_jZlmjgh]h�jZafulby�nmgdpbb�jZkij_^_e_gby��<�j_amevlZl_�\uqbke_gbc�
m^Zehkv�ihemqblv�kdhjj_dlbjh\Zgguc�\b^� wlhc�nmgdpbb�b�\uy\blv�jy^�hkh[_gghkl_c�
nmgdpbb�\gmljb�aZij_s_gghc�ahgu�TiO2��h^gb�ba�dhlhjuo�k\yaZgu�ih-\b^bfhfm�k�h[�
jZah\Zgb_f� ih\_joghklguo� khklhygbc�� ijbkmsbo� ^Zgghc� kbkl_f_� ihjbkluc� hdkb^� – 
we_dljhebl��^jm]b_�fh]ml�[ulv�k\yaZgu�k�h[jZah\Zgb_f�lZdbo�ehdZebah\Zgguo�khklhy�
gbc�dZd�Ti3+.  

LZd`_�ihdZaZgh��qlh�nmgdpby�iehlghklb�khklhygbc�bf__l�g_dmx�keZ[mx�l_fi_�
jZlmjgmx�aZ\bkbfhklv��qlh�fh`_l�[ulv�k\yaZgh�k�l_fi_jZlmjghc�aZ\bkbfhklvx�Zdlb\�
ghklb�bhgh\�we_dljheblZ�\[ebab�ih\_joghklb�TiO2. 

Ebl_jZlmjZ 
1. Bisquert J., Garcia-Belmonte G., Garcia-Canjadas J. J. Chem. Phys., 120, 6726 (2004). 
2. Roset A.L., Kelly J.J., Vanmaekelbergh D., Meulenkamp E.A. Phys. Rev. Lett., 89, 

036801 (2002). 
3. Bisquert J. Phys. Chem. Chem. Phys. 5, 5360 (2003). 
 

 

M>D�������� 

J?E:DK:PBY�WG?J=BB�WE?DLJHGGH=H�<HA;M@>?GBY 
<�:GK:F;EYO�DJ?FGB?<UO�G:GHDJBKL:EEH< 

IZezgh\�>�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>ZggZy� jZ[hlZ� ihk\ys_gZ� fh^_ebjh\Zgbx� ijhp_kkZ� j_eZdkZpbb� we_dljhggh]h�
\ha[m`^_gby�\�k\yaZgguo�kbkl_fZo�gZ�hkgh\_�ZgkZf[e_c�dj_fgb_\uo�gZghdjbklZeeh\� 

K\yaZggu_�kbkl_fu�–�wlh�kbkl_fu��khklhysb_�ba�^\mo�\b^h\�qZklbp��^hghjh\�b�
Zdp_ilhjh\��kbevgh�ehdZebah\Zgguo�\�ijhkljZgkl\_��<�k\yaZgguo�kbkl_fZo�j_Zebam_lky�
\hafh`ghklv�i_j_^Zqb�wg_j]bb�we_dljhggh]h�\ha[m`^_gby�hl�^hghjZ�d�Zdp_ilhjm�\�lhf�
kemqZ_��dh]^Z�d\Zglh\hf_oZgbq_kdb_�ijZ\beZ�hl[hjZ��lZdb_�dZd�kibg��q_lghklv��m]eh\hc�
fhf_gl��aZij_sZxl�wnn_dlb\gh_�ijyfh_�\ha[m`^_gb_�Zdp_ilhjZ��G_h[oh^bfuf�mkeh�
\b_f�wnn_dlb\ghc�i_j_^Zqb�wg_j]bb�ijb�wlhf�y\ey_lky�\ukhdh_�\j_fy�`bagb�\ha[m`�
^_ggh]h� khklhygby�^hghjZ�� Z� lZd`_�i_j_djulb_�ki_dljh\�bkimkdZgby�^hghjh\�b�ki_d�
ljh\�ih]ehs_gby�Zdp_ilhjh\�>�@��I_j_qbke_ggu_�\ur_�mkeh\by�^hklb]Zxlky�\�kbkl_f_�
dj_fgb_\uo� gZghdjbklZeeh\� k� ijbf_kvx� bhgh\� wj[by� +3Er � >�@� beb� fhe_dmeyjgh]h�
dbkehjh^Z�>3, 4]. 

>ey� hibkZgby� ijhp_kkZ� ^hghjgh-Zdp_ilhjgh]h� i_j_ghkZ� wg_j]bb� \� k\yaZgguo�
kbkl_fZo�[ueZ�ij_^eh`_gZ�ke_^mxsZy�kbkl_fZ�g_ebg_cguo�^bnn_j_gpbZevguo�mjZ\�
g_gbc� 
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10 NNN += , eg nnn += ��]^_� 0N , 1N  –�qbkeh�gZghdjbklZeeh\��kh^_j`Zsbo���beb���wd�

kblhg�khhl\_lkl\_ggh�� N  –�h[s__�qbkeh�gZghdjbklZeeh\�� Dτ  –�\j_fy�`bagb�wdkblhgZ��

σ  –�k_q_gb_�ih]ehs_gby�nhlhgZ�gZghdjbklZeehf�� excI  –�bgl_gkb\ghklv�\ha[m`^_gby��

gn �b� en h[hagZqZxl�dhebq_kl\h�Zdp_ilhjh\�wg_j]bb��gZoh^ysboky�\�hkgh\ghf�b�\ha[m�

`^_gghf� khklhygbyo� khhl\_lkl\_ggh�� n  –� h[s__� dhebq_kl\h� Zdp_ilhjh\�� Aτ  –� \j_fy�
`bagb�\ha[m`^_ggh]h�khklhygby�Zdp_ilhjZ�� β  –�dhwnnbpb_gl��oZjZdl_jbamxsbc�wn�

n_dlb\ghklv�i_j_^Zqb�wg_j]bb�hl�^hghjZ�d�Zdp_ilhjZf�� excE  –�wg_j]by�d\ZglZ�gZdZqdb. 

G_h[oh^bfh� hlf_lblv�� qlh� iZjZf_lju� Dτ , σ , Aτ �fh`gh� ihemqblv� ba� ZgZebaZ�
wdki_jbf_glZevguo� ^Zgguo��GZoh`^_gb_� iZjZf_ljZ� β k\yaZgh� kh� keh`ghklvx� wdki_�
jbf_glZevgh]h� hij_^_e_gby��Hg� fh`_l� [ulv� ihemq_g� ba� kjZ\g_gby� l_hj_lbq_kdbo� b�
wdki_jbf_glZevguo�^Zgguo� 

Ijhp_kk�j_eZdkZpbb�we_dljhggh]h�\ha[m`^_gby�\�^Zgghc�fh^_eb�ijhbkoh^bl�ih�
^\mf� gZijZ\e_gbyf�� j_dhf[bgZpby� wdkblhgZ� k� baemq_gb_f� d\ZglZ� k\_lZ� b� i_j_^ZqZ�
wg_j]bb�hl�wdkblhgZ�d�Zdp_ilhjm��Fh^_ev�g_�mqblu\Z_l�g_ebg_cgh]h�f_oZgbafZ�j_dhf�
[bgZpbb�wdkblhgZ��H`_-j_dhf[bgZpbb���y\e_gby�Zidhg\_jkbb�b�^bf_jbaZpbb��>ey�ZgZ�
ebaZ�ijb\_^_gghc�fh^_eb�\Zjvbjh\Zebkv�lZdb_�\_ebqbgu�dZd� β , Dτ , σ , excI ��<�dZq_kl�

\_� gZqZevguo� agZq_gbc� iZjZf_ljh\� [ueb� \u[jZgu� ke_^mxsb_�� 31910 −== kfnN , 

,5.1 fkD =τ  ,4fkA =τ  ,10 215kf−=σ  ,2.0
2kf

<l
I exc =  w<Eexc 41.2= ��Wlb�agZq_gby�khhl\_l�

kl\mxl� j_Zevguf� agZq_gbyf� ^ey� ZgkZf[e_c� dj_fgb_\uo� gZghdklZeeh\� e_]bjh\Zgguo�
fhe_dmeZfb�dbkehjh^Z� >�@��Dhwnnbpb_gl� β ih^[bjZeky�ba�khh[jZ`_gbc�khhl\_lkl\by�

\b^Z� l_hj_lbq_kdbo� dbg_lbd� wdki_jb�

f_glZevguf��
k

kf3
1610−=β �� <� dZq_kl\_�

gZqZevguo�mkeh\bc�kbkl_fu�^bnn_j_g�
pbZevguo� mjZ\g_gbc� [ueb� \u[jZgu�

0)0()0(1 == enN �� qlh� khhl\_lkl\m_l� hl�

kmlkl\bx� \ha[m`^_gbc� \� gZqZevguc�
fhf_gl�\j_f_gb� 

>ey� ZgZebaZ� ijhp_kkZ� j_eZdkZ�
pbb� we_dljhggh]h� \ha[m`^_gby� [ueb�

jZkkqblZgu� aZ\bkbfhklb� ( )excI
N

N1 , 

( )exc
e I

n

n
, ( )D

e

n

n τ , ( )t
n

ne �� G_h[oh^bfh�

hlf_lblv�� qlh� gZ� ijZdlbd_� bf� fh`gh�
khihklZ\blv� aZ\bkbfhklb� bgl_gkb\gh�
klb�^hghjghc�b�Zdp_ilhjghc�NE�hl�bg�
l_gkb\ghklb� \ha[m`^_gby�� aZ\bkbfhklv�

Zdp_ilhjghc�NE�hl�\j_f_gb�`bagb�wdkblhgh\�b�dbg_lbdb�Zdp_ilhjghc�NE��khhl\_lkl�
\_ggh� 

Ihemq_ggu_�j_amevlZlu�ihdZaZeb� 

�(�� ���� ��� � ��

�(��

����

���

�

IZjZf_lju�

11� �Q� ���
��

kf
��

�

τ
'
� �����fk�

τ
$
� ���fk�

σ� �������kf�

�

β� ��������kf�

�k�

(
H[F
� ������w<

Iexc  �<l�kf
�

�

1

2

3

 
 

Jbk������-�aZ\bkbfhklv� ( )excINN /1 �ijb� 0≠β ; 2 - 
ijb� 0=β ; 3 –�aZ\bkbfhklv� ( )exce Inn /  
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AZ\bkbfhklv� ( )excI
N

N1 �^ey�kbkl_f�[_a�ijbf_k_c�� 0=β ��km[ebg_cgZ��Wlh�k\yaZgh�

k�gZkus_gb_f�qbkeZ�\ha[m`^_gguo�gZghdjbklZeeh\� 

>ey� kbkl_f� k�ijbf_kvx� � 0≠β �� k�jhklhf� β � aZ\bkbfhklv� ( )excI
N

N1 � klZgh\blky�

k\_joebg_cghc��kf��jbk������Wlh�y\e_gb_�fh`gh�h[tykgblv�ke_^mxsbf�h[jZahf��GZ�gZ�
qZevghf�wlZi_��ijb�fZeuo�\ha[m`^_gbyo��hkgh\gmx�jhev�\�ijhp_kk_�j_eZdkZpbb�wg_j�
]bb�b]jZ_l�ijhp_kk�j_dhf[bgZpbb�wdkblhgh\�k�baemq_gb_f�d\ZglZ�k\_lZ��Ihwlhfm�aZ\b�

kbfhklv� ( )excI
N

N1 �bf__l�lhl�`_�oZjZdl_j��dZd�b�\�kemqZ_�g_e_]bjh\Zgguo�kbkl_f��Ijb�

hij_^_e_gghf� agZq_gbb� \ha[m`^_gby� dhebq_kl\h� gZghdjbklZeeh\�� kh^_j`Zsbo� wdkb�
lhg��klZgh\blky�agZqbl_evguf��Hkgh\gmx�jhev�\�ijhp_kk_�j_eZdkZpbb�wg_j]bb�gZqbgZ�
_l�b]jZlv�i_j_^ZqZ�wg_j]bb�wdkblhgh\�Zdp_ilhjZf��Dhebq_kl\h�gZghdjbklZeeh\��g_�kh�
^_j`Zsbo�wdkblhg��m\_ebqb\Z_lky��qlh�\_^_l�d�ihy\e_gbx�^hihegbl_evghc�\hafh`gh�
klb�h[jZah\Zgby�wdkblhgh\��<hagbdZ_l�k\_joebg_cghklv��Ijb�^Zevg_cr_f�m\_ebq_gbb�
\ha[m`^_gby� ihqlb� \h� \k_o� gZghdjbklZeeZo� ihy\eyxlky� wdkblhgu� –� aZ\bkbfhklv�

( )excI
N

N1 �ihkl_i_ggh�gZkusZ_lky� 

AZ\bkbfhklv� ( )exc
e I

n

n
�ijhy\ey_l�l_g^_gpbx�d�gZkus_gbx��<�kbkl_f_�\hagbdZ_l�

bg\_jkgZy�gZk_e_gghklv� 
K�m\_ebq_gb_f� Dτ �m\_ebqb\Z_lky�hlghkbl_evgh_�dhebq_kl\h�\ha[m`^_gguo�Zd�

p_ilhjh\��GZ�wdki_jbf_gl_�m\_ebq_gby� Dτ �fh`gh�^h[blvky�ihgb`_gb_f�l_fi_jZlmju� 
K� m\_ebq_gb_f� bgl_gkb\ghklb� \ha[m`^_gby� mf_gvrZxlky� \j_f_gZ� gZjZklZgby�

dbg_lbd��M\_ebqb\Z_lky�l_fi�\uoh^Z�gZ�gZkus_gb_� 
M\_ebq_gb_�k_q_gby�ih]ehs_gby�\_^_l�d�kf_s_gbx�k\_joebg_cgh]h�mqZkldZ�aZ�

\bkbfhklb� ( )excI
N

N1 �\�klhjhgm�f_gvrbo�bgl_gkb\ghkl_c�\ha[m`^_gby��;uklj__�m\_eb�

qb\Z_lky�dhebq_kl\h�gZghdjbklZeeh\��kh^_j`Zsbo�wdkblhg��b�i_j_^ZqZ�wg_j]bb�wdkblh�
gh\�Zdp_ilhjZf�jZgvr_�gZqbgZ_l�b]jZlv�hkgh\gmx�jhev�\�ijhp_kk_�j_eZdkZpbb�wg_j]bb� 

I_j_qbke_ggu_� \u\h^u� l_hj_lbq_kdh]h� ZgZebaZ� ohjhrh� hibku\Zxl� wdki_jb�

f_glZevgu_�^Zggu_�>����@��GZijbf_j��g_ebg_cghklv�aZ\bkbfhklb� ( )excI
N

N1 .  

Ebl_jZlmjZ 
:]jZgh\bq�<�F��� =ZeZgbg�F�>��I_j_ghk� wg_j]bb� we_dljhggh]h� \ha[m`^_gby� \�

dhg^_gkbjh\Zgguo�kj_^Zo��GZmdZ������� 
Lbfhr_gdh�<�X���RZeu]bgZ�H�:���Ebkbq_gdh�F�=���@b]mgh\�>�F���L_l_jmdh\�

K�:���DZrdZjh\�I�D���Kovalev D., Zacharias M., Imakita K., Fujii M��NbabdZ�l\_j^h]h�l_�
eZ��L���������������� 

Gross E., Kovalev D., Kuentzner N., Diener J., Koch F., Timoshenko V.Yu., Fujii M. 
Phys. Rev. B 68, 115405 (2003) 

Kovalev D., Gross E., Kuentzner N., Koch F., Timoshenko V.Yu., Fujii M. Phys. Rev. 
V. 89, 137401 (2002) 
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M>D 546.26:620.187 

IH><?R?GGU?�H>GHKL?GGU?�M=E?JH>GU?�G:GHLJM;DB��
IHEMQ?GB?�B�LJ:GKIHJLGU?�K<HCKL<:� 

∗DZkmfh\�X�:� 

Bgklblml�ijh[e_f�l_ogheh]bb�fbdjhwe_dljhgbdb 
b�hkh[hqbkluo�fZl_jbZeh\�J:G��Fhkdh\kdZy�h[e���]��Q_jgh]heh\dZ 

>ey� ba]hlh\e_gby� kljmdlmj�fhe_dmeyjghc� we_dljhgbdb� gZ� hkgh\_� m]e_jh^guo� gZ�

ghljm[hd�fh]ml�[ulv�ijbf_g_gu�^\Z�ih^oh^Z��jZaf_s_gb_�]hlh\uo�gZghljm[hd�\�g_h[oh�

^bfuo�f_klZo�h[jZaph\�beb�g_ihkj_^kl\_gguc�kbgl_a�gZghljm[hd�gZ�aZjZg__�ih^]hlh\e_g�

guo�mqZkldZo��<lhjhc�ih^oh^�ij_^klZ\ey_lky�ij_^ihqlbl_evguf��hkh[_ggh�^ey�k_jbcgh]h�

ba]hlh\e_gby�kljmdlmj��kh^_j`Zsbo�[hevrh_�dhebq_kl\h�gZghljm[hd��Kj_^b�ba\_klguo�f_�

lh^h\�\ujZsb\Zgby�gZghljm[hd�lhevdh�dZlZeblbq_kdbc�ibjheba�m]e_jh^-kh^_j`Zsbo�]Zah\�
�&9'��>�@�iha\hey_l�j_Zebah\Zlv�\lhjhc�ih^oh^��bkihevamy�hkZ`^_gb_�dZlZebaZlhjZ��gZgh�

qZklbpu�i_j_oh^guo�f_lZeeh\��)H��&R��1L��\�aZ^Zgguo�f_klZo�ih^eh`db� 
>ey�mki_rgh]h�kbgl_aZ�gZghljm[hd�deZkkbq_kdbf�&9'�f_lh^hf�\�ihlhd_�m]e_�

jh^kh^_j`Zs_]h� ]ZaZ� k� ^h[Z\e_gb_f� \h^hjh^Z� b� bg_jlgh]h� ]ZaZ� lj_[m_lky� ^h\hevgh�
lhqguc�ih^[hj�khhlghr_gby�]Zah\�\�ihlhd_�b�dhgljhev�kdhjhklb�ihlhdZ��qlh�hkeh`gy_l�
ihemq_gb_�klZ[bevguo�j_amevlZlh\�>�@��Ihwlhfm�fu�jZa\beb�[he__�ijhklmx�f_lh^bdm��
hkgh\Zggmx� gZ�f_lh^bd_� >�@�� kbgl_a� gZghljm[hd� h^ghdjZlguf� gZimkdhf� Zp_lbe_gZ� \�
ij_^\Zjbl_evgh�hldZqZggmx�b�gZ]j_lmx�^h����-1000 hK�dZf_jm��LZdbf�h[jZahf��\�gZ�
r_c�jZ[hl_�\hh[s_�g_�bkihevah\Zeky�ihlhd�]ZaZ��qlh�iha\hebeh�agZqbl_evgh�mijhklblv�
wdki_jbf_glZevgmx�mklZgh\dm�b�ihemqZlv�klZ[bevgu_�j_amevlZlu��<�dZq_kl\_�h[jZaph\�
^ey�kbgl_aZ�gZghljm[hd�bkihevah\Zebkv�lhgdb_�Si3N4�f_f[jZgu�kh�kd\hagufb�s_eyfb��
Wlh�iha\hebeh�bkke_^h\Zlv�\ujZs_ggu_�gZghljm[db�g_�lhevdh�\�jZkljh\hf��JWF���gh�b�
\�ijhk\_qb\Zxs_f��IWF��we_dljhgghf�fbdjhkdhi_�k�\ukhdbf�jZaj_r_gb_f� 

 

 
 
Jbk�� ���Z��JWF�bah[jZ`_gb_�h^ghkl_gguo�gZghljm[hd�gZ� 6L3N4�f_f[jZg_�b�\�kd\haghc�s_eb� 
[��IWF�bah[jZ`_gb_�gZghljm[hd�b�`]mlh\ 

 
<�j_amevlZl_�kbgl_aZ�k�ijbf_g_gb_f�jZajZ[hlZgghc�f_lh^bdb�\�rbjhdhf�^bZiZ�

ahg_�mkeh\bc�\ujZklZxl�lhevdh�h^ghkl_ggu_�gZghljm[db��qZklv�ba�dhlhjuo�h[t_^bg_gZ�
\� g_[hevrb_� `]mlu� �jbk�� ���� <Z`gh�� qlh� ih\_joghklv� kbgl_abjh\Zgguo� gZghljm[hd�
ijZdlbq_kdb�g_�aZ]jyagy_lky�Zfhjnguf�m]e_jh^hf��b�ihwlhfm�g_l�g_h[oh^bfhklb�\�ih�

                                                           
∗�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb� 
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ke_^mxs_c�hqbkld_�gZghljm[hd��K�ihfhsvx�ijhk\_qb\Zxs_c�b�jZkljh\hc� we_dljhg�
ghc�fbdjhkdhibb�bkke_^h\Zgh�\ebygb_�iZjZf_ljh\�jhklZ��^Z\e_gb_�j_Zdpbhggh]h�]ZaZ��
l_fi_jZlmjZ��dhebq_kl\h��khklZ\�b�kihkh[�gZg_k_gby�dZlZebaZlhjZ�b�[mn_jgh]h�kehy��gZ�
dhebq_kl\h�b�iZjZf_lju�ihemqZ_fuo�gZghljm[hd� 

H[gZjm`_gh��qlh�^ey�mki_rgh]h�jhklZ�gZghljm[hd�i_j_^�gZg_k_gb_f�gZ�ih^eh`dm�
kehy� dZlZebaZlhjZ� g_h[oh^bfh� hkZ^blv� gZ� g__� [mn_jguc� kehc� $O��Fu� \hkihevah\Zebkv�
wlbf�k\hckl\hf�^ey�lh]h��qlh[u�\ujZklblv�gZghljm[db�gZ�aZ^Zgguo�mqZkldZo�ih^eh`db��K�
ihfhsvx� we_dljhggh-emq_\hc� eblh]jZnbb� [ueb� ba]hlh\e_gu� Zexfbgb_\u_� iehsZ^db�
jZaf_jhf�^h��������gf2�b�ihehkdb�lhesbghc����gf��AZl_f�gZ�\_kv�h[jZa_p�[ue�gZg_k_g�
kehc�)H��L_f�g_�f_g__�gZghljm[db�jhke_�lhevdh�gZ�iehsZ^dZo��ihdjuluo�$O��Jhkl�r_e�dZd�
gZ�$O�iehsZ^dZo��\dexqZy�kZfu_�g_[hevrb_��lZd�b�gZ�$O�ihehkdZo��jbk����� 
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Bkke_^h\Zg�jhkl�gZghljm[hd�gZ�ijh\h^ysbo� kehyo��hkZ`^_gguo�gZ� 6L3N4�f_f�
[jZgm��H[gZjm`_gh��qlh�hilbfZevgu_�mkeh\by�^ey�kbgl_aZ�gZghljm[hd�kha^Zxlky�ijb�
bkihevah\Zgbb�´kwg^\bqZ´��khklhys_]h�ba�keh_\����gf�7L�������gf�3G������gf�$O�����gf�
)H��´Kwg^\bq´�hklZ\Zeky�ijh\h^ysbf�ihke_�&9'-jhklZ�gZghljm[hd�\�kemqZ_��_keb�bk�
ihevah\Zebkv�hlghkbl_evgh�gbadb_�l_fi_jZlmjZ�kbgl_aZ� ����o&��b�^Z\e_gb_�Zp_lbe_gZ�
�����IZ���;ueb�ba]hlh\e_gu�h[jZapu� k�gZghljm[dZfb��i_j_dbgmlufb�q_j_a� kd\hagmx�
s_ev�b�hibjZxsbfbky�gZ�f_lZeebq_kdb_�iehsZ^db�ba�mdZaZgguo�keh_\�f_lZeeh\�^ey�
ijh\_^_gby�ljZgkihjlguo�baf_j_gbc��Khijhlb\e_gb_�h[jZapZ��kh^_j`Zs_]h�hdheh�����
gZghljm[hd�� ijb� dhfgZlghc� l_fi_jZlmj_� khklZ\eyeh� ihjy^dZ� ����Hf�� ke_^h\Zl_evgh��
khijhlb\e_gb_�\�i_j_kq_l_�gZ�h^gm�gZghljm[dm�jZ\gh�ijbf_jgh����dHf��WlZ�\_ebqbgZ�
\k_]h�\�^\Z�jZaZ�[hevr_�fbgbfZevgh�\hafh`ghc�\_ebqbgu�khijhlb\e_gby�gZghljm[db�
�����dHf���qlh�iha\heyeh�ij_^iheh`blv��qlh�gZghljm[dZ�gZoh^blky�\�ohjhr_f�dhglZdl_�
k�f_lZeehf��L_f�g_�f_g__��baf_j_gby�ijb�gbadbo�l_fi_jZlmjZo� �jbk�����ihdZaZeb��qlh�
ijh\h^bfhklv�kbevgh�aZ\bkbl�hl�l_fi_jZlmju�b�hl�ijbeh`_ggh]h�gZijy`_gby��<�kem�
qZ_��_keb�ohly�[u�h^gZ�ba�gZghljm[hd��kh_^bgyxsbo�©[_j_]Zª��[ueZ�f_lZeebq_kdhc�b�
gZoh^beZkv�\�hfbq_kdhf�dhglZdl_�k�gbfb��lZdb_�aZ\bkbfhklb�g_�gZ[ex^Zebkv�[u��<�gZ�
klhys__�\j_fy�b^_l�jZ[hlZ�ih�ba]hlh\e_gbx�h[jZaph\�k�iehsZ^dZfb�$O�)H�gZ�7L�3G�f_�
lZeebaZpbb� ^ey� h[_ki_q_gby� dhglZdlZ�gZghljm[db�g_ihkj_^kl\_ggh� k� 3G�� qlh�^he`gh�
memqrblv�©ijhajZqghklvª�dhglZdlh\�>�@� 

Ihemq_ggu_�j_amevlZlu�hldju\Zxl�i_jki_dlb\m�ijbf_g_gby�&9'�jhklZ�gZghl�
jm[hd�gZ�lj_[m_fuo�mqZkldZo�h[jZapZ�^ey�kha^Zgby�gZghkljmdlmj�gZ�bo�hkgh\_� 

Jbk�� ���JWF�bah[jZ`_gb_�gZghljm[hd��
\ujZs_gguo�gZ�$O�iehsZ^dZo 

Jbk�� ��� AZ\bkbfhklv� ^bnn_j_gpb�
Zevgh]h�khijhlb\e_gby�hl�gZijy`_�
gby� ijb� jZaguo� l_fi_jZlmjZo� ^ey�
h[jZapZ�� kh^_j`Zs_]h� hdheh� ����
gZghljm[hd�\�s_eb�f_`^m�f_lZeeb�
q_kdbfb�dhglZdlZfb 
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M>D��������� 

>BG:FBD:�NHJFBJH<:GBY�IHJBKLH=H�DJ?FGBY 
G:�L?DKLMJBJH<:GGHC�IH<?JOGHKLB�DJ?FGBY 

K\_`_gph\Z�?�<���Kbah\�N�N���F_evgbq_gdh�G�G� 

Bgklblml�nbabdb�ihemijh\h^gbdh\�bf��<�?��EZrdZj_\Z��G:G�MdjZbgu 

<� gZklhys__� \j_fy� bkihevah\Zgb_� kheg_qghc� wg_j]_lbdb� ijbh[j_lZ_l� hkh[h_�
agZq_gb_�[eZ]h^Zjy�__�wdheh]bqghklb�b�h]jZgbq_gghklb�ljZ^bpbhgguo�a_fguo�j_kmj�
kh\��Hkh[h_�f_klh� kj_^b�nhlhwe_dljbq_kdbo�ij_h[jZah\Zl_e_c� kheg_qghc� wg_j]bb� aZ�
gbfZxl�kheg_qgu_�we_f_glu�gZ�hkgh\_�fhghdjbklZeebq_kdh]h�dj_fgby��>ey�m\_ebq_�
gby�ih]ehs_gby�k\_lZ�\�gbo�qZklh�bkihevamxl�l_dklmjbjh\Zgb_�hk\_sZ_fhc�ih\_jogh�
klb�dj_fgby�iml_f�__�ij_^\Zjbl_evghc�h[jZ[hldb�\�Zgbahljhighf�ljZ\bl_e_� >�@��Ijb�
wlhf�gZg_k_gb_� lhgdbo� keh_\�ihjbklh]h� dj_fgby� �ID��iha\hey_l� agZqbl_evgh� mf_gv�
rblv� hljZ`_gb_� k\_lZ� ih� kjZ\g_gbx� k� h[uqgufb� l_dklmjbjh\Zggufb� ih^eh`dZfb��
H^gZdh�f_lh^u�b�f_oZgbafu�nhjfbjh\Zgby�ID�gZ�l_dklmjbjh\Zgghc�ih\_joghklb�g_�
h^ghagZqgu�b�^h�dhgpZ�g_�bamq_gu��ihwlhfm�bamq_gb_�f_oZgbafh\�gZg_k_gby�b�k\hckl\�
ID�gZ�l_dklmjbjh\Zgguo�ih^eh`dZo�lj_[m_l�^_lZevgh]h�bkke_^h\Zgby�  

<�jZ[hl_��bkihevamy�jZkljh\mx�we_dljhggmx�fbdjhkdhibx��baf_j_gby�nhlhex�
fbg_kp_glguo�b�ZglbhljZ`Zxsbo�k\hckl\��bkke_^h\Zg�ijhp_kk�nhjfbjh\Zgby�b�k\hc�
kl\Z�ID�gZ�l_dklmjbjh\Zgghf�fbdjhj_ev_n_�dj_fgby�\�aZ\bkbfhklb�hl�j_`bfh\�ljZ\�
e_gby� 

  
  Z      [ 

Jbk�����J?F�bah[jZ`_gb_�l_dklmjbjh\Zgghc�ih\_joghklb�dj_fgby�b�ID�knhjfbjh\Zggh]h�gZ�g_c 
 

Bkoh^gufb�ih^eh`dZfb�kem`beb�l_dklmjbjh\Zggu_�ih^eh`db�fhghdjbklZeeb�
q_kdh]h� dj_fgby� j-lbiZ� ������ hjb_glZpbb� ^ey� kheg_qguo� we_f_glh\��Bo�ih\_joghklv�
oZjZdl_jbam_lky�g_h^ghjh^guf�ibjZfb^Zevguf�fbdjhj_ev_nhf� �jbk���Z��k�jZaf_jZfb�
ibjZfb^�hl���^h����fdf�ijb�\ukhl_�^h����fdf� 
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GZg_k_gb_�ihjbklh]h�dj_fgby�gZ�l_dklmjbjh\Zghc�ih\_joghklb�hkms_kl\eyehkv�
obfbq_kdbf�f_lh^hf�>�@�\�\h^guo�jZkl\hjZo�HF, HNO3�ijb�_kl_kl\_gghf�hk\_s_gbb�b�
dhfgZlghc�l_fi_jZlmj_��Bkihevamy�f_lh^�jZkljh\hc�we_dljhgghc�fbdjhkdhibb� �J?F��
\�jZ[hl_�bamq_gZ�^bgZfbdZ�nhjfbjh\Zgby�ID�gZ�l_dklmjbjh\Zgghf�fbdjhj_ev_n_�\�aZ�
\bkbfhklb�hl�j_`bfh\�ljZ\e_gby��IhdZaZgh��qlh�ehdZevgh_�\hagbdgh\_gb_�ID�gZ�l_d�
klmjbjh\Zgghc�ih\_joghklb�gZ[ex^Z_lky�q_j_a��-��fbg���ijb�wlhf�kehc�ID�nhjfbjm_l�
ky�lhevdh�\^hev�hkgh\Zgbc�ibjZfb^�b�khklhbl�ba�ihj����-����fdf�� 

M\_ebq_gb_�\j_f_gb�nhjfbjh\Zgby�ID�ijb\h^bl�d�m\_ebq_gbx�iehsZ^b�ID�aZ�
kq_l�kljZ\eb\Zgby�[hdh\uo�]jZg_c�ibjZfb^�\hae_�bo�hkgh\Zgbc�b�m\_ebq_gbx�jZaf_jh\�
ihj� �jbk�� �[���Ihegh_�ihdjulb_�ID� \k_c�ih\_joghklb�ieZklbgu�ijhbkoh^bl� aZ� ��-30 
fbg� �\� aZ\bkbfhklb� hl� dhgp_gljZpbb� ljZ\bl_ey���Ijb� wlhf�bkoh^guc� l_dklmjbjh\Zg�
guc�fbdjhj_ev_n�iheghklvx�kljZ\eb\Z_lky��Z�gZ�ih\_joghklb�gZ[ex^Z_lky�h^ghjh^gZy�
k_ldZ�ihj�k�jZaf_jZfb�ihj�a��fdf��Hkh[_gghklb�lZdh]h�ba[bjZl_evgh]h�nhjfbjh\Zgby�
ID� gZ� l_dklmjbjh\Zgghc� ih\_joghklb� h[tykgyxlky� jZaghc� kdhjhklvx� ljZ\e_gby� jZa�
ebqguo�djbklZeeh]jZnbq_kdbo�iehkdhkl_c�ibjZfb^��qlh�bo�h[jZah\u\Zxl�� 

Bamq_gu�nhlhexfbg_kp_glgu_�b�ZglbhljZ`Zxs__�k\hckl\Z�ID�gZ�l_dklmjbjh�
\Zgghc�ih\_joghklb��IhdZaZgh��qlh�gZg_k_gb_�lhgdh]h�kehy�ID�ijb\h^bl�d�memqr_gbx�
ZglbhljZ`Zxsbo�k\hckl\�l_dklmjbjh\Zgghc�ih\_joghklb� 

Ebl_jZlmjZ 
1. =hj[Zq�L�Y���Dhlh\Z�G�<���Ib^ebkguc�?�<���K\_qgbdh\�K�<�� / K_e_dlb\gu_�hilbq_�

kdb_�k\hckl\Z�Zgbahljhigh�ljZ\e_gghc�ih\_joghklb�dj_fgby� ���Hilhwe_dljhgbdZ�b�
ihemijh\h^gbdh\Zy�l_ogbdZ��������<ui������k����-33. 

2. Makara V.A., Melnichenko M.M., Svezhentsova K.V., Khomenkova L.Yu., Shmyryeva 
O.M./ Structure and luminescence study of nanoporous silicon layers with high internal 
surface // Semiconductor Physics, Quantum Electronics & Optoelectronics. 2003.V.6, N 
4. pp. 492-495. 

 
 

M>D�������� 

BKKE?>H<:GB?�LHIH=J:NBB�IH<?JOGHKLB�IH>EH@?D 
B�KNHJFBJH<:GGUO�G:�GBO�IE?GHD�
G:GHDJBKL:EEBQ?KDH=H�DJ?FGBY 

Kem`Z\uc�K�G���K\_`_gph\Z�?�<���F_evgbq_gdh�G�G� 

GZpbhgZevguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l�MdjZbgu�bf��F��>jZ]hfZgh\Z 

<�ihke_^gb_�]h^u�bgl_j_k�d�gZghkljmdlmjZf�agZqbl_evgh�\hajhk�\�k\yab�k�i_j�
ki_dlb\Zfb� bo�rbjhdh]h� bkihevah\Zgby� \� gZghwe_dljhgbd_�� Yjdbf� ijbf_jhf� lZdbo�
kljmdlmj� y\eyxlky� gZghjZaf_jgu_� ie_gdb� dj_fgby�� ih\_joghklv� dhlhjuo�� dZd� b� bo�
\gmlj_ggyy�kljmdlmjZ��fh]ml�[ulv�qj_a\uqZcgh�jZaghh[jZagufb��\�aZ\bkbfhklb�hl�f_�
lh^Z�ihemq_gby�gZghdjbklZeebq_kdh]h�dj_fgby� �nc-Si���lbiZ�ijh\h^bfhklb�ih^eh`db��
hk\_s_gby�ijb�nhjfbjh\Zgbb�nc-Si�b�l�^��Ijb�nhjfbjh\Zgbb nc-Si�iml_f�kZfhhj]Zgb�
aZpbb�ih\_joghklb�ijb�obfbq_kdhf�ljZ\e_gbb�gZ�kljmdlmjm�agZqbl_evgh_�\ebygb_�hdZ�
au\Z_l� gZijy`_ggh-^_nhjfbjh\Zggh_� khklhygb_� ih\_joghklb� b�gZebqb_� kljmdlmjguo�
^_n_dlh\�bkoh^guo�ih^eh`_d�fhghdjbklZeebq_kdh]h�dj_fgby�� 

P_evx�gZklhys_c�jZ[hlu�y\eyehkv�bkke_^h\Zgb_�gZijy`_ggh-^_nhjfbjh\Zggh]h�
khklhygby�b�fhjnheh]bb�ih\_joghklb�bkoh^guo�ih^eh`_d�fhghdjbklZeebq_kdh]h dj_f�
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gby��Z�lZd`_�ie_ghd�nc-Si�knhjfbjh\Zgguo�gZ�gbo�iml_f�kZfhhj]ZgbaZpbb�ih\_joghklb�
f_lh^hf� obfbq_kdh]h� ljZ\e_gby� ieZklbg� dj_fgby� \� jZkl\hj_� gZ� hkgh\_� ieZ\bdh\hc� b�
Zahlghc�dbkehl� 

Bkke_^h\Zgby�fhjnheh]bb�ih\_joghklb�ih^eh`_d�fhghdjbklZeebq_kdh]h�dj_f�
gby�b�gZghkljmdlmjbjh\Zggh]h�dj_fgby�knhjfbjh\Zggh]h�gZ�gbo�ijh\h^bebkv�k�ihfh�
svx�kdZgbjmxs_]h�lmgg_evgh]h�fbdjhkdhiZ��KLF��gZ�\ha^mo_�ijb�dhfgZlghc�l_fi_�
jZlmj_��:gZeba�KLF�bah[jZ`_gbc�ih^eh`_d�ihdZaZe��qlh�ih\_joghklv�bkoh^guo�ih^�
eh`_d�bf__l�keh`guc�fbdjhj_ev_n�k�jZaf_jZfb�we_f_glh\�kljmdlmju�hl���^h����fdf��
F_lh^Zfb�j_gl]_gh\kdhc�lhih]jZnbb�Oh\Zj^Z->h[jhllh�b�EZg]Z�ijh\_^_gh�^_lZevgh_�
bamq_gb_�ihe_c�gZijy`_gbc�gZjmr_ggh]h�kehy�ih\_joghklb�b�^_n_dlh\�djbklZeebq_�
kdhc�kljmdlmju��IhdZaZgh�gZebqb_�gZijy`_ggh-^_nhjfbjh\Zggh]h�khklhygby�ih�\k_fm�
fbdjhj_ev_nm�ih\_joghklb��jbk������>_lZevgh_�KLF�bkke_^h\Zgb_�lhih]jZnbb�ih\_jo�
ghklb�knhjfbjh\Zgguo�ie_ghd�gZghdjbklZeebq_kdh]h�dj_fgby�ihdZaZeh��qlh�bkoh^gZy�
ih\_joghklv�ih^eh`_d�fh^bnbpbjm_lky�b�gZ[ex^Zxlky�we_f_glu�kljmdlmju�jZaf_jZ�
fb�hl����^h����gf��jbk������gZ�dhlhjuo�nhjfbjm_lky�mihjy^hq_gguc�gZghj_ev_n��ijh�
y\eyxsbcky�\�\b^_�\ha\ur_gbc�gZ^�ih\_joghklvx�gZghf_ljh\uo�jZaf_jh\��qlh�khhl�
\_lkl\m_l�\_jrbgZf�dj_fgb_\uo�djbklZeeblh\��Z�m]em[e_gby�f_`^m�gbfb�–�\uoh^m�gZ�
ih\_joghklv� madbo�gZghf_ljh\uo�ihj��:gZeba�KLF�bah[jZ`_gbc�ihi_j_qguo� kj_ah\�
mdZau\Z_l��qlh�\ukhlZ�gZghj_ev_nZ�g_�ij_\urZ_l����gf� 

 
 

M>D�������� 

HIJ?>?E?GB?�DHGP?GLJ:PBB�EHD:EBAH<:GGUO�KHKLHYGBC�
<�:FHJNGHF�DJ?FGBB�F?LH>HF�AHG>:�D?EV<BG: 

:\Zq_\�:�I���Mlhqdbg�B�=� 

JyaZgkdZy�]hkm^Zjkl\_ggZy�jZ^bhl_ogbq_kdZy�ZdZ^_fby 

Ihke_�ihemq_gby�lhih]jZnbq_kdh]h�bah[jZ`_gby�ih\_joghklb�gZ�:KF��Zlhfgh-
kbeh\hc� fbdjhkdhi�� fh`gh� i_j_clb� d� jZ[hl_� \� f_lh^_� ih\_joghklguo� ihl_gpbZeh\�
�f_lh^�ahg^Z�D_ev\bgZ��>�@��Ko_fm�baf_j_gby�ih\_joghklgh]h�ihl_gpbZeZ�\�^Zgghf�f_�
lh^_�fh`gh�ij_^klZ\blv�dZd�kbkl_fm�FHI��jbk������]^_�Z –�jZkklhygb_�f_`^m�kbkl_fhc�
ahg^�h[jZa_p��Ui –�iZ^_gb_�ihl_gpbZeZ�gZ�^bwe_dljbq_kdhf�keh_��3s –�ih\_joghklguc�

   
 
Jbk�����M\_ebq_gb_�\����jZa��gf�����������������������������������Jbk�����H[eZklv�kdZgbjh\Zgby���o�� 
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ihl_gpbZe��Qsc –�iehlghklv�h[t_fgh]h�aZjy^Z�\�D-Si:H; Qss –�iehlghklv�aZjy^Z�ih\_jogh�
klguo�khklhygbc�D-Si:H. 

Ijb�baf_g_gbb�ijbeh`_ggh]h�d�kljmdlmj_�gZijy`_gby�kf_s_gby��\�j_amevlZl_�
ba]b[Z�ahg��ijhbkoh^bl�Zdlb\Zpby�ehdZebah\Zgguo�khklhygbc��Wlh�ijb\h^bl�d�baf_g_�
gbx�jZkij_^_e_gby�aZjy^Z�\�ijbih\_joghklghc�h[eZklb�Zfhjngh]h�ihemijh\h^gbdZ�� 

AZjy^�gZ�ih\_joghklb�Z-6L�+�fh`gh�hi�
j_^_eblv�dZd 

( )ss si BVQ C U U= − ⋅ − .  (1) 

Bkihevamy� aZdhg� =ZmkkZ� b� j_rZy� mjZ\�
g_gb_�ImZkkhgZ��ihemqbf�\ujZ`_gb_�^ey�dhg�
p_gljZpbb� bhgbabjh\Zgguo� ehdZebah\Zgguo�
khklhygbc�\�s_eb�ih^\b`ghklb�Zfhjngh]h�ih�
emijh\h^gbdZ NIE� \� aZ\bkbfhklb� hl�ih\_jogh�
klgh]h�ihl_gpbZeZ�Us: 

( )
2

0
2 .i sBV

sIE
s

U U
N U

q Z
ε ε

ε
−= ⋅

⋅
   (2) 

]^_ εi, εs –� ^bwe_dljbq_kdb_� ijhgbpZ_fhklb�
\ha^mrghc�kj_^u�b�D-Si:H; 

 
JZ[hlZ�\uihegy_lky�ijb�nbgZgkh\hc�ih^^_j`d_�Fbgbkl_jkl\Z�H[jZah\Zgby�JN� 

Ebl_jZlmjZ 
1. Vatel O., Tanimoto M. Kelvin probe force microscope for potential distribution measure-

ment of semiconductors devices// J. Appl. Phys. 77(6). 2358-2362 (1995) 

 
 

M>D������ 

KJ:<GBL?EVGUC�:G:EBA 
IJB=HLH<E?GBY�H;J:APH<�K�G:GHLJM;D:FB 

G:�=J:NBLH<HC�;MF:=?�B�K�IHFHSVX�F:=G?LJHG: 

:glhg_gdh�K�<���FZebgh\kdZy�H�K���FZevp_\�K�G� 

Fhkdh\kdbc�bg`_g_jgh-nbabq_kdbc�bgklblml��l_ogbq_kdbc�mgb\_jkbl_l� 

K�fhf_glZ�h[gZjm`_gby�i_j\uo�gZghljm[hd��hkgh\gu_�mkbeby�mq_guo�knhdmkb�
jh\Zebkv� gZ� jZajZ[hld_�f_lh^Z�� iha\heyxs_]h� ijhba\h^blv� gZghljm[db� k� aZ^Zggufb�
k\hckl\Zfb�b�\�[hevrbo�dhebq_kl\Zo��Bf_ggh�hlkmlkl\b_�lZdh]h�f_lh^Z�h[tykgy_l�\u�
khdmx�klhbfhklv�gZghljm[hd�gZ�k_]h^gyrgbc�^_gv�-������]��p_gZ�ahehlZ�-�����]�� 

P_evx� bkke_^h\Zgbc�� ijh\h^ysboky� \� gZr_c� eZ[hjZlhjbb�� y\ey_lky� hk\h_gb_�
kh\j_f_gguo�kihkh[h\�ihemq_gby�gZghljm[hd�b�bo�fh^bnbdZpby��Z�lZd�`_�jZajZ[hldZ�
kh[kl\_gguo�f_lh^bd� 

H^bg�ba� lZdbo�f_lh^h\� aZiZl_glh\Zg� >�@�\� ����� ]��?]h�kmlv� aZdexqZ_lky�\�ke_�
^mxs_f��M]e_jh^gu_�iezgdb�gZiueyxl�\�\Zdmmfghc�dZf_j_��bkihevamy�f_lh^�fZ]g_�
ljhggh]h� jZkiue_gby� ijb� ihklhygghf� lhd_��Ijb� wlhf� ijhp_kk� jZkiue_gby� ijh\h^yl�
ijb�^Z\e_gbb�bg_jlgh]h�]ZaZ�\�dZf_j_���-5)· 10-2�Lhjj�b�kbe_�ihklhyggh]h�lhdZ�iblZgby�
fbr_gb���-����f:��>Zggu_�iZjZf_lju�y\eyxlky�hilbfZevgufb��<uoh^�aZ�bo�ij_^_eu�

Jbk�����Wg_j]_lbq_kdZy�^bZ]jZffZ�

dhglZdlZ�f_lZee�^bwe_dljbd�D�6L�+�ijb�
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kgb`Z_l� dhwnnbpb_gl� jZkiue_gby� fZl_jbZeZ� ]jZnblh\hc� fbr_gb� k� f_lZeebq_kdbfb�
dZlZebaZlhjZfb�<��1L�b�mf_gvrZ_l�ijhba\h^bl_evghklv�ijhp_kkZ� 

<� j_amevlZl_� gZiue_gby� ihemqZxlky� m]e_jh^gu_� ie_gdb�� kh^_j`Zsb_� \� k\h_c�
fZkk_�^h� �����gZghljm[hd��Ihfbfh� h[uqguo�gZghljm[hd�[ueb�ihemq_gu� aZfdgmlu_�
dhevp_\b^gu_�m]e_jh^gu_�gZghljm[db� 

Ih^h[gu_�j_amevlZlu�ihemq_gu�ijb�bkihevah\Zgbb�^jm]h]h�f_lh^Z��?]h�ijhlh�
lbihf�y\ey_lky�kihkh[��hibkZgguc�\�klZlv_�O. Smiljanic, T. Dellero�b�^j��[2].�>ey�ijb]h�
lh\e_gby�h[jZaph\�kgZqZeZ�gZ�]jZnblh\mx�[mfZ]m�gZghkyl�kbebdZ]_ev��Hg�ij_^klZ\ey_l�
kh[hc�h^ghjh^guc�jZkl\hj�l_ljZwlbehjlhkbebdZlZ��wlZgheZ��\h^gh]h�jZkl\hjZ�gbljZlh\�
Ni, Co�b�Fe��AZl_f�d�jZkl\hjm�^h[Z\ey_lky�HF -�wlh�dZlZebabjm_l�h[jZah\Zgb_�kbebdZ]_�
ey�� LZdbf� h[jZahf�� ihemqZxl� lhgdbc� kehc� kbebdZlZ� k� jZ\ghf_jguf� jZkij_^_e_gb_f�
gbljZlh\�f_lZeeh\�gZ�]jZnblh\hc�[mfZ]_��dhlhjZy�aZl_f�ihf_sZ_lky�\�\Zdmmfgmx�mk�
lZgh\dm�b�gZ]j_\Z_lky�^h�����K� 

Ihemq_ggu_�h[jZapu�bamqZebkv�f_lh^hf�we_dljhgghc�fbdjhkdhibb��GZ�ih\_jo�
ghklb�]jZnblh\hc�[mfZ]b�h[gZjm`_gu�ijh^he]h\Zlu_�h[t_dlu�–�fgh]hkl_ggu_�gZghl�
jm[db��Ih�j_amevlZlZf�wdki_jbf_glZ�fh`gh�aZdexqblv��qlh�gZ[ex^Zeky�p_euc�jZ^�gZ�
ghjZaf_jguo�h[t_dlh\��gZghljm[hd�b�]eh[me�ba�gbo� 

Ebl_jZlmjZ 
1. RU 2218299 Cl, 17.07.2002 
2. Smiljanic O., Dellero T., Serventi A., Lebrun G., Stansfield B.L., Dodelet J.P., Trudeau M., 

Desilets S. Growth of carbon nanotubes on Ohmically heated carbon paper. // Chemical 
Physics Letters, 342 (2001), 503-509 

 
 

M>D��������������� 

WE?DLJHIE:KLBQ?KDBC�WNN?DL 
<�GBL?<B>GUO�DJBKL:EE:O�IHEMIJH<H>GBDH< 

?jfZdh\�K:� 

<hjhg_`kdbc�]hkm^Zjkl\_gguc�l_ogbq_kdbc�mgb\_jkbl_l 

Wdki_jbf_glZevgh� h[gZjm`_g� mijm]hieZklbq_kdbc�i_j_oh^�� k\yaZgguc� k� ]_g_�
jZpb_c�^bkehdZpbc�\�g_jZ\gh\_kguo�mkeh\byo�\g_rgbo�mijm]bo��l_ieh\uo�b�lhdh\uo�
\ha^_ckl\bc�b�\ujZ`Zxsbcky�\�^hihegbl_evghf�baf_g_gbb�kljmdlmju�GD�dj_fgby�\�
g_jZ\gh\_kguo�mkeh\byo�\ha^_ckl\by�bfimevkh\�lhdZ��<u[jZgu�j_`bfu�b�hij_^_e_gu�
mkeh\by��h[_ki_qb\Zxsb_�baf_g_gb_�kljmdlmju�hiulguo�h[jZaph\�� 

Wdki_jbf_glZevgh�mklZgh\e_gh��qlh�ijb����D�\�mkeh\byo�ijZdlbq_kdb�ihegh]h�
hlkmlkl\by� \g_rgbo� ijbeh`_gguo� gZijy`_gbc� \ha^_ckl\b_� h^bghqgh]h� bfimevkZ�
we_dljbq_kdh]h� lhdZ� g_� ijb\h^bl� d� gZ[ex^_gbx� kdZqdZ� ieZklbq_kdhc� ^_nhjfZpbb� \�
bkoh^guo�GD�dj_fgby��LZdh_�\ha^_ckl\b_�ijb\h^bl�d�ehdZevghfm�gZjmr_gbx�djbklZe�
ebq_kdhc�kljmdlmju�gZ�ih\_joghklb�b�\�fbdjhh[t_f_��ehdZebah\Zgghf�\�h[eZklb�dhg�
lZdlZ�k�lhdh\uf�we_dljh^hf��F_lh^hf�k_e_dlb\gh]h�ljZ\e_gby�gZ�[hdh\hc�]jZgb�GD�\�
ahg_�ehdZevgh]h�\ha^_ckl\by�bfimevkZ�lhdZ�h[gZjm`b\Zxlky�yfdb�ljZ\e_gby��dhlhju_�
hlh`^_kl\eyxlky�k�^bkehdZpbhggufb��Ih^l\_j`^_gb_f�kdZaZgghfm�kem`Zl�ke_^mxsb_�
wdki_jbf_glZevgu_�nZdlu��>h�\ha^_ckl\by�bfimevkZ�lhdZ�yfdb�ljZ\e_gby�gZ�[hdh\hc�
]jZgb�GD�g_�gZ[ex^Zebkv��l�d��^ey�bkke_^h\Zgbc�hl[bjZebkv�lhevdh�bkoh^gh�[_a^bkeh�
dZpbhggu_�h[jZapu��Ihke_� \ha^_ckl\by�bfimevkZ� lhdZ� yfdb� ljZ\e_gby�ehdZebah\Zgu�
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lhevdh�\�ahg_�ehdZevgh]h�\ha^_ckl\by�bfimevkZ�lhdZ��Z�\^Zeb�hl�g_]h�gZ�\k_c�[hdh\hc�
ih\_joghklb�GD�hlkmlkl\mxl��GZ[ex^Z_lky�]jZ^b_gl�iehlghklb�yfhd�ljZ\e_gby�hl�i_�
jbn_jbb�d�p_gljm�^_n_dlZ��Z�lZd`_�\^hev�jZ^bmkZ�GD��FZdkbfZevgZy�iehlghklv�\k_]^Z�
gZ[ex^Z_lky�m�ih\_joghklb�GD�b�m[u\Z_l�ih�f_j_�m^Ze_gby�hl�g__��Wlh�k\b^_l_evkl\m�
_l�h�lhf��qlh�ijb�\ha^_ckl\bb�bfimevkZ�lhdZ�\�GD�djhf_�ih\_joghklguo�^_n_dlh\�jh`�
^Z_lky�lZd`_�kdhie_gb_�^bkehdZpbc�ehdZebah\Zgguo�\�dhgmkhh[jZaghf�fbdjhh[t_f_��\�
102-105� jZa�f_gvr_f� h[t_fZ�GD��Bkke_^h\Zgu� jZaf_ju��nhjfZ�b�ijbjh^Z� kdhie_gby�
^bkehdZpbc��_]h�\ebygb_�gZ�f_oZgbq_kdb_�k\hckl\Z�GD��K^_eZg�\u\h^�h�lhf��qlh�kdhi�
e_gb_�^bkehdZpbc�ihjh`^_gh�b�ehdZebah\Zgh�\�fbdjhh[t_f_�dZgZeZ�ijhl_dZgby�lhdZ�� 

Bkke_^h\Zgb_�f_lh^hf�j_gl]_gh]jZnbb�ihdZau\Z_l��qlh�\�ehdZevghc�ahg_�lhdh�
\h]h�\ha^_ckl\by�ijhl_dZgby�bfimevkZ�lhdZ�djbklZeebq_kdZy�kljmdlmjZ�kbevgh�^_nhj�
fbjh\ZgZ��Z�\^Zeb�hl�wlhc�ahgu�-�^_nhjfZpby�hlkmlkl\m_l��Hl`b]�ijb�����D�\�l_q_gb_�
�q� ijb\h^bl� d� qZklbqghfm� \hkklZgh\e_gbx� bkoh^ghc� djbklZeebq_kdhc� kljmdlmju�� Z�
^Zevg_crbc�hl`b]�ijb�����D�\�l_q_gb_����q�-�d�ijZdlbq_kdb�iheghfm�__�\ha\jZlm��Wlhl�
wdki_jbf_glZevguc� nZdl� ih^l\_j`^Z_l� h[gZjm`_ggh_� f_lh^hf� ljZ\e_gby� kdhie_gb_�
^bkehdZpbc�b�iha\hey_l� k^_eZlv� \u\h^� h� lhf�� qlh�^bkehdZpbb� \� kdhie_gbb� y\eyxlky�
ih^\b`gufb��>hihegbl_evgu_�^Zggu_�h� k\hckl\Zo� kha^Zggh]h�ehdZevgh]h� kdhie_gby�
^bkehdZpbc�ihemq_gu�\ukhdhqm\kl\bl_evgufb�d�kljmdlmjguf�g_kh\_jr_gkl\Zf�f_lh�
^Zfb� jhlZpbhgghc� iheamq_klb� b� \gmlj_gg_]h� lj_gby��<� bkoh^gh� [_a^bkehdZpbhgguo�
GD�gZ[ex^Z_lky�fZeZy�\_ebqbgZ�jhlZpbhgghc�iheamq_klb�b�aZ^_j`dZ�__�gZqZeZ��<�djb�
klZeeZo� k� ehdZevguf� kdhie_gb_f� ^bkehdZpbc�� kha^Zgguf� bfimevkhf� lhdZ�� aZ^_j`db 
iheamq_klb�g_�gZ[ex^Z_lky��Z�kZfZ�iheamq_klv�\hajZklZ_l�\iehlv�^h�jZajmr_gby�h[jZa�
pZ��Wlh�ohjhrh�kh]eZkm_lky�k�ih^h[gufb� aZ\bkbfhklyfb�\�h[jZapZo�k�^bkehdZpbyfb��
ihjh`^_ggufb�\�GD�lhevdh�f_oZgbq_kdbf�b�l_ieh\uf�\ha^_ckl\b_f�\�hlkmlkl\b_�bf�
imevkh\�lhdZ��LZdbf�h[jZahf��kh\hdmighklv�ihemq_gguo�wdki_jbf_glZevguo�j_amevlZ�
lh\�iha\hey_l�\i_j\u_�k^_eZlv�\u\h^�h�lhf��qlh�^bkehdZpbb��kha^Zggu_�lhevdh�\ha^_c�
kl\b_f�lhdZ��\ebyxl�gZ�ieZklbqghklv�GD�dj_fgby�lZd�`_��dZd�b�^_nhjfZpbhggu_�^bk�
ehdZpbb��h[jZah\Zggu_�\�GD�f_oZgbq_kdbf�b�l_ieh\uf�\ha^_ckl\b_f� 

>hihegbl_evgu_� ^Zggu_� \�ihevam� h[gZjm`_gguo� wnn_dlh\�ihemq_gu� \� wdki_�
jbf_glZo�ih�\ha^_ckl\bx�k_jbyfb�bfimevkh\�lhdZ�gZ�bkoh^gh�[_a^bkehdZpbhggu_�h^�
ghhkgh�jZklygmlu_�GD�ijb� dhfgZlghc� l_fi_jZlmj_��<uy\e_gu� aZdhghf_jghklb�\eby�
gby� k_jbc� bfimevkh\� lhdZ� gZ� baf_g_gb_� kljmdlmju� b� k\hckl\�GD�� ieZklbq_kdmx� ^_�
nhjfZpbx�b�jZajmr_gb_�h[jZapZ��Mkeh\gh�\u^_e_gu�ljb�j_`bfZ�\ha^_ckl\by�bfimev�
kZfb�lhdZ��ihjh]h\uc�eb[h�^hihjh]h\uc��h[jZa_p�g_�ij_l_ji_\Z_l�baf_g_gbc�k\hckl\�b�
kljmdlmju�\�l_q_gb_�\k_]h�\j_f_gb�wdki_jbf_glZ���gZ^ihjh]h\uc��h[jZa_p�jZajmrZ_lky�
q_j_a�1�qZkh\�\ha^_ckl\by���djblbq_kdbc��h[jZa_p�\yadh�jZajmrZ_lky�\h�\j_fy�\ha^_c�
kl\by�i_j\h]h�bfimevkZ�eb[h�i_j\hc�k_jbb�bfimevkh\�lhdZ���Wdki_jbf_glZevgh�mklZ�
gh\e_gh��qlh�ijb����D��\�aZ\bkbfhklb�hl�\j_f_gb�\ha^_ckl\by�bfimevkZfb�lhdZ�\�gZ^�
ihjh]h\hf���≤j≤70 A⋅ff-2��j_`bf_��mijm]h�^_nhjfbjh\Zgguc�fZehc��σj≤10-5IZ��hk_\hc�
gZ]jmadhc�jZkly`_gby�bkoh^gh�[_a�^bkehdZpbhgguc�GD�dj_fgby�hklZ_lky�g_^_nhjfb�
jh\Zgguf�eb[h�klZgh\blky�^_nhjfbjh\Zgguf�gZ�klZ^bb�fbdjh-�beb�fZdjhieZklbqgh�
klb��eb[h�ij_l_ji_\Z_l�jZajmr_gb_�� 

Ih�bkl_q_gbb�\j_f_gb� aZ^_j`db�ihke_�\ha^_ckl\by� k_jbyfb�bfimevkh\� lhdZ�\�
mijm]h�^_nhjfbjh\Zgguo�GD�dj_fgby�h[gZjm`b\Z_lky�wnn_dl�we_dljhklbfmebjh\Zg�
ghc�ieZklbnbdZpbb��\ujZ`Zxsbcky�\�ijhy\e_gbb�\�ijbih\_joghklguo�kehyo�h[jZapZ�
keZ[uo�ijbagZdh\�ieZklbq_kdhc�^_nhjfZpbb��dhlhjmx�fh`gh�gZau\Zlv�y\e_gb_f�we_d�
ljhklbfmebjh\Zgghc�fbdjhieZklbqghklb��<uy\e_gh��qlh�^_nhjfZpby�gZ�klZ^bb�fbdjh�
ieZklbqghklb�j_adh�]_l_jh]_ggZ�ih�^ebg_�b�k_q_gbx�GD��Z�fbdjhieZklbqghklv�ehdZeb�
ah\ZgZ�lhevdh�\�ijbih\_joghklghf�keh_�GD��<uy\e_gu�gZb[he__�oZjZdl_jgu_�mjh\gb�



EHFHGHKH<�– 2005 

 

80 

ijhp_kkZ� aZjh`^_gby� b� w\hexpbb�fbdjhieZklbqghklb��MklZgh\e_gh�� qlh� gZ� oZjZdl_j�
fbdjhieZklbqghklb� hdZau\Zxl� \ebygb_� iZjZf_lju� kZfh]h�GD� b� \u[jZggu_� mkeh\by�
wdki_jbf_glZ�� K^_eZg� \u\h^� h� lhf�� qlh� h[gZjm`_ggZy� fbdjhieZklbqghklv� y\ey_lky�
jZagh\b^ghklvx�we_dljhieZklbq_kdh]h�wnn_dlZ��ki_pbnbqgh]h�^ey�bkoh^gh�[_a^bkeh�
dZpbhgguo�fhghdjbklZeeh\��Wdki_jbf_glZevgh�h[gZjm`_gh�j_adh_�m\_ebq_gb_�j_eZd�
kZpbhgghc� kihkh[ghklb�mijm]h�^_nhjfbjh\Zgguo� �σj≤10-5IZ��ijb� ���D�bkoh^gh�[_a�
^bkehdZpbhgguo�GD�\�mkeh\byo�\ha^_ckl\by�bfimevkh\�lhdZ��h[mkeh\e_ggh_�kihglZg�
guf�i_j_oh^hf� hl�fbdjh-� d�fZdjhkdhibq_kdhc�ieZklbq_kdhc�^_nhjfZpbb��<� h[eZklb�
gZb[he__� bgl_gkb\gh� jZa\b\Zxs_]hky� ijhp_kkZ� fZdjhkdhibq_kdhc� ieZklbq_kdhc� ^_�
nhjfZpbb� h[gZjm`_gZ� ehdZebaZpby�� h[jZah\Zgb_� ©r_cdbª� b� jhlZpbhgguc� wnn_dl��K�
ihfhsvx�ihemq_gguo�j_amevlZlh\�k^_eZgZ�hp_gdZ�b�ihdZaZgh��qlh�\�h[eZklb�©r_cdbª�
^ebghc�\�g_kdhevdh�^bZf_ljh\�GD�kl_i_gv�ieZklbq_kdhc�^_nhjfZpbb�^hklb]Z_l�khl_g�
ijhp_glh\�b� k\b^_l_evkl\m_l�\�ihevam�y\e_gby� ©k\_joieZklbqghklbª��Gh\u_� wdki_jb�
f_glZevgu_�nZdlu��\ebygb_�hl`b]Z�gZ�\ha\jZl�kljmdlmju�iha\heyxl�k^_eZlv�\u\h^�h�
lhf��qlh�\ha^_ckl\by�bfimevkh\�we_dljbq_kdh]h�lhdZ�ih^Z\eyxl�ijhp_kku�mijhqg_gby� 

MklZgh\e_gu�aZdhghf_jghklb�jZajmr_gby�GD��<uy\e_gh��qlh�ijb����D�\�mkeh�
\byo�\ha^_ckl\by�bfimevkZfb�lhdZ�b�fZehc� �σj≤10-5IZ��hk_\hc�gZ]jmadhc�jZkly`_gby�
bkoh^gh�[_a^bkehdZpbhggu_�GD�ij_l_ji_\Zxl�lhevdh�\yadh_�jZajmr_gb_��\�hlebqb_�hl�
d\Zabojmidh]h�bo�jZajmr_gby�\�hlkmlkl\bb�lhdZ��G_^hklZlhd�h[t_fZ�dj_fgby�\�jZajm�
r_gghf�h[jZap_��ih�kjZ\g_gbx�k�bkoh^guf��g_�lhevdh�ih^l\_j`^Z_l�nZdl�ieZ\e_gby��
gh�b�mdZau\Z_l�gZ�\aju\ghc�oZjZdl_j�ijhp_kkZ�jZajmr_gby��khijh\h`^Z_fuc�ihl_j_c�
qZklb�fZkku�dj_fgby�\�fhf_gl�jZaju\Z�h[jZapZ��<uy\e_gh��qlh�ijhp_kk�g_klZ[bevgh�
klb��khijh\h`^Z_fuc�jZa�jmr_gb_f�h[jZapZ��hkh[_ggh�bgl_gkb\gh�jZa\b\Z_lky�ebrv�\�
dhjhldbc�ijhf_`mlhd� \j_f_gb�� Z� [hevrmx� qZklv� \j_f_gb� \�GD�ijhl_dZxl�ijhp_kku�
ijb�hlghkbl_evgh�\ukhdhc�klZ[bevghklb�kljmdlmju�b�k\hckl\��MklZgh\e_gZ�dhjj_eypby�
f_`^m�\j_f_g_f�`bagb�h[jZapZ�b�\u[jZgguf�j_`bfhf�lhdh\uo�\ha^_ckl\bc��K^_eZg�
\u\h^��qlh�^_ckl\b_�lhdZ�gZ�ijhqghklv�b�ieZklbqghklv�GD�fgh]h]jZggh�b�g_�k\h^blky�
lhevdh�d�\u^_e_gbx�\�h[t_f_�h[jZapZ�^`hme_\Z�l_ieZ� 

 
 

M>D�������� 

L?IEHIJH<H>GHKLV�>BHDKB>:�M=E?JH>:� 
A:DEXQ?GGH=H�<�FBDJHIHJBKLU?�F:LJBPU� 

=mk_cgh\�W�=���=mk_cgh\�=�=�� 

Bgklblml�nbabdb�>Z]_klZgkdh]h�gZmqgh]h�p_gljZ�J:G 

Bkke_^h\Zgb_�fZl_jbZeh\�k�gZghjZaf_jgufb�kljmdlmjZfb��h[eZ^Zxsbfb�jy^hf�
mgbdZevguo�k\hckl\�y\ey_lky�ZdlmZevguf�^ey�ihgbfZgby�ijbjh^u�b�f_oZgbafZ�fhe_�
dmeyjguo�\aZbfh^_ckl\bc�b�nZah\uo�ij_\jZs_gbc� 

Wlhc� aZ^Zq_� hl\_qZ_l� wdki_jbf_glZevgh_� bkke_^h\Zgb_� l_iehijh\h^ghklb� ����
fbdjhihjbklh]h�kl_deZ��gZkus_ggh]h�^bhdkb^hf�m]e_jh^Z��KH2).  

JZ[hlZ� [ueZ� ijh\_^_gZ� k� p_evx� bamq_gby� ih\_^_gby� �� KH2� \� fbdjhihjbklhf�
kl_de_��\�qZklghklb��\�djblbq_kdhc�h[eZklb��<�dZq_kl\_�h[t_dlZ�bkke_^h\Zgby�[ueh�\u�
[jZgh��fbdjhihjbklh_�kl_deh��bf_xs__� l\_j^uc�dZjdZk�b�\aZbfhijhgbdZxsb_�ihju��
dhlhjuc�y\ey_lky�fh^_evguf�h[t_dlhf�bkke_^h\Zgby�b�qbklh_�\_s_kl\h�– KH2��m�dhlh�
jh]h���^hklZlhqgh�ohjhrh�bamq_gZ�\�rbjhdhc�h[eZklb�iZjZf_ljh\�khklhygby��\dexqZy�
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djblbq_kdmx�h[eZklv��>bhdkb^�m]e_jh^Z�klZ[be_g��bf__l�gbadb_�djblbq_kdb_�iZjZf_l�
ju�b�g_�jZaeZ]Z_lky�\�bkke_^h\Zgghc�h[eZklb�l_fi_jZlmj�b�^Z\e_gbc� 

Bkke_^h\Zgby� wnn_dlb\ghc� l_iehijh\h^ghklb� ��wnn��� fbdjhihjbklh]h� kl_deZ��
gZkus_ggh]h�KH2�ijh\_^_gu�ijb�ihfhsb�\ukhdhlhqgh]h�mkljhckl\Z��ih]j_rghklv�dh�
lhjh]h�g_�ij_\urZ_l������� 

Ijb\h^ylky�j_amevlZlu�wdki_jbf_glZevgh]h�bkke_^h\Zgby��wnn��fbdjhihjbklh]h�
kl_deZ��kh�kj_^gbf�jZaf_jhf�ihj���Â ��–6�f��gZkus_ggh]h�KH2 , \�bgl_j\Ze_�l_fi_jZlmj�
290-���D�b�^Z\e_gbb������FIZ� 

J_amevlZlu�bkke_^h\Zgby�ke_^mxsb_��\i_j\u_�bkke_^h\ZgZ��wnn��fbdjhihjbklh�
]h�kl_deZ��gZkus_ggZy�KH2 , ih�djblbq_kdhc�bah[Zj_��\i_j\u_�h[gZjm`_g�j_adh�\ujZ�
`_gguc�fZdkbfmf�l_iehijh\h^ghklb���fZdk���fbdjhihjbklh]h�kl_deZ��gZkus_ggh]h�KH2 

\�djblbq_kdhc�h[eZklb�� 
<� j_amevlZl_� wdki_jbf_glZ�ih� l_iehijh\h^ghklb� \� djblbq_kdhc� h[eZklb� h[gZ�

jm`_gh�� mf_gvr_gb_� Zfieblm^u� �fZdk��� kf_s_gb_� l_fi_jZlmju� fZdkbfmfZ� \� klhjhgm�
gbadbo� l_fi_jZlmj�� ijhy\e_gb_� fZdkbfmfZ� \� [he__�rbjhdhf� bgl_j\Ze_� l_fi_jZlmj��
q_f�^ey�qbklh]h�KH2.  

H[gZjm`_ggu_� wnn_dlu� h[tykgyxlky� h[jZah\Zgb_f� ^\monZaguo� Zfhjngh-
djbklZeebq_kdbo� kljmdlmj� –� gZghkljmdlmj� \�KH2� �k� lhesbghc� kehy� \� ��-����� gf��� \�
ijbe_]Zxs_c�d�kl_dem�ih\_joghklb�� 

 
 

KBGOJHLJHGGU?�BKKE?>H<:GBY 
IHEMIJH<H>GBDH<UO�G:GHKLJMDLMJ 

Lmjbs_\�K�X� 

<hjhg_`kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

P_ev�jZ[hlu�aZdexqZeZkv�\�bamq_gbb�we_dljhggh-wg_j]_lbq_kdhc�kljmdlmju�gZ�
ghfZl_jbZeh\��\dexqZxsbo�ihjbklu_�kehb�beb�kehb�k�d\Zglh\ufb�lhqdZfb�gZ�hkgh\_�
Si�b�kh_^bg_gbc�:3<5�ihkj_^kl\hf�ihemq_gby�b�bkke_^h\Zgby�mevljZfy]dbo�j_gl]_gh\�
kdbo� wfbkkbhgguo�ki_dljh\� �MFJWK��b�ki_dljh\�[eb`g_c� lhgdhc�kljmdlmju�j_gl]_�
gh\kdh]h�ih]ehs_gby��;LKJI��\[ebab�L2,3�djZy�ih]ehs_gby�k�ihfhsvx�kbgojhljhggh�
]h�baemq_gby� 

GZghfZl_jbZeu�gZ�hkgh\_�Si��<i_j\u_�ihemq_gu�ki_dlju�;LJKI�\�h[eZklb�Si 
L2,3�djZz\�^ey�gZghkljmdlmj�kh�kehyfb��kh^_j`Zsbfb�d\Zglh\u_�lhqdb�l\zj^uo�jZkl\h�
jh\�Si1-x Gex. LhgdZy�kljmdlmjZ�ki_dljh\�h[mkeh\e_gZ�gZebqb_f�gZijy`_gbc�\�ih\_jo�
ghklguo�gZghkehyo�dj_fgby��\ua\Zgguo�gZebqb_f�d\Zglh\uo�lhq_d� Khhl\_lkl\mxsb_�
wg_j]_lbq_kdb_�mjh\gb�\�ahg_�ijh\h^bfhklb�fh]ml�\ghkblv�\deZ^�\�nhlhexfbg_kp_g�
pbx� wlbo�gZghkljmdlmj��>Zggu_�;LKJI�b�MFJWK��bkihevah\Zggu_�^ey�hij_^_e_gby�
nZah\h]h�khklZ\Z�ih\_joghklguo�kehz\�b�wg_j]_lbq_kdhc�kljmdlmju�ihjbklh]h�dj_fgby�
ihdZau\Zxl�gZebqb_�gZghdjbklZeebq_kdbo�h[jZah\Zgbc�dj_fgby��ihdjuluo�Zfhjnguf�
dj_fgb_f�b�hdbkeZfb��M\_ebq_gb_�ihjbklhklb�dj_fgby��ijb\h^bl�d� k^\b]m�^gZ� ahgu�
ijh\h^bfhklb�b�m\_ebq_gbx�aZij_szgghc�ahgu��h[mkeh\e_gguo�d\Zglh\h�–�jZaf_jguf�
wnn_dlhf� 

GZghfZl_jbZeu� gZ� hkgh\_�:3<5��Ki_dlju�;LKJI� \k_o� bkke_^h\Zgguo� h[jZaph\�
ihemq_gu� \i_j\u_��Bo� lhgdZy� kljmdlmjZ� oZjZdl_jbam_lky�^\mfy�ohjhrh�jZa^_ezggufb�
ibdZfb��jZkiheh`_ggufb�gZ�jZkklhygbb�a����w<�^jm]�hl�^jm]Z��qlh�fh`_l�[ulv�k\yaZgh�
kh� kibg-hj[blZevguf� jZks_ie_gb_f� bkke_^m_fh]h�P L2,3-mjh\gy��Ki_dlju� ;LKJI� ih�
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jbklh]h�,Q3�ihdZau\Zxl�gZb[he__�madb_�ibdb��qlh�k\yaZgh�k�h[jZah\Zgb_f�d\Zabfhe_dme�
\�ih\_joghklguo�kehyo�ihjbklh]h� ,Q3��<h�\k_o�gZghkljmdlmjZo��kh^_j`Zsbo�d\Zglh\u_�
lhqdb�InP�\�fZljbp_�,Q0.5Ga0.5P�h[gZjm`_gu�d\Zglh\h-jZaf_jgu_�wnn_dlu��Z�lZd`_�aZ\b�
kbfhklv�rbjbgu�aZij_szgghc�ahgu�bkke_^m_fuo�fZl_jbZeh\�hl�wlbo�wnn_dlh\��<ukdZ�
aZgu�ij_^iheh`_gby�h�ahgZ-ahgghf�ijhbkoh`^_gbb�ki_dljh\�exfbg_kp_gpbb�\�bkke_^h�
\Zgguo�gZghkljmdlmjZo� 

 
 

KBGL?A�M=E?JH>GUO�G:GHLJM;HD 
IE:AFHOBFBQ?KDBF�F?LH>HF 

Kfh\`�>�<� 

Gh\hkb[bjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

;hevrhc�bgl_j_k�d�f_lh^Zf�ihemq_gby�gZghqZklbp��\hagbdrbc�\�ihke_^gb_�]h�
^u�� h[mkeh\e_g� g_h[oh^bfhklvx� ihemq_gby� h[t_dlh\� k� aZ^Zggufb� k\hckl\Zfb�� ^ey�
kha^Zgby�jZaebqguo�deZkkh\�gZghijb[hjh\��Wlb�k\hckl\Z�fh]ml�baf_gylvky�\�rbjhdhf�
^bZiZahg_�b�hij_^_eyxlky�f_lh^Zfb�ihemq_gby��iZjZf_ljZfb�ijb�dhlhjuo�ijhbkoh^bl�
kbgl_a�� k\hckl\Zfb�b�jZaf_jZfb�dZlZebaZlhjZ��H^gbf�ba�i_jki_dlb\guo�gZijZ\e_gbc 
y\ey_lky�bkke_^h\Zgb_�gh\uo�Zeehljhiguo�nhjf�m]e_jh^Z��\�qZklghklb�gZghljm[hd��GZ�
gZklhysbc�fhf_gl�gZb[he__�rbjhdh_�jZkijhkljZg_gb_�^ey�kbgl_aZ�m]e_jh^guo�gZghl�
jm[� ihemqbeb� f_lh^u�� l_jfbq_kdh]h� dZlZeblbq_kdh]h� jZaeh`_gby� m]e_\h^hjh^h\�
(TCVD�� b� l_jfbq_kdh]h� dZlZeblbq_kdh]h� jZaeh`_gby� m]e_\h^hjh^h\� \� ijbkmlkl\bb�
ieZafu��PCVD���<k_�f_lh^u�hkgh\Zgu�gZ�ihemq_gbb�ZlhfZjgh]h�m]e_jh^Z��jZaeh`_gb_�
m]e_\h^hjh^h\�beb�bkiZj_gb_�]jZnblZ���aZl_f�_]h�jZkl\hj_gbb�\�f_lZee_��dZlZebaZlhj_��
Fe, Ch��Ni�b�^j����gZ�ih\_joghklb�dhlhjh]h�h[jZamxlky�]jZnblhih^h[gu_�kljmdlmju��ba�
dhlhjuo�b^_l�nhjfbjh\Zgb_�gZghqZklbp��P_evx�gZklhys_c�jZ[hlu�y\ey_lky�bkke_^h�
\Zgb_�jhklZ�gZghljm[�\�mkeh\byo�]Zah\h]h�jZajy^Z�k�iheuf�dZlh^hf�b�kha^Zgbb�l_ogh�
eh]b�^ey�dhgljhebjm_fh]h�jhklZ�gZghljm[�\�lZdbo�mkeh\byo��<�hkgh\m�ij_^eZ]Z_fh]h�
f_lh^Z��[ueb� aZeh`_gu�ij_bfms_kl\Z�ieZaf_ggh]h� �ih\ur_gb_� kdhjhklb�j_Zdpbb� aZ�
kq_l�ihlhdZ�iheh`bl_evguo�bhgh\�m]e_jh^Z�gZ�hljbpZl_evgh�aZjZ`_ggu_�qZklbpu�dZ�
lZebaZlhjZ��b�l_jfbq_kdh]h��nhjfbjh\Zgb_�gZghqZklbp�b^_l�\�ihlhd_�]ZaZ��hlkmlkl\m_l�
\ebygb_�ih^eh`db��f_lh^h\�� 

<� dZq_kl\_�bklhqgbdZ�m]e_jh^Z��[ue� \u[jZg� Zp_lbe_g��>ey�ihemq_gby�gZghqZ�
klbp� dZlZebaZlhjZ� Zp_lbe_g�ijb� Zlfhkn_jghf� ^Z\e_gbb�ijhimkdZeky� q_j_a� khkm^�� aZ�
iheg_gguc�`b^dbc�i_glZdZj[hgbehf�`_e_aZ��Fe(CO)5��l_jfhklZlbjh\Zgguc�ijb���K��<�
dZq_kl\_�[mn_jgh]h�]ZaZ�bkihevah\ZeZkv�kf_kv�Ar�b�H2��������Kf_kv�]ZaZ�ijhdZqb\ZeZkv�
q_j_a�ijh]j_\Z_fuc�iheuc�pbebg^j��dhlhjuc�kem`be�dZlh^hf�]Zah\h]h�jZajy^Z��FZl_�
jbZe��h[jZah\Z\rbcky�ijb�jZaeh`_gbb�Zp_lbe_gZ�b�i_glZdZj[hgbeZ�`_e_aZ��hk_^Ze�gZ�
nbevlj_��jZkiheh`_gghf�gZ�\uoh^_�dZlh^Z��GZ�\oh^_�\�]hjyqmx�ahgm��fhe_dmeu�i_glZ�
dZj[hgbeZ�^bkhpbbjh\Zeb�b�reh�nhjfbjh\Zgb_�deZkl_jh\�`_e_aZ��gZ�ih\_joghklb�dh�
lhjuo�gZqbgZeky�jhkl�gZghljm[hd� 

Bkke_^h\Zebkv� m]e_jh^gu_� gZghkljmdlmju�� ihemq_ggu_� ijb� jZaebqguo� ^Z\e_�
gbyo� ]ZaZ� b� lhdZo� jZajy^Z��:gZeba� fZl_jbZeZ� ijh\h^beky� gZ� ijhk\_qb\Zxs_f� we_d�
ljhgghf�fbdjhkdhi_� �JEM��������Ihemq_gu�m]e_jh^gu_�gZghljm[u��dZd�h^ghkl_ggu_��
lZd� b� fgh]hkl_ggu_��Ihfbfh� gZghljm[hd� \� kh[jZgghf� fZl_jbZe_� [ueb� h[gZjm`_gu�
qZklbpu�dZlZebaZlhjZ�\�\b^_�f_lZeebq_kdbo�deZkl_jh\��bgdZikmebjh\Zgguo�\�m]e_jh^�
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gu_�nmee_j_gh-ih^h[gu_�qZklbpu�bf_xsb_�emdh\bqgmx� kljmdlmjm��JZaf_ju�deZkl_�
jh\�f_lZeeZ�\Zjvbjmxlky�\�ij_^_eZo�hl����-����gf�� 

H[gZjm`_gh�kms_kl\_ggh_�\ebygb_�we_dljhnhj_aZ�gZghljm[hd�gZ�dZq_kl\_ggmx�
kljmdlmjm�m]e_jh^gh]h�fZl_jbZeZ��Ijb�jZ[hl_�\�j_`bf_�[_a�jZajy^Z�fZl_jbZe�k�nbevl�
jZ�khklhye�ba�Zfhjngh]h�m]e_jh^Z��bgdZikmebjh\Zgguo�deZkl_jh\�`_e_aZ�\�m]e_jh^guo�
gZghqZklbpZo�b�gZghljm[hd��Ijb�\dexq_gbb�jZajy^Z��gZghljm[u�nbevljZ�g_�^hklb]Zeb, 
gh�hgb�[ueb�gZc^_gu�\�fZl_jbZe_��kh[jZgghf�k�Zgh^Z��jZkiheh`_ggh]h�^h�\oh^Z�\�]h�
jyqmx�ahgm��]^_�l_fi_jZlmjZ�b�khklhygb_�dZlZebaZlhjZ�g_�khhl\_lkl\mxl�mkeh\byf�jhk�
lZ�gZghljm[hd��;ueb�ijh\_^_gu� wdki_jbf_glu� k�gbadbf� we_dljbq_kdbf�ihe_f� �gb`_�
ijh[hcgh]h���\�dhlhjuo�gZ�nbevlj_�[ueZ�h[gZjm`_gZ�g_[hevrZy�dhgp_gljZpby�h^gh�
kl_ghqguo�dhjhldbo�gZghljm[hd�b�wdki_jbf_glu�k�h[jZlghc�iheyjghklvx��\�dhlhjuo�
gZghljm[u� gZ�nbevlj_� g_� h[gZjm`_gu�� gh� h[gZjm`_gu� gZ� pbebg^jbq_kdhf� Zgh^_��<�
gbadhl_fi_jZlmjghc�ieZaf_�gZ�djmiguo�qZklbpZo�gZdZieb\Z_lky�hljbpZl_evguc�aZjy^��
aZ�kq_l�jZaghklb�ihlhdZ�we_dljhgh\�b�bhgh\��Ijb�wlhf�aZjy^�qZklbpu�aZ\bkbl�hl�we_d�
ljhgghc�l_fi_jZlmju�b�jZaf_jZ�qZklbpu��GZebqb_�aZjy^Z��ijb\h^bl�d�ihy\e_gbx�we_d�
ljhklZlbq_kdbo�kbe��^_ckl\mxsbo�ijhlb\�\yadbo�kbe�ihlhdZ�ijb�hibkZgghc�\ur_�dhg�
kljmdpbb� jZajy^gh]h� ijhf_`mldZ�� Ijb� ^hklb`_gbb� g_dhlhjh]h� djblbq_kdh]h� aZjy^Z�
beb�jZaf_jZ��aZ\bkys_]h�hl�ijbeh`_gguo�\g_rgbo�ihe_c��gZghljm[Z�gZqbgZ_l�^\b]Zlv�
ky�ijhlb\�ihlhdZ��ih�gZijZ\e_gbx�d�Zgh^m��<�j_amevlZl_�wlh]h�aZ�kq_l�keh`ghc�ljZ_d�
lhjbb�m\_ebqb\Z_lky�\j_fy�ij_[u\Zgby�qZklbpu�\�]hjyq_c�ahg_�iheh]h�dZlh^Z��m\_eb�
qb\Z_lky�\j_fy�j_Zdpbb���\h-\lhjuo��kms_kl\m_l�\hafh`ghklv�k_e_dpbb�gZghljm[hd�ih�
jZaf_jZf�g_ihkj_^kl\_ggh�gZ�klZ^bb�kbgl_aZ� 

 
 

N:AH<UC�KHKL:<�B�HILBQ?KDB?�K<HCKL<:�G:GHKEH,<�SnOx 

Qm\_gdh\Z�H�:� 

<hjhg_`kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

L_ljZ]hgZevguc�6Q22�y\ey_lky�rbjhdhahgguf�ihemijh\h^gbdhf�Q�–�lbiZ��Eg = 
����w<��k�hilbq_kdhc�ijhajZqghklvx�[he__������\�\b^bfhf�b�[ebadhf�mevljZnbhe_lh�
\hf�^bZiZahg_�>�@��Iezgdb�wlh]h�fZl_jbZeZ�ijbf_gyxlky�\�dZq_kl\_�j_abklb\guo�]Zah�
\uo�k_gkhjh\��ijhajZqguo�we_dljbq_kdbo�dhglZdlh\�jZaebqguo�mkljhckl\�b�l�^��K\hc�
kl\Z� 6Q22� kms_kl\_ggh� aZ\bkyl�hl�ihemq_gby��ihwlhfm�bamq_gb_� k\hckl\�fZl_jbZeZ�\�
aZ\bkbfhklb�hl�f_lh^Z�_]h�ihemq_gby�y\ey_lky�ZdlmZevghc�aZ^Zq_c� 

<�^Zgghc�jZ[hl_�bkke_^h\Zebkv�lhgdb_�kehb�SnOx��ihemq_ggu_�gZ�ih^eh`dZo�ba�
ieZ\e_gh]h�d\ZjpZ�b�kdheZo�oehjbklh]h�dZeby�������hdbke_gb_f�f_lZeebq_kdhc�iezgdb�
gZ�\ha^mo_�ijb�l_fi_jZlmjZo�hl�����^h�����°K��Iezgdb�heh\Z�lhesbghc����b�����gf�gZ�
ghkbeb�fZ]g_ljhgguf�jZkiue_gb_f�heh\ygghc�fbr_gb�\�ieZaf_�Zj]hgZ��KhklZ\�b�fbd�
jhkljmdlmjm� h[jZaph\� ZgZebabjh\Zeb� f_lh^hf� ijhk\_qb\Zxs_c� we_dljhgghc� fbdjh�
kdhibb�\�j_`bfZo�we_dljhgghc�^bnjZdpbb�b�k\_lehihevgh]h�ZgZebaZ�gZ�ijb[hj_�WF<�
–����:D��Hilbq_kdb_�k\hckl\Z�bamqZebkv�gZ�Z\lhfZlbq_kdhf�ki_dljhf_lj_�KN-56. 

NZah\uc�ZgZeba�h[jZaph\�hdkb^h\�heh\Z��ihemq_gguo�ijb�jZaebqguo�mkeh\byo��
ihdZaZe��qlh�lhgdb_�ie_gdb�heh\Z�����gf��hdbkeyxlky�gZ�\ha^mo_�^h�SnO2 m`_�ijb�l_f�
i_jZlmj_�����K��b�_z�^Zevg_cr__�ih\ur_gb_�g_�ijb\h^bl�d�baf_g_gbx�nZah\h]h�khklZ�
\Z�h[jZaph\��Ijb�wlhf�h^gh\j_f_ggh�nhjfbjmxlky�nZau�hjlhjhf[bq_kdhc�b�l_ljZ]h�
gZevghc�fh^bnbdZpbb��;he__� lheklu_�ie_gdb�f_lZeeZ� �����gf���ihke_�hdbke_gby�ijb�
l_fi_jZlmjZo�f_g__� ����K�� bf_xl� keh`guc� khklZ\�� \dexqZxsbc�nZau�SnO� l_ljZ]h�
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gZevghc�fh^bnbdZpbb��Z�lZd`_�SnO2�hjlhjhf[bq_kdhc�b�l_ljZ]hgZevghc�fh^bnbdZpbc��
Hdbke_gb_�wlbo�h[jZaph\�gZ�\ha^mo_�ijb�l_fi_jZlmjZo�\ur_�����K�ijb\h^bl�d�h[jZah�
\Zgbx�lhevdh�^\mhdbkb�heh\Z�h[_bo�fh^bnbdZpbc�� 

:gZeba�nhjfu�djZy�hilbq_kdh]h�ih]ehs_gby�^Z_l�hkgh\Zgb_�ij_^iheZ]Zlv��qlh�
\�hdkb^ghc�ie_gd_�gZ�ih^eh`d_�ieZ\e_gh]h�d\ZjpZ��ihemq_gghc�hl`b]hf�ijb�l_fi_jZ�
lmjZo� gb`_� ���ºK�� ijbkmlkl\mxl�� ih� djZcg_c�f_j_�� ^\Z�fZl_jbZeZ� k�rbjbghc� aZij_�
s_gghc�ahgu�a�����w<�b����-����w<��K�m\_ebq_gb_f�l_fi_jZlmju�hl`b]Z�^h����ºK�b�\u�
r_�hklZ_lky�ebrv�\ukrbc�hdbk_e�SnO2��^ey�dhlhjh]h�rbjbgZ�aZij_s_gghc�ahgu�gZb�
[hevrZy��Wlhl�hdbk_e�\�gZghkehyo�SnOo�hdZau\Z_lky�\ hjlhjhf[bq_kdhc�b�l_ljZ]hgZev�
ghc�fh^bnbdZpbyo��lh]^Z�dZd�\lhjhc�fZl_jbZe��^ey�dhlhjh]h�rbjbgZ�aZij_s_gghc�ah�
gu�f_gvr_�–�y\ey_lky�fhghhdbkvx�heh\Z�– SnO�l_ljZ]hgZevghc�fh^bnbdZpbb��Ihem�
q_ggu_� ^Zggu_� ^Zxl� hkgh\Zgb_� ij_^iheZ]Zlv�� qlh� \_ebqbgu� aZij_s_gguo� ahg� h[_bo�
gZ[ex^Z_fuo�\�gZghkehyo�nZa�^bhdkb^h\�SnO2 Eg ����w<� 

Ebl_jZlmjZ 
1. Cetin K. and Zunger A. Origins of Coexistence of Conductivity and Transparency in 

SnO2���3K\VLFDO�5HYLHZ�/HWWHUV��������9����������3��������-1- 095501-4. 
 
 

F?@KEH?<:Y�H;F?GG:Y�K<YAV�<�FGH=HKEHCGUO Co/Cu/Co 
G:GHKLJMDLMJ:O 

KZfZj^Zd�:�K� 

>Zevg_\hklhqguc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�ihke_^gb_� ]h^u�bgl_gkb\gh�bamqZ_lky� h[f_ggZy� k\yav� \�fgh]hkehcguo�fZ]�
gblguo� kljmdlmjZo� Bkke_^h\Zgbx� hkpbeebjmxs_]h� ih\_^_gby� dhk\_gghc� h[f_gghc�
k\yab� b� fZ]gblhkhijhlb\e_gby� k� baf_g_gb_f� lhesbgu� g_fZ]gblgh]h� kehy� ihk\ys_g�
p_euc� jy^� wdki_jbf_glZevguo� b� l_hj_lbq_kdbo� jZ[hl� >�-3].�F_`keh_\mx� dhk\_ggmx�
h[f_ggmx�k\yav�fh`gh�hp_gblv�lhevdh�dhk\_gguf�f_lh^hf�ih�baf_j_gbx�ihey�gZku�
s_gby�beb�f_lh^hf�ih^]hgdb��ijb�dhlhjhf�l_hj_lbq_kdb_�fh^_eb�kjZ\gb\Zxlky�k�wdk�
i_jbf_glZevgufb� aZ\bkbfhklyfb��>_lZevgh_� bamq_gb_�f_`keh_\h]h� h[f_ggh]h� \aZb�
fh^_ckl\by�g_h[oh^bfh�k�ijZdlbq_kdhc�lhqdb�aj_gby�^ey�lhqgh]h�\Zjvbjh\Zgby�\_eb�
qbghc�b� lbihf�k\yab��b�k� l_hj_lbq_kdhc� lhqdb� aj_gby�^ey�jZkdjulby�f_oZgbafh\�h[�
f_gghc�k\yab� 

<�gZklhys_c�jZ[hl_�bkke_^h\Zehkv�ih\_^_gb_�iZjZf_ljh\�[bebg_cghc�b�[bd\Z^�
jZlbqghc�k\yab�\� aZ\bkbfhklb�hl� l_fi_jZlmju�hl`b]Z��<uy\eyebkv�nbabq_kdb_�f_oZ�
gbafu�\ebygby�kljmdlmjguo�baf_g_gbc�gZ�dhk\_ggmx�h[f_ggmx�k\yav�f_`^m�n_jjh�
fZ]gblgufb�kehyfb�Co/Cu/Co�ie_ghd� 

H[jZapu�Kh�KX�Kh�ihemqZeb�fZ]g_ljhgguf�jZkiue_gb_f�gZ�ihklhygghf�lhd_�\�
Zlfhkn_j_�jZ[hq_]h�]ZaZ�:U� �JAr = 5× 10-3�Lhjj���Ie_gdb�hkZ`^Zeb�gZ�fhghdjbklZeeu�
�����6L�ijb�dhfgZlghc�l_fi_jZlmj_��<�jZ[hl_�bkke_^h\Zebkv�ie_gdb�Kh�KX�Kh�k�lhesb�
ghc�keh_\�Kh��dCo = 6�gf��Z�lhesbgZ�f_^ghc�ijhkehcdb�dCu�\Zjvbjh\ZeZkv�hl���^h�����gf��
KljmdlmjZ� ie_ghd� bkke_^h\ZeZkv� f_lh^hf� we_dljhgghc� fbdjhkdhibb� b� ^bnjZdpbb�
we_dljhgh\��Lhih]jZnby�ih\_joghklb�ie_ghd�bamqZeZkv�f_lh^hf�Zlhfgh-kbeh\hc�fbd�
jhkdhibb��FZ]gblhkhijhlb\e_gb_� baf_jyeb� q_luj_olhq_qguf� dhfi_gkZpbhgguf� f_�
lh^hf�\�^bZiZahg_�fZ]gblguo�ihe_c�hl���^h����dW��i_leb�fZ]gblgh]h�]bkl_j_abkZ�ihem�
qZeb�bg^mdpbhgguf�f_lh^hf�gZ�Z\lhfZlbabjh\Zgghf�\b[jhfZ]gblhf_lj_� 
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Bkke_^h\Zgb_�ihebdjbklZeebq_kdbo��lj_okehcguo�ie_ghd�Co/Cu/Co�ijb�bahl_j�
fbq_kdhf�hl`b]_�ihdZaZeh� 

—� \_ebqbgu� [bebg_cghc� b� [bd\Z^jZlbqghc� dhfihg_gl� dhk\_gghc� h[f_gghc�
k\yab�baf_gyxlky�k�m\_ebq_gb_f�lhesbgu�f_^ghc�ijhkehcdb� 

—�\�ie_gdZo�k�lhesbghc�ijhkehcdb�Ku��khhl\_lkl\mxs_c��-fm�b��-fm�Zglbn_j�
jhfZ]gblguf�fZdkbfmfZf��[bd\Z^jZlbqgZy�dhfihg_glZ�dhk\_gghc�h[f_gghc�k\yab�bk�
q_aZ_l�ijb�l_fi_jZlmj_�hl`b]Z����hK�b����hK�khhl\_lkl\_ggh� 

—�ih\_^_gb_�fZ]gblhj_abklb\gh]h�hlghr_gby�h[mkeh\e_gh�baf_g_gb_f�^ebgu�
k\h[h^gh]h�ijh[_]Z�we_dljhgh\��baf_g_gb_f�dhk\_gghc�h[f_gghc�k\yab�f_`^m�kehyfb�
Kh�� ba-aZ� baf_g_gby� kljmdlmju� ie_ghd� b� ]jZgbp� jZa^_eZ� b� g_fZ]gblghc� ijhkehcdb�
�jZaf_jZ� a_j_g��i_jbh^Z�b� Zfieblm^u�r_jhoh\Zlhklb�f_`nZaguo� ]jZgbp��m\_ebq_gby�
fZ]gblguo�fhklbdh\�\�g_fZ]gblghc�ijhkehcd_��� 

Ebl_jZlmjZ 
1. Levy P.M. Giant magnetoresistance in magnetic layered and granular materials // Solid 

6WDWH�3K\VLFV��������������P. 367-462. 
2. Parkin S.S.P. Giant magnetoresistance and oscillatory interlayer coupling in polycrystal-

line transition metal multilayers // In book of Eds. B. Heinrich and J.A.C. Bland Ultrathin 
Magnetic Structures II. Springer-Verlag Berlin Heidelberg. 1994. P.148 - 194. 

3. %UXQR�3��7KHRU\�RI�LQWHUOD\HU�PDJQHWLF�FRXSOLQJ����3K\V��5HY��%��������������3����-439. 
 
 

M>D������ 

><MOKEHCG:Y�G:GHLJM;D: 
D:D�IJHKL?CRBC�G:GH><B@BL?EV 

;_ehkem^p_\�:�<� 

M^fmjlkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��nbabq_kdbc�nZdmevl_l 

MgbdZevgu_�we_dljhggu_�b�f_oZgbq_kdb_�k\hckl\Z�m]e_jh^guo�gZghljm[hd�hl�
dju\Zxl�rbjhdb_�\hafh`ghklb�^ey�bo�ijbf_g_gby�\�gZghwe_dljhgbd_�b�gZghf_oZgbd_��
<�ebl_jZlmj_�h[km`^Zxlky�\hijhku�bkihevah\Zgby�gZghljm[hd�\�dZq_kl\_�^bh^Z��ljZg�
abklhjZ��we_f_glZjghc�yq_cd_�iZfylb��bklhqgbdZ�we_dljhgh\�\�oheh^ghf�dZlh^_��lZd`_�
\�dZq_kl\_�b]eu�Zlhfgh-kbeh\h]h�fbdjhkdhiZ� 

IhemqZ_fu_�\�wdki_jbf_gl_�fgh]hkehcgu_�gZghljm[db�ij_^klZ\eyxl�kh[hc�dh�
ZdkbZevgh�\eh`_ggu_�^jm]�\�^jm]Z�h^ghkehcgu_�ljm[db�k�jZkklhygb_f�f_`^m�kehyfb�
ihqlb�kh\iZ^Zxsbfb�k�jZkklhygbyfb�f_`^m�Zlhfgufb�iehkdhklyfb�\�djbklZee_�]jZ�
nbl�� Bkke_^h\Zgby� fgh]hkehcguo� ljm[hd� ihdZaZeh�� qlh� hgb� h[eZ^Zxl� bgl_j_kgufb�
we_dljbq_kdbfb��f_oZgbq_kdbfb�b�fZ]gblgufb�k\hckl\Zfb��>ey�fgh]hkehcghc�gZghl�
jm[db�keZ[h_�<Zg-^_j-<ZZevkh\kdh_�\aZbfh^_ckl\b_�f_`^m�kehyfb�iha\hebl�j_Zebah�
\Zlv�fgh]hnmgdpbhgZevguc�fhe_dmeyjguc�gZgh^\b`bl_ev�bkihevamxsbc�hlghkbl_ev�
gu_�ih\hjhlu�b�k^\b]b�keh_\�^jm]�hlghkbl_evgh�^jm]Z��<�qZklghklb��^\mokehcgZy�gZ�
ghljm[dZ��kf��jbk�����fh`_l�jZkkfZljb\Zlvky�dZd�gZghf_oZgbaf�iha\heyxsbc�j_Zebah�
\Zlv�ih^rbigbd�kdhev`_gby�eb[h�dZq_gby��lZd�b�fhe_dmeyjguc�f_oZgbaf�h[eZ^Zxsbc�
g_ebg_cghc�mijm]hklvx�d�hlghkbl_evghfm�ih\hjhlm�eb[h�k^\b]m��<�^hdeZ^_��\�^hihe�
g_gbb�d�>�@��bkke_^h\ZgZ�wg_j]by�k\yab�^\mokehcghc�m]e_jh^ghc�gZghljm[db�dZd�nmgd�
pby�ijh^hevgh]h�k^\b]Z�b�ih\hjhlZ�h^ghkehcguo�ljm[hd-khklZ\eyxsbo��IhdZaZgh��qlh�
wg_j]by�k\yab�y\ey_lky�hkpbeebjmxs_c�nmgdpb_c�hl�hlghkbl_evgh]h�k^\b]Z�b�ih\hjh�
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lZ�� i_jbh^� hkpbeeypbc� aZ\bkbl� hl� khhlghr_gbc�f_`^m� we_f_glZfb� kbff_ljbb� h^gh�
kehcguo�ljm[hd� 

 
Jbk�����:lhfgZy�miZdh\dZ�^\mokehcghc�gZghljm[db� 

 

Ebl_jZlmjZ 
1. KZ\bgkdbc�K�K���;_ehkem^p_\�:�<��GZgh^\b`bl_eb�gZ�hkgh\_�m]e_jh^guo�gZghljm�

[hd� ��� Ljm^u�XI �GZpbhgZevghc� dhgn_j_gpbb� ih� jhklm� djbklZeeh\� �GDJD-2004) , 
Fhkd\Z��Bgklblml�djbklZeeh]jZnbb�J:G�������]���k� 444.  

 
 

M>D������������ 

H;J:AH<:GB?�F:=GBLHBG>MPBJH<:GGUO�G:GHF?LJH<UO�
MIHJY>HQ?GGUO�KLJMDLMJ�<�Ge 

=hjebs_\�:�<���=j_qdbgZ�F�<� 

<hjhg_`kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��nbabq_kdbc�nZdmevl_l� 

L_ogheh]by�h[jZ[hldb�fZl_jbZeh\�ihke_^h\Zl_evghklvx�bfimevkh\�hlghkbl_ev�
gh�keZ[h]h�fZ]gblgh]h�ihey��^h���Le��y\ey_lky�h^gbf�ba�f_lh^h\�mijZ\e_gby�kljmdlm�
jh-qm\kl\bl_evgufb�k\hckl\Zfb�f_lZeeh\��^bwe_dljbdh\��ihemijh\h^gbdh\�bf__l�hl_�
q_kl\_ggu_�ijbhjbl_lu�b�rbjhdh�bkihevam_lky�gZqbgZy�k���-o�]]��OO�\��N_ghf_gZfb�
l_ogheh]bb� h[jZ[hldb�BFI�f_lZeebq_kdbo� b� ^bwe_dljbq_kdbo�fZl_jbZeh\� y\eyxlky�
eZl_glghklv�ijhy\e_gby�ihke_�\ha^_ckl\by�b�lh��qlh�wg_j]by�fZ]gblgh]h�ihey�ijb�<�≤ 1 
Le�hdZau\Z_lky�gZ�g_kdhevdh�ihjy^dh\�f_gvr_�kL�>�@�� 

F_lh^hf�Zlhfgh-kbeh\hc�fbdjhkdhibb�bamq_gZ�dbg_lbdZ�baf_g_gby�r_jhoh\Z�
lhklb� ih\_joghklb�fhghdjbklZeebq_kdh]h�Ge� ihke_� h[jZ[hldb�BFI��H[jZapu�fhgh�
djbklZeebq_kdh]h�Ge�k�hjb_glZpb_c�>���@�k�jZaf_jZfb��o�o����ff�ijb�dhfgZlghc�l_f�
i_jZlmj_� ih^\_j]Zebkv� djZldh\j_f_gghc� h[jZ[hld_� ���� k_dmg^�� keZ[uf� bfimevkguf�
fZ]gblguf�ihe_f�k�bg^mdpb_c�<� ������Le��Baf_g_gb_�lhih]jZnbb�ih\_joghklb�ieZ�
klbg�fhghdjbklZeebq_kdh]h�Ge�dhgljhebjh\Zebkv�ijb�nbdkbjh\Zgghc�gZqZevghc�lhqd_�
kdZgbjh\Zgby�b�g_baf_gghf�iheh`_gbb�h[jZapZ�i_jbh^bq_kdb�\�l_q_gb_�����qZkh\�dZ�
`^u_����qZkZ� 

Ihke_� \ha^_ckl\by� BFI� gZ[ex^Zehkv� j_adh_� mf_gvr_gb_� r_jhoh\Zlhklb� gZ�
���� hl� bkoh^gh]h� agZq_gby��Baf_g_gb_�r_jhoh\Zlhklb� hl� \j_f_gb� bf__l� wdklj_fmf�
q_j_a�����qZkZ�b�j_eZdkbjm_l�d�bkoh^ghfm�agZq_gbx�q_j_a�����qZkh\��Q_j_a����qZkZ�ih�



Ih^k_dpby�l\_j^hl_evghc�gZghwe_dljhgbdb 

 

87 

ke_�\ha^_ckl\by�BFI�hlf_q_gh�h[jZah\Zgb_�gZ�ih\_joghklb�Ge�^\mo�lbih\�gZghkljmd�
lmj��d\Zabi_jbh^bq_kdbo��jbk�����b�bahljhiguo�njZdlZevguo� 

 

 
 

jbk�����FZ]gblhbg^mpbjh\ZggZy�gZghkljmdlmjZ�gZ�ih\_joghklb�Ge 
 
JZkij_^_e_gb_� gZghdeZkl_jh\� \� i_jbh^bq_kdbo� p_ihqdZo� hibku\Z_lky� \� ijb�

[eb`_gbb� ghjfZevgh]h� jZkij_^_e_gby�� F_lh^Zfb� k_lhd� b� Nmjv_-ZgZebaZ� hp_g_gZ�
njZdlZevgZy�jZaf_jghklv�deZkl_jh\-djZl_jh\�njZdlZevguo�kljmdlmj��dhlhjZy�khklZ\beZ�
1,76.  

Baf_g_gb_�lhiheh]bb�ih\_joghklb�Ge�k�l_q_gb_f�\j_f_gb�dhjj_ebjm_l�k�baf_�
g_gb_f� fbdjhl\_j^hklb� b� l_jfh^bgZfbq_kdbo� iZjZf_ljh\� ieZ\e_gby�� GZ[ex^Z_fu_�
fZ]gblhbg^mpbjh\Zggu_�gZghf_ljbq_kdb_�mihjy^hq_ggu_�kljmdlmju�\�Ge�h[km`^Zxl�
ky�k�ihabpbb�kZfhhj]ZgbaZpbb�fZ]gblhbg^mpbjh\Zgguo�^_n_dlh\�� 
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M>D������ 

L?JFH>BG:FBQ?KD:Y L?HJBY <HAFMS?GBC @B>DHKLB 

GbdheZ_\Z�H�I� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

H^ghc�ba�hkgh\guo�ijh[e_f�kh\j_f_gghc�klZlbklbq_kdhc�nbabdb�y\ey_lky�ih�
kljh_gb_�l_hjbb�`b^dhklb��Bf__lky�[hevrhc�wdki_jbf_glZevguc�fZl_jbZe�ih�l_jfh�
^bgZfbq_kdbf� k\hckl\Zf�jZaebqguo�`b^dhkl_c��HibkZgb_� wlbo�^Zgguo�k\yaZgh�k�p_�
euf�jy^hf�keh`ghkl_c� 

<�hlebqb_�hl�]Zah\�^ey�`b^dhklb�ljm^gh�\u^_eblv�fZeuc�iZjZf_lj��dhlhjuc�ih�
a\hebe�[u�ihkljhblv�jy^�l_hjbb�\hafms_gbc��Bkihevah\Zgb_�bgl_]jZevguo�mjZ\g_gbc�
^Z_l�\hafh`ghklv�hibkZlv�`b^dhklv�\�jZfdZo�lhc�beb�bghc�fh^_eb��gh�ihkljh_gb_�ih�
ke_^mxsbo�ijb[eb`_gbc�k\yaZgh�k�j_r_gb_f�^hklZlhqgh�keh`guo�aZ^Zq� 

<�gZklhys__�\j_fy�hkgh\guf�f_lh^hf�bkke_^h\Zgby�`b^dhkl_c�y\ey_lky�l_jfh^b�
gZfbq_kdZy� l_hjby� \hafms_gbc��Kms_kl\h� __� aZdexqZ_lky� \� ke_^mxs_f��Imklv� ba\_kl_g�
l_jfh^bgZfbq_kdbc�ihl_gpbZe�kbkl_fu��hij_^_ey_fuc�iZjguf�ihl_gpbZehf�\aZbfh^_ckl�
\by�f_`^m�qZklbpZfb��LZdmx�kbkl_fm�gZau\Zxl�[Zah\hc��KqblZ_f��qlh�[Zah\Zy�kbkl_fZ�fh�
`_l�kem`blv�hkgh\guf�ijb[eb`_gb_f�^ey�jZkkfZljb\Z_fhc�kbkl_fu��<�wlhf�kemqZ_�l_jfh�
^bgZfbq_kdbc�ihl_gpbZe�fh`gh�ij_^klZ\blv�\�\b^_�jy^��\�dhlhjhf�i_j\uf�qe_ghf�y\ey_lky�
ihl_gpbZe�[Zah\hc�kbkl_fu��Z�ihke_^mxsb_�hij_^_eyxlky�hldehg_gb_f�j_Zevgh]h�]Zfbev�
lhgbZgZ�hl�[Zah\h]h�b�dhjj_eypbhggufb�nmgdpbyfb�[Zah\hc�kbkl_fu�  

<�gZklhys_c�jZ[hl_�\�dZq_kl\_�[Zah\hc�kbkl_fu�fu�\u[jZeb�kbkl_fm�l\_j^uo�kn_j�k�
wnn_dlb\guf�^bZf_ljhf��aZ\bkysbf�hl�l_fi_jZlmju��<b^�_]h�dhgdj_lbabjm_lky�\�kbem�mk�
eh\by�\hkijhba\_^_gby�lhqgh�ba\_klguo�j_amevlZlh\�ijb�\ukhdbo�l_fi_jZlmjZo�b�j_amevlZ�
lh\�l_hjbb�kj_^g_]h�ihey�ijb�gbadbo�l_fi_jZlmjZo��Djblbq_kdZy�b�ljhcgZy�lhqdZ�\hkijhba�
\h^ylky�lhqgh�k�ihfhsvx�\\_^_gguo�iZjZf_ljh\�\Zg-^_j-\ZZevkh\kdh]h�lbiZ� 

<�j_amevlZl_�bkihevah\Zgby�lZdh]h�ih^oh^Z�m^Zehkv�k�\ukhdhc�lhqghklvx�hib�
kZlv�\kx�nZah\mx�^bZ]jZffm�`b^dhklb��<�hlebqb_�hl�yq__qguo�l_hjbc�ij_^eZ]Z_fZy�g_�
bf__l�g_nbabq_kdbo�hkh[_gghkl_c�ijb�fZeuo�iehlghklyo�b�ohjhrh�hibku\Z_l�b�]Zah�
\mx�nZam��Z�lZd`_�nZah\uc�i_j_oh^�`b^dhklv�–�]Za� 

 
 

M>D�����������������145 

KIBG-LHDH<H?�<A:BFH>?CKL<B? 
<�D<:GLH<HC�=B>JH>BG:FBD? 

:g^j__\�I�:���Dmavf_gdh\�E�K���OZjZ[Z^a_�>�W� 
F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ijb�bkke_^h\Zgbb�dhee_dlb\guo�ijhp_kkh\�\�kbkl_fZo�fgh]bo�qZklbp��g_h[oh�
^bfh�ihemqblv�mjZ\g_gby�w\hexpbb�^ey�gZ[ex^Z_fuo�\�lj_of_jghf�nbabq_kdhf�ijh�

 

L?HJ?LBQ?KD:Y�NBABD:  
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��@mdh\kdbc�<eZ^bfbj�Q_keZ\h\bq 
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kljZgkl\_��<�jZ[hl_� [1] [ueh�ihemq_gh�mjZ\g_gb_�^ey�kbkl_fu�fgh]bo�qZklbp�k�dmeh�
gh\kdbf�\aZbfh^_ckl\b_f��<�jZ[hlZo�[2, �@�[ueh�mql_gh�kibg-kibgh\h_�\aZbfh^_ckl\b_�
qZklbp�gZ�hkgh\_�]ZfbevlhgbZgZ�;j_clZ. <h�fgh]bo�aZ^ZqZo�kms_kl\_ggmx�jhev�b]jZ_l�
kibg-lhdh\h_� \aZbfh^_ckl\b_�� qlh� ijb\h^bl� d� g_h[oh^bfhklb� ^hihegblv� mjZ\g_gby�
d\Zglh\hc�]b^jh^bgZfbdb�ihijZ\dZfb��mqblu\Zxsbfb�kibg-lhdh\h_�\aZbfh^_ckl\b_� 
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[ ] JB e
c

C π4=×∇      (10) 

( )[ ] 04 =+×∇ MBS π      (11) 

( ) enπ4=∇E       (12) 

[ ] 





∂

∂−=×∇
tc

S
S B

E
1      (13) 

LZdbf�h[jZahf,�gZfb�[ueb�ihemq_gu�mjZ\g_gby�[ZeZgkZ�iehlghklb�bfimevkZ�b�
fZ]gblgh]h�fhf_glZ�� bf_xsb_�f_klh� \� kbkl_fZo�fgh]bo� qZklbp� k� kh[kl\_gguf�fZ]�
gblguf�fhf_glhf� 

Ebl_jZlmjZ 
1. Dmavf_gdh\ E�K���FZdkbfh\� K�=�� D\Zglh\Zy� ]b^jh^bgZfbdZ� kbkl_f� qZklbp� k� dm�

ehgh\kdbf�\aZbfh^_ckl\b_f�b�d\Zglh\uc�ihl_gpbZe�;hfZ�� �� LFN��118��1����k�����
(1999) 

2. Dmavf_gdh\� E�K��� FZdkbfh\� K�=��� N_^hk__\� <�<�� Fbdjhkdhibq_kdZy� d\Zglh\Zy�
]b^jh^bgZfbdZ�kbkl_f�n_jfbhgh\�,���� LFN��126��1����k����������� 

3. Dmavf_gdh\� E�K��� FZdkbfh\� K�=��� N_^hk__\� <�<�� Fbdjhkdhibq_kdZy� d\Zglh\Zy�
]b^jh^bgZfbdZ�kbkl_f�n_jfbhgh\�,,���� LFN��126��1����k����������� 

 
 

M>D�������� 

LJ?ON:AH<:Y�DBJ:EVG:Y�FH>?EV 
SU(2)-D<:JDH<H=H�F?RD:�<�����D 

FZeZoh\�B�X� 
F=M�bf�F�<� Ehfhghkh\Z, nbabq_kdbc�nZdmevl_l 

D\Zglh\Zy�ojhfh^bgZfbdZ��DO>��y\ey_lky�\�gZklhys__�\j_fy�_^bgkl\_gguf�j_�
Zevguf�dZg^b^Zlhf�gZ�jhev�l_hjbb��hibku\Zxs_c�kbevgu_�\aZbfh^_ckl\by��I_jlmj[Z�
lb\gZy�DO>�mki_rgh�ijbf_gy_lky�^ey�hibkZgby�ijhp_kkh\�k�mqZklb_f�d\Zjdh\�b�]exh�
gh\� ijb� \ukhdbo� wg_j]byo�� h^gZdh�� \� h[eZklb� gbadbo� wg_j]bc� ij_^kdZaZl_evgu_� \ha�
fh`ghklb�DO>�j_adh�kgb`Zxlky�\ke_^kl\b_�jhklZ�[_]ms_c�dhgklZglu�k\yab� <�k\yab�k�
wlbf� \_kvfZ� ZdlmZevghc�ijh[e_fhc�hklZ_lky�jZajZ[hldZ� wnn_dlb\guo�gbadhwg_j]_lb�
q_kdbo�fh^_e_c� Z^jhgh\��D� gZb[he__� i_jki_dlb\guf�fh^_eyf� lZdh]h� lbiZ�� ihemqb\�
rbf�rbjhdh_�jZkijhkljZg_gb_�\�bkke_^h\Zgbyo�e_]dbo�g_kljZgguo�[Zjbhgh\��hlghkyl�
ky� ]b[jb^gu_� dbjZevgu_� fh^_eb� �=DF�� d\Zjdh\uo� f_rdh\� >�@��GZb[he__� fgh]hh[_�
sZxs_c�y\ey_lky� lj_onZah\Zy�fh^bnbdZpby�=DF��jZa\blZy�\i_j\u_�\� >�@�^ey�kemqZy�
1+1 D��\�dhlhjhc�k\h[h^gu_��ijZdlbq_kdb�[_afZkkh\u_�lhdh\u_�d\Zjdb�i_j_oh^yl�kgZ�
qZeZ� \� ³h^_lu_´� \� j_amevlZl_ \aZbfh^_ckl\by� fZkkb\gu_� dhgklblm_glgu_� d\Zjdb�� b�
lhevdh�ihlhf�\hagbdZ_l�qbklh�f_ahggZy�nZaZ�� 

<�gZklhys_f�^hdeZ^_�jZkkfZljb\Z_lky� lj_onZah\Zy� 68���-\_jkby�=DF� k ibhg�
ghc�^bgZfbdhc�kdbjfh\kdh]h�lbiZ�\����'� <�jZfdZo�wlhc�fh^_eb�ijb�hibkZgbb�kljmd�
lmju�f_rdZ�fh`gh�\u^_eblv�ke_^mxsb_�h[eZklb� 

<gmlj_ggyy� �p_gljZevgZy��h[eZklv�f_rdZ� r<a ��khhl\_lkl\mxsZy�nZa_�Zkbfilh�
lbq_kdhc� k\h[h^u� <gmljb� wlhc� h[eZklb� bf_xlky� g_\aZbfh^_ckl\mxs__� k\h[h^gh_�
[_afZkkh\h_�bah^m[e_lgh_�n_jfbhggh_�ihe_��khhl\_lkl\mxs__�e_]dbf�(u, d)�d\ZjdZf�\�
dbjZevghf�ij_^_e_��b�dbjZevguc�bahljbie_l�[_afZkkh\uo�π-f_ahgh\� 

Ijhf_`mlhqgZy� h[eZklv� f_rdZ� a<r<R�� \gmljb� dhlhjhc� d\Zjdb� dbjZevgh-
bg\ZjbZglguf�h[jZahf�\aZbfh^_ckl\mxl�k�bahljbie_lhf�ibhgh\��oZjZdl_jbamxsboky 
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g_gme_\hc�fZkkhc�mπ(r)��GZjy^m� k�fZkkh\uf� qe_ghf�b� qe_ghf�� hibku\Zxsbf� d\Zjd-
ibhggh_�\aZbfh^_ckl\b_��\�eZ]jZg`bZg�π-f_ahggh]h�ihey�\�wlhc�h[eZklb�k�g_ba[_`gh�
klvx�ijboh^blky�\\h^blv b�lZd�gZau\Z_fuc�kdbjfh\kdbc�qe_g�ibhggh]h�kZfh^_ckl\by��
hkgh\gZy�jhev�dhlhjh]h�khklhbl�\�ij_^hl\jZs_gbb�dheeZikZ�f_rdZ� 

<g_rgyy�h[eZklv�f_rdZ�r>R��\�dhlhjhc�n_jfbhggh_�ihe_�ijbh[j_lZ_l�[_kdhg_qgh�
[hevrmx�fZkkm�M0→∞, \ke_^kl\b_�q_]h�hgh ^bgZfbq_kdb�aZgmey_lky�\�wlhc�h[eZklb��kf���
gZijbf_j��>�@���Z�ibhggh_�ihe_�bf__l�fZkkm�mπ,�jZ\gmx�j_Zevghc�fZkk_�π-f_ahgZ� 

Ijb� ihkljh_gbb� kZfhkh]eZkh\Zggh]h� j_r_gby� mjZ\g_gbc� ^\b`_gby� bf__lky� jy^�
ijbgpbibZevguo�hlebqbc�hl�����D�kemqZy� >�@� Ij_`^_�\k_]h��^ey�ijb^Zgby�kheblhggh]h�
oZjZdl_jZ�j_r_gbx��hibku\Zxs_fm�ih\_^_gb_�ibhggh]h�ihey�\h�\g_rg_c�h[eZklb�f_rdZ��
l_i_jv�g_� lj_[m_lky� \\h^blv�^hihegbl_evgh_� kZfh^_ckl\b_�f_ahgh\�\� wlhc�h[eZklb��ih�
kdhevdm� lj_[m_fuc� lhiheh]bq_kdbc�oZjZdl_j�j_r_gby� Z\lhfZlbq_kdb�h[_ki_qb\Z_lky� aZ�
kq_l kdbjfbhgghc�hedgehog-dhgnb]mjZpbb�ibhggh]h�ihey� ;he__�lh]h��\�����D�hdZau\Z_l�
ky�ijbgpbibZevgh�g_\hafh`guf�bkdexqblv�ba�jZkkfhlj_gby�gme_\mx�n_jfbhggmx�fh^m�
ih^h[gh�lhfm��dZd�wlh�^_eZehkv�\�����D��Wlh�h[klhyl_evkl\h�b�mkeh\b_�kms_kl\h\Zgby�kZ�
fhkh]eZkh\Zggh]h�j_r_gby�^ey�dbjZevgh]h�m]eZ�\�h[eZklb�khklZ\eyxsbo�d\Zjdh\ ijb\h�
^yl�d�^hihegbl_evghfm�khhlghr_gbx��k\yau\Zxs_fm�n_jfbhggmx�M(r)�b�ibhggmx�mπ(r) 
fZkkh\u_�nmgdpbb�\�ijhf_`mlhqghc�h[eZklb�f_rdZ��Ijb�gZeh`_gbb�_kl_kl\_ggh]h�lj_[h�
\Zgby�M(r→R)�→ ∞ [ueh�ihemq_gh�g_ljb\bZevgh_�bgl_]jZevgh_�mkeh\b_�gZ�mπ(r)��<�qZkl�
ghf�kemqZ_��dh]^Z�mπ(r) = mπ

* (mπ
*
�bf__l�kfuke�wnn_dlb\ghc�fZkku�π-f_ahgZ��ijb�a<r<R, 

wlh�ijb\h^bl�d�khhlghr_gbx��k\yau\Zxs_fm�jZ^bmk�f_rdZ�R�b�jZaf_j�h[eZklb�Zkbfilh�
lbq_kdhc�k\h[h^u�a: R4 – a4 = 3 / (4 π mπ

*2 fπ
 2), ]^_�fπ –�ihklhyggZy�ibhggh]h�jZkiZ^Z��Ijb�

wlhf�fZkkh\Zy�nmgdpby�khklZ\eyxsbo�d\Zjdh\�bf__l�\b^�M(r) = 1 / (2(R-r)), qlh�ihegh�
klvx�m^h\e_l\hjy_l�gZeh`_gguf�\ur_�lj_[h\Zgbyf�gZ�M(r). 

<deZ^�wg_j]bb�ibhggh]h�ihey�\�ihegmx�wg_j]bx�f_rdZ�bkke_^h\Zg�dZd�nmgdpby 
jZ^bmkZ�f_rdZ��Wlh�iha\hebeh�hij_^_eblv�agZq_gby�bkoh^guo�iZjZf_ljh\�fh^_eb��\Zdm�
mfgh]h�^Z\e_gby�B�\gmljb�f_rdZ�b dhgklZglu�kdbjfh\kdh]h�kZfh^_ckl\by�e���ijb�dhlhjuo�
fbgbfmf�wg_j]bb�j_Zebam_lky�\�lhqd_�R∼����Nf��\�lh�\j_fy�dZd�_]h�agZq_gb_�khklZ\ey_l�
∼����=w<��qlh�ohjhrh�kh]eZkm_lky�k�n_ghf_gheh]b_c��IhdZaZgh��qlh�ihemq_ggu_�ijb�wlhf�
agZq_gby�bkoh^guo�iZjZf_ljh\�gZoh^ylky�\�khhl\_lkl\bb�k�j_amevlZlZfb ̂ jm]bo�ih^oh^h\� 
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2. K\_rgbdh\�D�:���KbeZ_\�I�D��Lj_onZah\Zy�fh^_ev�dbjZevgh]h�d\Zjdh\h]h�f_rdZ����
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 −+∇1          (1) 

klZgh\blky�g_kZfhkhijy`_gghc�ijb� 1>αZ ��qlh ijhy\ey_lky�\�hlkmlkl\bb�klZpbhgZj�
guo�khklhygbc�k�^_ckl\bl_evgufb�E�b�nbabq_kdb�khhl\_lkl\m_l�iZ^_gbx�gZ�p_glj��<�
j_Zevghklb�� h^gZdh�� bklhqgbd� k� 137>Z � bf__l� keh`gmx� \gmlj_ggxx� kljmdlmjm�� ih�
wlhfm�gZ�ij_^_evgh�fZeuo�jZkklhygbyo��< 1310− �kf���mjZ\g_gb_�����gm`^Z_lky�\�mlhqg_�
gbb�k�mq_lhf�wlh]h�h[klhyl_evkl\Z��qlh�\�jy^_�kemqZ_\�iha\hey_l�\hkklZgh\blv�kZfhkh�
ijy`_gghklv� aZ^Zqb��<�qZklghklb��jZkkfZljb\Zehkv�h[j_aZgb_� dmehgh\kdhc� kbg]meyj�
ghklb�k�i_j_oh^hf ihl_gpbZeZ�\�dhgklZglm�ijb�g_dhlhjhf� 00 >r � �kf�� >�@�b�ijb\_^_g�

gu_�lZf�kkuedb��beb�g_i_jlmj[Zlb\guc�mq_l�ijyfh]h�fZ]gblgh]h�^bihev-^bihevgh]h�
\aZbfh^_ckl\by�>�@� 

<�gZklhys_c�jZ[hl_�jZkkfZljb\Z_lky�Zevl_jgZlb\guc�ih^oh^�d�mlhqg_gbx�����gZ�
fZeuo�jZkklhygbyo��dh]^Z�we_dljhg�g_�fh`_l�gZoh^blvky�\gmljb�kn_ju�jZ^bmkZ�a��l��_� 
kblmZpby��dhlhjZy�fh`_l�[ulv�gZa\ZgZ�©\g_rgbf�dhgnZcgf_glhfª��KjZam�hlf_lbf��qlh�
\�hlebqb_�hl�kemqZy�k�h[j_aZgb_f�dmehgh\kdh]h�ihl_gpbZeZ��dh]^Z�ijb� 00 →r �\hkklZ�

gZ\eb\Z_lky�bkoh^gZy�kbg]meyjghklv�b�k\yaZggu_�k�wlbf�ijh[e_fu��\�jZkkfZljb\Z_fhf�
ih^oh^_�kZfhkhijy`_gghklv�aZ^Zqb�khojZgy_lky�b�ijb� 0→a ��l�d��^Z`_�^ey�[_kdhg_qgh�
fZeh]h�a hklZ_lky�lhqdZ�\�p_glj_��\�dhlhjmx�we_dljhg�g_�^he`_g�ihiZklv� 

=jZgbqgu_�mkeh\by�^ey�lZdh]h�©\g_rg_]h�dhgnZcgf_glZª�\u\h^ylky�ih�ZgZeh�
]bb�k�j_eylb\bklkdbfb�fh^_eyfb�m^_j`Zgby�d\Zjdh\�>�@�b�\�^Zgghf�kemqZ_�bf_xl�\b^� 

( ) 0=+−
=ar

Ini ψγ ,         (2) 

]^_� n  –�\g_rgyy�ghjfZev�d�ih\_joghklb�kn_ju�jZ^bmkZ�a��GZ�mjh\g_�\hegh\uo�nmgdpbc�
wlh�hagZqZ_l��qlh�\�j_r_gbb�l_i_jv�[m^ml�mqZkl\h\Zlv�keZ]Z_fu_��kbg]meyjgu_�\�gme_�� 

J_r_gb_�mjZ\g_gby�����k�]jZgbqguf�mkeh\b_f�����ijb\h^bl�d�ke_^mxs_fm�mjZ\�
g_gbx�^ey�mjh\g_c�k\yaZgguo�khklhygbc�k� mE < ��iheguf�fhf_glhf�j�b�hij_^_e_gghc�

q_lghklvx� 21±= jl  

( ) ( )
( )

( )
( )

2
2

( ,1 2 ,2 ) ( 1,1 2 ,2 )

( ,1 2 ,2 ) ( 1,1 2 ,2 )

s
m E m E

a
m E m E

q s
F q s s a m E m E F q s s a

p k
q s

F q s s a m E m E F q s s a
p k

λ γ

λ λ

λ λ

+ + −
= ⋅

+ + −

−− − + + − − − + −
−⋅ ++ + + + − − + + +
−

 (3) 

]^_�� )21( +±= jk �^ey� 21±= jl , ( )22 αZks −= , 22 Em −=λ , ),,( zbaF –�nmgdpby�

Dmff_jZ��\ujh`^_ggZy�]bi_j]_hf_ljbq_kdZy�nmgdpby�� 

λ
αmZ

p = , 
λ
αEZ

q −= , 
)21()(

)21()(

ssq

ssq

−Γ+Γ
+Γ−Γ=γ .    

IhdZ� 1<αZ ��iZjZf_lj�s –�^_ckl\bl_evguc�b�mjZ\g_gb_�����\_s_kl\_ggh��Ij_^_e 
0→a khhl\_lkl\m_l�h[jZs_gbx�\�gmev� γ ��qlh�^Z_l� nsq −=+ , ...1,0=n �b�ijb\h^bl�d�

klZg^Zjlghfm�hl\_lm�^ey�mjh\g_c�^bjZdh\kdhc�qZklbpu�\�dmehgh\kdhf�ihe_� 
Ijb� 1>αZ �iZjZf_lj�s –�qbklh�fgbfuc�� εis = ��b�mjZ\g_gb_�����klZgh\blky�nZ�

ah\uf� 

=+ na πλε 22ln2 nZa_�ijZ\hc�qZklb�    (4) 
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]^_�n –�p_eh_�qbkeh�� ∞≤≤∞− n ��Ba�����g_ihkj_^kl\_ggh�ke_^m_l��qlh�ijb�^hklZlhqgh�fZ�
euo�Z��dh]^Z�]bi_j]_hf_ljbq_kdb_�nmgdpbb�\�����fh`gh�kqblZlv�jZ\gufb�_^bgbp_��aZ\b�
kbfhklv�mjh\g_c�wg_j]bb�hl� aln [m^_l�[ebadZ�d�i_jbh^bq_kdhc�k�i_jbh^hf� επ ��ihkdhevdm�
\uoh^� aln �aZ�wlh�agZq_gb_�dhfi_gkbjm_lky�i_j_oh^hf�d�ke_^mxs_fm�agZq_gbx�n��Wlh�^h�
dZau\Z_l�Zghgkbjh\Zggh_�\ur_�ml\_j`^_gb_�h[�hlebqbb�^Zggh]h�f_lh^Z�hl�j_]meyjbaZpbb�
q_j_a�h[j_aZgb_�dmehgh\kdhc�kbg]meyjghklb�—�\�^Zgghf�kemqZ_�mjh\gb�wg_j]bb�[m^ml�i_�
jbh^bq_kdbfb�^_ckl\bl_evgufb�nmgdpbyfb�jZ^bmkZ�Z�\iehlv�^h�kZfuo�fZeuo�agZq_gbc�Z.  

;he__�^_lZevgh_�ZgZeblbq_kdh_�bkke_^h\Zgb_�mjZ\g_gby�����ij_^klZ\ey_l�agZqb�
l_evgu_�ljm^ghklb��ihwlhfm�djZ_\Zy�aZ^ZqZ�bkke_^h\ZeZkv�qbke_ggh� 

Ihemq_gu�agZq_gby�gZb[he__�gbadhe_`Zsbo�s-mjh\g_c�^ey�jZaebqguo�Z�b�^bZiZah�
gZ�baf_g_gbc�Z�hl� ��-7 ^h� ��-4 [hjh\kdh]h�jZ^bmkZ��<�dZq_kl\_�ijbf_jZ�fh`gh�ijb\_klb�
lZ[ebpm�agZq_gbc�i_j\uo�^\mo�mjh\g_c�wg_j]bb�^ey�a=1.66· 10-4�[hjh\kdh]h�jZ^bmkZ� 

Z=138 Z=256 
�������w< -�������w< 
�������w< �������w< 

Ba�lZ[ebpu�\b^gh��qlh�^ey�^Zggh]h�Z�ijb�Z ����gbdZdbo�ZghfZevguo�mjh\g_c _s_�g_�
\hagbdZ_l��wg_j]by�iheh`bl_evgZ�b�ih�ihjy^dm�\_ebqbgu�khhl\_lkl\m_l�[hjh\kdbf�mjh\gyf��
Gh�^ey�Z ����m`_�\hagbdZxl�ZghfZevgu_�mjh\gb�k�hljbpZl_evghc�wg_j]b_c��ijbq_f�^ey�fZ�
euo�Z�fh`gh�ZgZeblbq_kdb�ihdZaZlv��qlh�lhqdZ�E ��g_�y\ey_lky�hkh[hc�lhqdhc�mjZ\g_gby������
LZd`_�fh`gh� qbke_ggh� mklZgh\blv� ijb[eb`_ggmx� i_jbh^bqghklv� mjh\g_c� ijb�fZeuo� a 
�i_jbh^bq_kdZy�aZ\bkbfhklv�hl�ln a),�ke_^h\Zl_evgh��ih^h[gh_�ih\_^_gb_�wg_j]bb�[m^_l�ih�
\lhjylvky�ijb�ex[uo��kdhev�m]h^gh�fZeuo�agZq_gbyo�a��Wlh�ih^l\_j`^Z_l�k^_eZggh_�\ur_�
ml\_j`^_gb_�h[�hlebqbb�^Zgghc�aZ^Zqb�hl�aZ^Zqb�k�h[j_aZgb_f�dmehgh\kdh]h�ihl_gpbZeZ�– 
ih\_^_gb_�mjh\g_c�wg_j]bb�[m^_l�h^bgZdh\h�^ey�ex[uo�kdhev�m]h^gh�fZeuo�Z. 

<�aZdexq_gb_�hlf_lbf��qlh�mjh\gb�k�wg_j]b_c����khhl\_lkl\mxl�k\yaZgguf�kh�
klhygbyf�ihabljhgZ�k�iheh`bl_evghc�wg_j]b_c��Wlhl�wnn_dl�^ey�iheh`bl_evgh� aZjy�
`_ggh]h� �l�� _�� hllZedb\Zxs_]h� ^ey� ihabljhgh\�� p_gljZ� h[mkeh\e_g� l_f�� qlh� aZjy^�
Z �����khkj_^hlhq_gguc�\�fZehf�h[t_f_� ijb\h^bl�d�gZklhevdh�kbevghc�iheyjbaZpbb�
\ZdmmfZ�\hdjm]�k_[y��qlh�\hagbdZ_l�ZgZeh]�dh\Ze_glghc�k\yab�—�ihabljhg�ijbly]b\Z_l�
ky�d�h[eZdm�\bjlmZevguo�we_dljhgh\��hdjm`Zxsbo�lZdhc�aZjy^� 
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lhjuo� deZkkbq_kdbo� �hibku\Z_fuo�f_oZgbdhc�GvxlhgZ�� kbkl_f� hdZau\Z_lky� g_ij_^�
kdZam_fuf��fZeh_�\hafms_gb_�gZqZevguo�mkeh\bc�ijb\h^bl�d�agZqbl_evghfm�baf_g_�
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gbx�ljZ_dlhjbb�^\b`_gby�kbkl_fu��LZdZy�g_ij_^kdZam_fhklv�h[mkeh\e_gZ�g_mklhcqb�
\hklvx�mjZ\g_gbc��hibku\Zxsbo�^\b`_gb_�kbkl_fu��Lbibqguf�ijbf_jhf�kbkl_fu��\�
dhlhjhc�gZ[ex^Z_lky�^bgZfbq_kdbc�oZhk��y\ey_lky�]Zjfhgbq_kdbc�hkpbeeylhj�k�wdkih�
g_gpbZevgh�\hafms_gguf�ihl_gpbZehf�� 

2
0 )(22 )( xxeyxV −−++= γβα .      

GZebqb_� \hafms_gby� ijb\h^bl� d� lhfm�� qlh� ih\_^_gb_� lZdhc� kbkl_fu�� ih^qb�
gyxs_cky� deZkkbq_kdbf� aZdhgZf�� klZgh\blky�g_ij_^kdZam_fhc��Wlh�b�gZau\Z_lky�^b�
gZfbq_kdbf�oZhkhf�� 

<�d\Zglh\uo�kbkl_fZo�^bgZfbq_kdbc�oZhk�hlkmlkl\m_l��<�^Zgghf�bkke_^h\Zgbb�
bamqZehkv�ih\_^_gb_�hibkZgghc�\ur_�kbkl_fu�k�ihfhsvx�f_lh^Z�ik_\^hdh]_j_glguo�
khklhygbc��Wlhl�f_lh^�iha\hey_l�hibkZlv�d\Zglh\mx�kbkl_fm�gZ�yaud_�ljZ_dlhjbc��ih�
^h[guo� deZkkbq_kdbf� ljZ_dlhjbyf��>hklb]Z_lky� wlh� iml_f� ZiijhdkbfZpbb� \kihfh]Z�
l_evguf�]Zjfhgbq_kdbf�ihl_gpbZehf�bklbggh]h�ihl_gpbZeZ�\�h[eZklb�gZoh`^_gby�iZ�
d_lZ��ohly�\�h[eZklyo��]^_�iZd_lZ�g_l��wlhl�\kihfh]Zl_evguc�ihl_gpbZe�fh`_l�kbevgh�
hlebqZlvky�hl�bklbggh]h��LZdhc�ih^oh^�iha\hey_l� aZibkZlv�j_r_gb_�mjZ\g_gby�Rj_�
^bg]_jZ� \� \b^_� ]Zmkkh\Z� \hegh\h]h�iZd_lZ��iZjZf_lju� dhlhjh]h� y\eyxlky�nmgdpbyfb�
\j_f_gb��<�j_amevlZl_�ljZ_dlhjbx�kbkl_fu��iheh`_gb_�p_gljZ�ly`_klb�b�rbjbgZ�\he�
gh\h]h�iZd_lZ��fh`gh�hij_^_eblv�ba�kbkl_fu�mjZ\g_gbc�=ZfbevlhgZ��ZgZeh]bqgh�deZk�
kbq_kdhc�kbkl_f_��H^gZdh�\�^Zgghf�kemqZ_�=ZfbevlhgbZg�kbkl_fu�[m^_l�m`_�^jm]bf��
MjZ\g_gby�=ZfbevlhgZ�ihemqZxlky�ba�l�g��wnn_dlb\gh]h�]ZfbevlhgbZgZ��\uqbkey_fh]h�
ih�nhjfme_ 

τψψ dHH ppeff

^
*∫=        

]^_�bgl_]jbjh\Zgb_�\_^_lky�ih�\k_fm�[_kdhg_qghfm�ijhkljZgkl\m��Z� pψ -�]Zmkkh\�\he�

gh\hc�iZd_l��\�\b^_�dhlhjh]h�fu�bs_f�j_r_gb_��<�^Zgghf�kemqZ_�ihklhyggZy�IeZgdZ�
\uklmiZ_l�dZd�iZjZf_lj��Mklj_feyy�ihklhyggmx�IeZgdZ�d�gmex��fu�ihemqbf�ij_^_ev�
guc� kemqZc� –� deZkkbq_kdmx� kbkl_fm�� <� kemqZ_� 0≠! � kbkl_fZ� mjZ\g_gbc� hibku\Z_l�
d\Zglh\mx�kbkl_fm�� 

JZkq_lu�ihdZaZeb��qlh� k�jhklhf�ihklhygghc�IeZgdZ�ih\_^_gb_� kbkl_fu� klZgh�
\blky�f_g__�oZhlbqguf��Z�ljZ_dlhjbb�–�[he__�mihjy^hq_ggufb��qlh�khhl\_lkl\m_l�ba�
\_klghfm� k\hckl\m� d\Zglh\uo� kbkl_f� -�hlkmlkl\bx�^bgZfbq_kdh]h�oZhkZ��LZd�dZd�bk�
ihevah\Zgguc�f_lh^�ijb[eb`_gguc��lh�^Zgguc�j_amevlZl�ihemqZ_lky��lhevdh�gZqbgZy�k�
g_dhlhjh]h agZq_gby� 0≠! ��H^gZdh�^Zgguc�f_lh^�^Z_l�gZ]ey^gh_��gZ�©yaud_ª�ljZ_dlh�
jbc��hibkZgb_�ih\_^_gby�d\Zglh\hc�kbkl_fu�\�mkeh\byo��dh]^Z�\�deZkkbq_kdhc�kbkl_f_�
gZ[ex^Z_lky�oZhk�� 

JZkq_lu�iha\hebeb�h[gZjm`blv�bgl_j_kguc�wnn_dl��dhlhjuc�fh`gh�gZa\Zlv�y\�
e_gb_f�©\u[hjhqghc�ij_^kdZam_fhklbª��HdZau\Z_lky��qlh�ijb�k\h_f�^\b`_gbb�\hegh�
\hc�iZd_l�imevkbjm_l��i_jbh^bq_kdb�k`bfZykv�b�jZkrbjyykv��Ijb�wlhf�fhf_glu�\j_�
f_gb��\�dhlhju_�\hegh\hc�iZd_l�hdZau\Z_lky�fZdkbfZevgh�©k`Zlufª��ihqlb�g_�aZ\bkyl�
hl�gZqZevguo�mkeh\bc��?keb�\� wlb�fhf_glu�\j_f_gb�ijh\h^blv�baf_j_gb_�dhhj^bgZl�
qZklbpu��lh�^bki_jkby�j_amevlZlh\�hdZau\Z_lky�fZehc��khhl\_lkl\_ggh�rbjbg_�\hegh�
\h]h� iZd_lZ� \� wlb�fhf_glu� \j_f_gb��� l�_�� agZqbl_evgh�f_gvr_� kj_^g_c� ^bki_jkbb� aZ�
\j_fy� kms_kl\h\Zgby� iZd_lZ��Wlh� ^Z_l� \hafh`ghklv� mklZgh\blv� ©ljZ_dlhjbx� ^\b`_�
gbyª�d\Zglh\hc�qZklbpu� 

LZdbf�h[jZahf��ijh\_^_ggh_�bkke_^h\Zgb_�ihdZaZeh��qlh�f_lh^�ik_\^hdh]_j_gl�
guo�khklhygbc�fh`_l�[ulv�ijbf_gbf�^ey�hibkZgby�d\Zglh\uo�kbkl_f��Wlh�ij_^klZ\ey�
_l�hij_^_e_gguc�ijZdlbq_kdbc�bgl_j_k��lZd�dZd�^Z_l�\hafh`ghklv�ijh\h^blv�ab initio 
jZkq_lu�^ey�fgh]hqZklbqguo�d\Zglh\uo�kbkl_f��LZd��gZ�i_j\hf�wlZi_�ieZgbjm_lky�bk�
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ihevah\Zlv� f_lh^� ^ey� jZkq_lZ� ki_dljh\� ih]ehs_gby�� baemq_gby� b� dhf[bgZpbhggh]h�
jZkk_ygby fgh]hZlhfguo�fhe_dme�ba�i_j\uo�ijbgpbih\� 

Ebl_jZlmjZ 
1. AZkeZ\kdbc�=�F��KlhoZklbqghklv�^bgZfbq_kdbo�kbkl_f,�³GZmdZ´�Fhkd\Z����� 
2. Mki_ob� kh\j_f_gghc� we_dljhgbdb�� ���� ����� �lhf� ihk\yszg� ijh[e_fZf� ^bgZfb�

q_kdh]h�oZhkZ� 
3. Namiot V.A., Chernavskii D.S. 3K\V�/HWW�$��Y���������S��-4 (2003) (22dec.) 
4. Audretsch J., Mensky M.B., Namiot V.A. Phys. Let. A. v.203 p.209-214 (1995) 
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7. GZfbhl�<�:��IbkvfZ�\�@LN l����1����k����-292 (1977) 

 
 

BKLHQGBDB�CP-G:JMR?GBY 
<�KL:G>:JLGHC�FH>?EB�B�??�J:KRBJ?GBYO 

KmdZq_\�:�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l  

NZah\uc�ih^oh^�ijb�jZkkfhlj_gbb�^bkdj_lguo�kbff_ljbc�b�bo�ijhy\e_gbc�ijb�
jZaghh[jZaguo�ljZgknhjfZpbyo�ihe_c�b�bo�dhf[bgZpbc�–�fhsguc�l_hj_lbq_kdbc�f_�
lh^��iha\heyxsbc�\uy\blv�nmg^Zf_glZevgu_�k\hckl\Z�nbabq_kdbo�ihe_c�b�k\yaZgguo�
k�gbfb�\aZbfh^_ckl\bc� 

<�i_j\hc�qZklb�^Zgghc�jZ[hl_�jZkkfZljb\Z_lky�h[sbc�f_lh^�dhfie_dkguo�nZa�\�
ijbf_g_gbb�d�hkgh\guf�^bkdj_lguf�kbff_ljbyf�–�hi_jZpbyf�ijhkljZgkl\_ggh]h�hl�
jZ`_gby��P)��aZjy^h\h]h�khijy`_gby��C) b�h[jZs_gby�\j_f_gb��T). 

H[hagZqZy� aZ� >LS_  -�gZqZevgh_�� Z� aZ� >IS_  -� dhg_qgh_� khklhygb_�nbabq_kdhc�

kbkl_fu��^h�b�ihke_�\aZbfh^_ckl\by��ihke_�hi_jZpbb�ijhkljZgkl\_ggh]h�hljZ`_gby��Z�
aZ� >L_ �b� >I_  -�gZqZevgh_�b�dhg_qgh_�khklhygb_�g_ij_h[jZah\Zgghc�kbkl_fu��aZibr_f�
mkeh\b_� bg\ZjbZglghklb� kbkl_fu� hlghkbl_evgh� hi_jZpbb� ijhkljZgkl\_ggh]h� hljZ`_�
gby�\�\b^_� 

��

� ____ LISS 66
IL

=  beb �� ________ ><=>< LI S6SL6I ,   

]^_�S – hi_jZlhj�\aZbfh^_ckl\by��ihkj_^kl\hf�dhlhjh]h�kbkl_fZ�i_j_oh^bl�ba�gZqZev�
gh]h�khklhygby�\�dhg_qgh_� 

Mkeh\b_�bg\ZjbZglghklb�hlghkbl_evgh�ijhkljZgkl\_ggh]h�hljZ`_gby�g_ihkj_^�
kl\_ggh�ke_^m_l�ba�mkeh\by�dhffmlZpbb�\b^Z� �@�> =36 beb��bkoh^y�ba�\b^Z�hi_jZlhjZ�S 
\�ij_^klZ\e_gbb�\aZbfh^_ckl\by� 

∑ ∫ ∫
∞

=

∞

∞−

∞

∞−

−=
�

LQW�LQW� ������������
�

��

Q

QQ

Q

[+[+7G[G[
Q

L
6 ,   

ba�mkeh\by�dhffmlZpbb�\�nhjf_�� �
��� LQWLQW [+3[3+ =+
��]^_� ���
 � [[3[[

&−== .  

:gZeh]bqgu_�khhlghr_gby�fh`gh�ihemqblv�lZd`_�^ey�hi_jZpbc�aZjy^h\h]h�kh�
ijy`_gby�b�h[jZs_gby�\j_f_gb��G_h[oh^bfh�hkh[h�ih^q_jdgmlv��qlh�mkeh\b_�dhffm�
lZpbb�y\ey_lky�imklv�b�^hklZlhqguf��gh�\h\k_�g_�g_h[oh^bfuf�mkeh\b_f�^ey�khojZg_�
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gby� bg\ZjbZglghklb�� kh]eZkgh� \\_^_gghfm� \ur_ hij_^_e_gbx�� Khhl\_lkl\mxsb_�
dhgljijbf_ju�lZd`_�ij_^klZ\e_gu�\�^Zgghc�jZ[hl_�� 

Hi_jZpbb�^bkdj_lguo�ij_h[jZah\Zgbc�hij_^_eyxlky�q_j_a�^_ckl\by�khhl\_lkl�
\mxsbo�hi_jZlhjh\�gZ�hi_jZlhju�jh`^_gby�b�mgbqlh`_gby��q_j_a�dhlhju_�fh`gh�\u�
jZablv�hkgh\gu_�\b^u�ihe_c��bkihevam_fuo�\�DLI�–�kdZeyjgh_��\_dlhjgh_�b�kibghj�
gh_��Ijb�wlhf�iheZ]Z_lky��qlh�khhl\_lkl\mxsZy�nZaZ�\ZdmmfZ�jZ\gZ�_^bgbp_� 

IjhkljZgkl\_ggh_�HljZ`_gb_  AZjy^h\h_�Khijy`_gb_ H[jZs_gb_�

<j_f_gb 
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Ijbf_g_gb_� mdZaZgguo� ij_h[jZah\Zgbc� d� jZaebqgh]h� jh^Z� iheyf� ijb\h^bl� d�
ihy\e_gbx� gZ[hjZ� nZah\uo� fgh`bl_e_c�� Khhlghr_gby� f_`^m� gbfb� g_ljm^gh� ihem�
qblv��bkihevamy�lj_[h\Zgb_�bg\ZjbZglghklb�eZ]jZg`_\uo�qe_gh\�XdZ\u�b�DW>�hlgh�
kbl_evgh�\\_^_gguo�\ur_�^bkdj_lguo�ij_h[jZah\Zgbc��Ihke_^h\Zl_evgh_�jZkkfhlj_�
gb_�ijb\h^bl�d�ke_^mxsbf�nhjfmeZf�^ey�ij_h[jZah\Zgby�hkgh\guo�lbih\�ihe_c� 

IjhkljZgkl\_ggh_�HljZ`_gb_  AZjy^h\h_�Khijy`_gb_ H[jZs_gb_�

<j_f_gb 

�
���  [3[3 Vφηφ =+       �
���  [&[& Vφηφ =+        �����  [W7[7 V

&−=+ φηφ  

�
��� �

 [3[3 Q ψγηψ =+    �
���  [=&[& Q ψηψ =+    ����� ��

 [W7[7 Q

&−=+ ψγγηψ  

�
���  [$3[3$ Y µ
µ η−=+    �
���  [$&[&$ Y

µµ η=+    �����  [W$7[7$ Y

&−−=+
µ

µ η  

>Zevg_cr__�jZkkfhlj_gb_�^Z_l�\hafh`ghklv�ihemqblv�g_h[oh^bfu_�khhlghr_�
gby�lZd`_�b�^ey�dhf[bgZpbc�jZkkfhlj_gguo�\ur_�ihe_c�b�[bebg_cguo�nhjf��khklZ\�
e_gguo�ba�gbo�� 

<h�\lhjhc�qZklb�jZ[hlu�bamqZxlky�ijbf_ju�gZjmr_gby�hl^_evguo�^bkdj_lguo�
kbff_ljbc��Z�lZd`_�dhf[bgbjh\Zgghc�KJ-bg\ZjbZglghklb�ba-aZ�kljmdlmju�jZaebqguo�
qe_gh\�eZ]jZg`bZgZ�l_hjbb��Hkh[uc�bgl_j_k�\uau\Z_l�bamq_gb_�ijhp_kkh\��gZjmrZx�
sbo� dhf[bgbjh\Zggmx� bg\ZjbZglghklv�� <� jZ[hl_� ihdZaZgh�� qlh� gZjmr_gb_� KJ-
bg\ZjbZglghklb�fh`_l�ijhbkoh^blv�^\mfy�jZaebqgufb�imlyfb� 

I_j\uc�imlv� k\yaZg� kh� kljmdlmjhc� d\Zjdh\h]h� k_dlhjZ�eZ]jZg`bZgZ�KlZg^Zjl�
ghc�Fh^_eb�� ]^_� gZebqb_� lj_o� ihdhe_gbc�nmg^Zf_glZevguo� kbevgh\aZbfh^_ckl\mx�
sbo�n_jfbhgh\� ijb\h^bl� d� ijbkmlkl\bx� g_mkljZgbfuo� dhfie_dkguo�nZa� \�fZljbp_�
CKM�� ihemqZxs_cky� ijb� ^bZ]hgZebaZpbb� ihke_^g_c� ihke_� kihglZggh]h� gZjmr_gby�
kbff_ljbb�ihe_c�Ob]]kZ. 

<lhjhc� imlv� k\yaZg� g_ihkj_^kl\_ggh� kh� kljmdlmjhc� ob]]kh\kdh]h� k_dlhjZ� eZ�
]jZg`bZgh\� b� ijb\h^bl� d� ihy\e_gbx� dhfie_dkguo�nZa�� k\yaZgguo� bkdexqbl_evgh� k�
\gmlj_ggbfb�k\hckl\Zfb�kdZeyjguo�ihe_c�ijb�^bkdj_lguo�ij_h[jZah\Zgbyo��GZjmr_�
gb_�KJ-bg\ZjbZglghklb�\�wlhf�kemqZ_�ijhbkoh^bl�m`_�aZ�ij_^_eZfb�KlZg^Zjlghc�Fh�
^_eb��<� ^Zgghc� jZ[hl_� jZkkfZljb\Z_lky� ob]]kh\kdbc� ihl_gpbZe� fbgbfZevghc� kmi_j�
kbff_ljbqghc�l_hjbb��dhfie_dkghklv�nZah\uo�fgh`bl_e_c�\�dhlhjhf�ijb\h^bl�d�gZ�
jmr_gbx�CJ-bg\ZjbZglghklb� 

JZ[hlZ� aZ\_jrZ_lky�jZkkfhlj_gb_f�hkpbeeypbc� �� a
.. − �f_ahgh\�b�wnn_dlZfb�

gZjmr_gby�KJ-bg\ZjbZglghklb�\�gbo��dZd�aZ�kq_l�h[f_gZ�aZjy`_ggufb�ijhf_`mlhqgu�
fb�[hahgZfb��lZd�b�aZ�kq_l�h[f_gZ�[hahgZfb�Ob]]kZ��MdZau\Zxlky�bklhqgbdb�ijyfh]h�b�
dhk\_ggh]h�gZjmr_gby�b�ZgZebabjm_lky�\hafh`guc�\deZ^�^bZ]jZff�lbiZ�box�k�h[f_�
ghf�g_cljZevgufb�b�aZjy`_ggufb�[hahgZfb�Ob]]kZ� 
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M>D�������� 

KMFFBJH<:GB? >B:=J:FF�N?CGF:G:�< N=1 
KMI?JKBFF?LJBQGHC D<:GLH<HC�WE?DLJH>BG:FBD? 

<�Q?LUJ?OI?LE?<HF�IJB;EB@?GBB 

∗Ibf_gh\�:�;�,�Kl_iZgvygp�D�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bkke_^h\Zgb_�d\Zglh\uo�ihijZ\hd�\�kmi_jkbff_ljbqguo�l_hjbyo�ij_^klZ\ey_l�
kh[hc�bgl_j_kgmx�b�\h�fgh]bo�kemqZyo�\_kvfZ�g_ljb\bZevgmx�aZ^Zqm��Fgh]b_�d\Zglh�
\u_�k\hckl\Z�kmi_jkbff_ljbqguo�l_hjbc�hij_^_eyxlky�kljmdlmjhc�d\Zglh\uo�ZghfZ�
ebc��GZijbf_j��ZdkbZevgZy�ZghfZeby�b�ZghfZeby�ke_^Z�l_gahjZ�wg_j]bb-bfimevkZ�\�km�
i_jkbff_ljbqguo�fh^_eyo�ijbgZ^e_`Zl�h^ghfm�kmi_jfmevlbie_lm��Ijb�wlhf�ZdkbZev�
gZy� ZghfZeby� y\ey_lky� qbklh� h^ghi_le_\hc�� lh]^Z� dZd� ZghfZeby� ke_^Z� ^he`gZ� [ulv�
ijhihjpbhgZevgZ� −β nmgdpbb�\h�\k_o�ihjy^dZo�l_hjbb�\hafms_gby��Ihwlhfm��gZ�i_j�
\uc�\a]ey^�dZ`_lky��qlh� −β nmgdpby�\�kmi_jkbff_ljbqguo�l_hjbyo�^he`gZ�[ulv�h^�
ghi_le_\hc�� H^gZdh�� y\gu_� \uqbke_gby� k� bkihevah\Zgb_f� j_]meyjbaZpbb� jZaf_jghc�
j_^mdpbb� ihdZaZeb� kms_kl\h\Zgb_� \deZ^h\� \ukrbo� i_l_ev� \� −β nmgdpbx��Ihemqb\�
r__ky�ijhlb\hj_qb_�[ueh�gZa\Zgh�©ijh[e_fhc�ZghfZebcª�� 

J_r_gb_�ijh[e_fu�ZghfZebc�fh`gh�^Zlv�ijb�bkihevah\Zgbb�g_ijhlb\hj_qb\hc�
j_]meyjbaZpbb�\ukrbfb�ijhba\h^gufb��Y\gu_�\uqbke_gby��\uiheg_ggu_�k�__�ihfh�
svx��ihdZaZeb��qlh� −β nmgdpby��hij_^_e_ggZy�ih�jZkoh^bfhklyf� 







=

πµ
β

4ln

2e

d

d ,        

y\ey_lky�qbklh�h^ghi_le_\hc�b�jZ\ghc�
π

αβ
4

2

= ��Ijb�wlhf�nmgdpby�=_ee-FZgZ-Ehm��dh�

lhjZy�hij_^_ey_lky�ih�ihi_j_qghc�qZklb�^\molhq_qghc�nmgdpbb�=jbgZ�dZeb[jh\hqgh]h�

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb 
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ihey��bf__l�ihijZ\db�\h�\k_o�ihjy^dZo�l_hjbb�\hafms_gby�b�kh\iZ^Z_l�k�lZd�gZau\Z_�
fhc� −β nmgdpb_c�Gh\bdh\Z��RbnfZgZ��AZoZjh\Z�b�<Zcgrl_cgZ� �NSVZ���dhlhjZy�^ey�
N=1 kmi_jkbff_ljbqghc�d\Zglh\hc�we_dljh^bgZfbdb�bf__l�\b^� 

( ),)(1
4

2

αγ
π

αβ −=NSZV       

]^_� −)(αγ �ZghfZevgZy�jZaf_jghklv�kmi_jihey�fZl_jbb�� 
IjbqbgZ�jZaebqby�^\mo� −β nmgdpbc�aZdexqZ_lky�\�lhf��qlh�ijb�klZg^Zjlghf�hi�

j_^_e_gbb�ijhba\h^ys_]h�nmgdpbhgZeZ��hg�hdZau\Z_lky�aZ\bkysbf�hl�lhqdb�ghjfbjh\db� 
Y\gZy�ijh\_jdZ�wlbo�jZkkm`^_gbc�[ueZ�k^_eZgZ�\�lj_oi_le_\hf�ijb[eb`_gbb�\�

jZ[hl_�>�@��H^gZdh��k\yav� −β nmgdpbb�=_ee-FZgZ-Ehm�k�ZghfZevghc�jZaf_jghklvx��ih-
\b^bfhfm��bf__l�f_klh�\h�\k_o�ihjy^dZo�l_hjbb�\hafms_gby��Ihwlhfm�\Z`guf�y\ey_l�
ky \hijhk�h[�bkke_^h\Zgbb�wlh]h�nZdlZ�\h�\k_o�i_leyo��QZklbqgh�lZdh_�^hdZaZl_evkl\h�
[ueh�^Zgh�\�jZ[hl_�>�@�� 

<�wlhc�jZ[hl_�[ueh�ihdZaZgh��qlh�k�ihfhsvx�mjZ\g_gbc�R\bg]_jZ->ZckhgZ�b�lh�
`^_kl\�Mhj^Z�fh`gh�hlkmffbjh\Zlv�[hevrmx�qZklv�^bZ]jZff�N_cgfZgZ��>ey�l_o�^bZ�
]jZff��dhlhju_�g_�m^Zehkv�kmffbjh\Zlv�lZdbf�h[jZahf��[ueh�\ukdZaZgh�ij_^iheh`_gb_�
h�kljmdlmj_�bo�\deZ^h\�\�^\molhq_qgmx�nmgdpbx�=jbgZ�dZeb[jh\hqgh]h�ihey��<�j_amev�
lZl_�ihemqZ_lky��qlh� −β nmgdpby��hij_^_e_ggZy�ih�jZkoh^bfhklb��hdZau\Z_lky�qbklh�h^�
ghi_le_\hc��Z� −β nmgdpby�=_ee-FZgZ-Ehm�kh\iZ^Z_l�k�lhqghc�NSVZ-nmgdpb_c� 

L_f�g_�f_g__��j_amevlZlu�wlhc�jZ[hlu�gm`^Zxlky�\�^hihegbl_evghc�ijh\_jd_��
<h-i_j\uo�� `_eZl_evgh� ijh\_jblv� kijZ\_^eb\hklv� \ukdZaZggh]h� ij_^iheh`_gby� h�
kljmdlmj_�\deZ^h\��g_�hij_^_e_gguo�gZ�hkgh\_�lh`^_kl\�Mhj^Z��LZdb_�\deZ^u�kms_kl�
\mxl� gZqbgZy� k� lj_oi_le_\h]h� ijb[eb`_gby�� <hafh`gh�� qlh� gZ� mjh\g_� lj_o� i_l_ev�
kijZ\_^eb\hklv� wlhc� ]bihl_au� hkgh\ZgZ� gZ� kemqZcghf� kh\iZ^_gbb��Ihwlhfm�� g_h[oh�
^bfh�k^_eZlv�ijh\_jdm�\�ke_^mxs_f�ihjy^d_�l_hjbb�\hafms_gby��lh�_klv�\�q_luj_o�
i_le_\hf�ijb[eb`_gbb��<h-\lhjuo��ohl_ehkv�[u�y\gh�ijh\_jblv�ihklhjh_gguc�\�jZ[h�
l_� [2] Ze]hjblf�kmffbjh\Zgby�^bZ]jZff�N_cgfZgZ��Wlbf�ijh[e_fZf�ihk\ys_gZ�l_fZ�
^Zggh]h�^hdeZ^Z��<�g_c�jZkkfZljb\Z_lky�N=1 kmi_jkbff_ljbqgZy�d\Zglh\Zy�we_dljh^b�
gZfbdZ��j_]meyjbah\ZggZy�k�ihfhsvx�f_lh^Z�\ukrbo�ijhba\h^guo� 

<� wlhc� fh^_eb� [ueb� \uqbke_gu� q_luj_oi_le_\u_� ^bZ]jZffu�� hij_^_eyxsb_�
\deZ^�\�^\molhq_qgmx�nmgdpbx�=jbgZ�dZeb[jh\hqgh]h�ihey��Wlh�[ueh�k^_eZgh�^\mfy�
kihkh[Zfb��y\guf�\uqbke_gb_f�\�f_lh^_�kmi_j]jZnh\�b�k�ihfhsvx�nhjfme�Ze]hjblfZ�
kmffbjh\Zgby�^bZ]jZff�N_cgfZgZ�� 

Ihkdhevdm�iheguc�q_luj_oi_le_\hc�\deZ^�kebrdhf�keh`_g��[ueZ�jZkkfhlj_gZ�
hij_^_e_ggZy� ]jmiiZ� ^bZ]jZff�� dhlhjZy� ko_fZlbqgh� fh`_l� [ulv� ij_^klZ\e_gZ� ke_�
^mxsbf�h[jZahf� 

GZ�jbk. 1�bah[jZ`_g�hklh\��y\eyxsbcky�hkgh\hc�^bZ]jZff�bkke_�
^m_fh]h�deZkkZ��LhqdZfb�hlf_q_gu�\k_\hafh`gu_�f_klZ��d�dhlhjuf�fh�
]ml�[ulv�ijbdj_ie_gu�^\_�\g_rgb_�ebgbb�dZeb[jh\hqgh]h�ihey� 

>ey�\uqbke_gby�^bZ]jZff�^Zggh]h�deZkkZ�k�ihfhsvx�f_lh^Z�km�
i_j]jZnh\� bkihevah\Zeky�f_lh^ [3]�� iha\heyxsbc� kms_kl\_gguf� h[jZ�
ahf�h[e_]qblv�\uqbke_gby�^bZ]jZff�N_cgfZgZ��hij_^_eyxsbo�^\molh�

q_qgmx�nmgdpbx�=jbgZ�dZeb[jh\hqgh]h�ihey��
Wlhl�f_lh^�lZd`_�ij_^klZ\e_g�\�^hdeZ^_� 

<�khhl\_lkl\bb�k�jZ[hlhc� >�@�^\molhq_q�
gZy�nmgdpby�=jbgZ�dZeb[jh\hqgh]h�ihey�fh`_l�
[ulv� ij_^klZ\e_gZ� \� \b^_� kmffu� ^\mo� wnn_d�
lb\guo�^bZ]jZff��bah[jZ`_gguo�gZ�jbk� 2. 

 
Jbk��� 
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<deZ^u�\�h[_�wnn_dlb\gu_�^bZ]jZffu�[ueb�\uqbke_gu�^\mfy�\ur_�mdZaZggu�
fb�kihkh[Zfb��Ijb�wlhf�ihemq_gh�Z[khexlgh_�kh\iZ^_gb_�j_amevlZlh\��Ihwlhfm��lj_o�
i_le_\hc�j_amevlZl��ih-\b^bfhfm��g_�y\ey_lky�kemqZcguf�� 

Djhf_�lh]h� [ueZ�y\gh�ijh\_j_gZ�kijZ\_^eb\hklv�]bihl_au��\ukdZaZggZy�\�jZ[h�
l_�[2] \�hlghr_gbb�\deZ^h\��dhlhju_�g_�fh]ml�[ulv�gZc^_gu�gZ�hkgh\_�lh`^_kl\�Mhj^Z�� 

LZdbf� h[jZahf�� [ueZ� hkms_kl\e_gZ�ihegZy�ijh\_jdZ� Ze]hjblfZ� kmffbjh\Zgby�
^bZ]jZff�N_cgfZgZ�\�N=1 kmi_jkbff_ljbqghc�d\Zglh\hc�we_dljh^bgZfbd_�\�jZkkfZl�
jb\Z_fhf�q_luj_oi_le_\hf�ijb[eb`_gbb��Ijb�wlhf��dZd�hdZau\Z_lky��^Zgguc�Ze]hjblf�
iha\hey_l�g_�ijhklh�ijhkmffbjh\Zlv�\k_�^bZ]jZffu�^Zggh]h�ihjy^dZ�l_hjbb�\hafms_�
gby��gh�b�ijhkmffbjh\Zlv�^bZ]jZffu�hij_^_e_ggh]h�deZkkZ� 

Ebl_jZlmjZ 
1. Khehr_gdh�:�:���Kl_iZgvygp�D�<�Lj_oi_le_\Zy� −β nmgdpby�N ��kmi_jkbff_ljbq�
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3. :g^jbyr�?�:���Ibf_gh\�:�;���Kl_iZgvygp�D�<�� ���Mijhs_gguc�f_lh^�\uqbke_gby�
kmi_j]jZnh\��hij_^_eyxsbo�^\molhq_qgmx�nmgdpbx�=jbgZ�dZeb[jh\hqgh]h�ihey����
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M>D�������� 

<:DMMFGU?�DHG>?GK:LU�J:AF?JGHKLB�><: 
<�D:EB;JH<HQGH�BG<:JB:GLGUO�L?HJBYO 

∗∗;udh\ >�<� 

F=M�bf��F�<��Ehfhghkh\Z, nbabq_kdbc�nZdmevl_l 

<�ihke_^g__�\j_fy�\k_�[hevr_�\gbfZgby�\�g_Z[_e_\uo�dZeb[jh\hqguo�l_hjbyo�
m^_ey_lky�\Zdmmfguf�dhg^_gkZlZf� 2Aµ< > �b� a ac c< > ��Ij_^iheZ]Z_lky��qlh�wlb�dhg^_g�
kZlu� g_kml� bgnhjfZpbx� h� g_i_jlmj[Zlb\guo� y\e_gbyo� \� d\Zglh\hc� ojhfh^bgZfbd_��
lZdbo�dZd�dhgnZcgf_gl�d\Zjdh\�>�� �@��Hgb�^Zxl�\deZ^�\�g_i_jlmj[Zlb\gmx�qZklv�]ex�
hggh]h�ijhiZ]ZlhjZ�>�@��<�jZ[hlZo�>�� �@�[ueZ�\u^\bgmlZ�b^_y�h�lhf��qlh�]exhgguc�dhg�
^_gkZl�fh`_l�[ulv�qm\kl\bl_e_g�d�jZaebqguf�lhiheh]bq_kdbf�^_n_dlZf��lZdbf�dZd�^b�
jZdh\kdb_� kljmgu� b� fhghiheb�� JZkkfZljb\Z_fu_� dhg^_gkZlu� y\eyxlky� \Zdmmfgufb�
kj_^gbfb�aZ\bkysbo�hl�dZeb[jh\db�hi_jZlhjh\��qlh�ihjh`^Z_l�keh`ghklb�ijb�ihiuld_�
bo�bkihevah\Zgby�^ey�jZkq_lZ�gZ[ex^Z_fuo�wnn_dlh\��<�jZ[hlZo�>�� �@�[ueh�ihdZaZgh��
qlh�_keb�jZkkfZljb\Zlv�l_hjbx�Yg]Z-FbeekZ�dZd�ij_^_e��j_]meyjbah\Zgghc��g_dhffm�
lZlb\ghc�dZeb[jh\hqgh�bg\ZjbZglghc�l_hjbb��lh�\Zdmmfgh_�kj_^g__� 2 4( )A x d xµ< >∫ �g_�

aZ\bkbl�hl�\u[hjZ�dZeb[jh\db�b��ke_^h\Zl_evgh��fh`_l�bf_lv�g_ihkj_^kl\_gguc�nbab�
q_kdbc�kfuke��Wlh�^hdZaZl_evkl\h�kms_kl\_ggh�aZ\bkbl�hl�kms_kl\h\Zgby�dZeb[jh\hq�
gh�bg\ZjbZglghc�j_]meyjbaZpbb�g_dhffmlZlb\guo�l_hjbc��\hijhk�h�dhlhjhc�gm`^Z_lky�
\�^hihegbl_evghf�bkke_^h\Zgbb��Ihwlhfm�ij_^klZ\ey_l�bgl_j_k�bkke_^h\Zgb_�dZeb[�
jh\hqghc�bg\ZjbZglghklb�dhg^_gkZlZ�jZaf_jghklb���g_ihkj_^kl\_ggh�\�dhffmlZlb\ghc�
                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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l_hjbb��Z�lZd`_�\hijhk�h�_]h�\hafh`ghf�\deZ^_�\�hi_jZlhjgh_�jZaeh`_gb_�<bevkhgZ��<�
gZklhys_c�jZ[hl_�fu�bkke_^m_f�^Zggmx�ijh[e_fm�dZd�\�Z[_e_\hf��lZd�b�\�g_Z[_e_\hf�
kemqZ_�b�jZkkfZljb\Z_f�\hijhk�h�\bevkhgh\kdhf�jZaeh`_gbb�\�g_dhffmlZlb\ghc�l_hjbb� 

GZb[he__�ijhklufb�nmgdpbyfb�=jbgZ�\�g_Z[_e_\uo�dZeb[jh\hqguo�l_hjbyo�y\�
eyxlky�nmgdpbb�=jbgZ�\b^Z ( ) ( )a bTA x A yµ ν< > , ( ) ( )a bTc x c y< > ��b� kh\j_f_ggu_�qbke_g�
gu_� jZkq_lu� dhglbgmZevguo� bgl_]jZeh\�� hij_^_eyxsbo� wlb� \Zdmmfgu_� kj_^gb_�� ih�
a\heyxl� \� lhf� qbke_� bkke_^h\Zlv� g_i_jlmj[Zlb\gu_� \deZ^u� \� wlb� ijhiZ]Zlhju��Wlb�
\deZ^u� gZb[he__� gZ]ey^gh� ij_^klZ\e_gu� \� \bevkhgh\kdhf� jZaeh`_gbb� hi_jZlhjh\�

( ) ( )a bTA x A yµ ν �b� ( ) ( )a bTc x c y ��\�dhlhjhf�hgb�ijhy\eyxlky�\�\b^_�kl_i_gguo�ihijZ\hd�d�

\_^ms_fm� qe_gm� ihjy^dZ� 2(( ) )O x y −− �� khhl\_lkl\mxs_]h� \� jZaeh`_gbb� _^bgbqghfm�
hi_jZlhjm�� Ke_^mxsb_� hi_jZlhju�� ^Zxsb_� \deZ^� \� wlh� jZaeh`_gb_�� _klv� hi_jZlhju�
fZkkh\hc�jZaf_jghklb���� 2( )A xµ �b� ( ) ( )a ac x c x . 

Hlf_lbf� h^gh� g_fZeh\Z`gh_� ijbgpbibZevgh_� jZaebqb_�f_`^m� ijhiZ]ZlhjZfb�
dZeb[jh\hqguo�ihe_c�\�Z[_e_\hc�b�g_Z[_e_\hc�l_hjbyo��Ijbf_qZl_evguf�y\ey_lky�lhl�
nZdl��qlh�\�Z[_e_\hc� (1)U -l_hjbb�\�iheguc�ijhiZ]Zlhj�nhlhggh]h�ihey�dZeb[jh\hqguc�
iZjZf_lj�α �\oh^bl�ebrv�q_j_a�ljb\bZevgmx�ijh^hevgmx�qZklv� 

2
2 2 4

1
( ) ( ) ( )

p p p p
G p G p

p p p
µ ν µ ν

µν µνη α= − − ,   (1) 

]^_� 2( )G p �g_� aZ\bkbl� hl� α � �\�g_Z[_e_\hc� l_hjbb� wlh�ml\_j`^_gb_�m`_�g_\_jgh��qlh�
fh`gh�ihdZaZlv��ijh\_^y�\uqbke_gby�\�gbarbo�ihjy^dZo�l_hjbb�\hafms_gbc���>hdZaZ�
l_evkl\h�wlh]h�ml\_j`^_gby�fh`gh�gZclb��gZijbf_j��\� >�@��Wlh�gZ[ex^_gb_�iha\hey_l�
gZf�ihkljhblv�ke_^mxsmx�dZeb[jh\hqgh-bg\ZjbZglgmx�\_ebqbgm� 

0( ( ) ( ) ( ) ( ))T A x A y c x c yµ
µ α< + > .     

Hkh[uc�bgl_j_k�ij_^klZ\ey_l��h^gZdh��kemqZc�g_Z[_e_\hc�l_hjbb��<�jZ[hl_�>�@�ijb�
ihfhsb� f_lh^h\� g_dhffmlZlb\ghc� l_hjbb� ihey� ihdZaZgh�� qlh� dZeb[jh\hqgh-

bg\ZjbZglguf�y\ey_lky�dhg^_gkZl�
2 4( )A x d xµ< >∫ ��h^gZdh�^Zggh_�ml\_j`^_gb_�gm`^Z_lky�

\�g_dhlhjhf�ihykg_gbb��l�d���gZijbf_j��ba�����\b^gh��qlh�\�qZklghf�kemqZ_�Z[_e_\hc�l_hjbb 

2
0( ) (0)c

d
A x D

d µα
< > = −       

�a^_kv�
4

2
( )

ikz

c

e d k
D z

k iε
≡

+∫ ���b�wlZ�\_ebqbgZ�jZ\gZ�gmex�ebrv�ijb� (0) 0cD = ��qlh�kijZ\_^�

eb\h��gZijbf_j��\�jZaf_jghc�j_]meyjbaZpbb��<iheg_�\hafh`gh��qlh�\�g_dhffmlZlb\ghc�
l_hjbb�lj_[h\Zgb_�kms_kl\h\Zgby�dZeb[jh\hqgh-bg\ZjbZglghc�j_]meyjbaZpbb�y\ey_lky�
\_kvfZ�`_kldbf��Z�\ur_mihfygmlh_�mkeh\b_�y\ey_lky�g_h[oh^bfuf�^ey�wlh]h��Wlhl�\h�
ijhk�g_ljb\bZe_g�b�gm`^Z_lky�\�^Zevg_cr_f�bkke_^h\Zgbb��<�gZklhys_c�jZ[hl_�ijb�
\_^_g�h^bg�ba�\hafh`guo�f_lh^h\�ijh\_jdb�jZ\_gkl\Z 

2
0( ) 0

d
A x

d µα
< > = ,       

Z�bf_ggh�ihdZaZgh��qlh�^ey�wlh]h�g_h[oh^bfuf�y\ey_lky�ke_^mxs__�mkeh\b_� 

0 0( ) ( ) 0a ac x c x α =< > = ,      
l�_��hlkmlkl\b_�dhg^_gkZpbb�^moh\�\�ehj_gp_\hc�dZeb[jh\d_� 

LZdbf�h[jZahf��\�^Zgghc�jZ[hl_�ihemq_gu�ke_^mxsb_�j_amevlZlu��\h-i_j\uo��\�
(1)U -l_hjbb� ihdZaZgZ� dZeb[jh\hqgZy� bg\ZjbZglghklv� \Zdmmfgh]h� kj_^g_]h�

0( ( ) ( ) ( ) ( ))T A x A y c x c yµ
µ α< + > �b�ihkljh_g�y\guc�\b^�\bevkhgh\kdh]h�jZaeh`_gby�wlh�
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]h� hi_jZlhjZ�� Ij_^eh`_g� f_lh^� ijh\_jdb� jZ\_gkl\Z� 2
0( ) 0

d
A x

d µα
< > = � \� g_Z[_e_\hc�

l_hjbb�iml_f�bamq_gby�k\hckl\�^moh\h]h�dhg^_gkZlZ��IhdZaZgh��qlh�\�g_dhffmlZlb\ghc�
l_hjbb�ihey�\bevkhgh\kdh_�jZaeh`_gb_�ijhba\_^_gby�hi_jZlhjh\�g_kijZ\_^eb\h��b�ih�
wlhfm� ba� dZeb[jh\hqghc� bg\ZjbZglghklb� dhg^_gkZlZ� 2Aµ< > � g_evay� k^_eZlv� \u\h^� h�
ijbkmlkl\bb�khhl\_lkl\mxs_]h�hi_jZlhjZ�\�\bevkhgh\kdhf�jZaeh`_gbb�dZeb[jh\hqgh�
bg\ZjbZglgh]h�ijhba\_^_gby�hi_jZlhjh\�\�dhffmlZlb\ghc�l_hjbb� 

 
:\lhj�[eZ]h^Zj_g�:�:� KeZ\gh\m�aZ�ihklZgh\dm�aZ^Zqb� 

Ebl_jZlmjZ 
1. Gubarev F.V., Stodolsky L., Zakharov V.I. Phys.Rev.Lett 86 (2001) 2220 
2. Gubarev F.V., Zakharov V.I. Phys.Lett.B 501 (2001) 28 
3. Arriola E.R., Bowman P.O., Broniowski Q. Landau-gauge condensates from the quark 

propagator on the lattice, hep-ph/0408309 
4. Slavnov A.A., hep-th/0407194 
5. Slavnov A.A. Noncommutative gauge theories and gauge invariance of dimension two 

condensate in Yang-Mills theory, Phys. Lett. B 608 (2005) 171-176 
 
 

M>D 530.12; 539.12 

KD:EJBAF�<��-F?JGHC�L?HJBB�D:EMPU 

∗∗<eZ^bfbjh\�X�K���FboZceh\�:�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

M\_ebq_gb_�jZaf_jghklb�ijhkljZgkl\Z-\j_f_gb�gZ�_^bgbpm�iha\hey_l��ihfbfh�
]jZ\blZpbhggh]h��]_hf_ljbah\Zlv�we_dljhfZ]gblgh_�\aZbfh^_ckl\b_��Ijb�wlhf��dZd�ih�
dZaZe�L��DZempZ� \� ����� ].� >�@�� k� dhfihg_glZfb� �-f_jgh]h�f_ljbq_kdh]h� l_gahjZ� ABG  
�[hevrb_�eZlbgkdb_�bg^_dku�ijh[_]Zxl�agZq_gby������������fZeu_�]j_q_kdb_�– 0,1,2,3) 
gm`gh�jZkihjy^blky�ke_^mxsbf�h[jZahf��^_kylv�dhfihg_gl�Gµν � �lhqg__�^_kylv�dhf�

[bgZpbc�ba�gbo��ke_^m_l�khihklZ\blv�k�dhfihg_glZfb� gµν �wcgrl_cgh\kdhc�HLH��q_�

luj_� dhfihg_glu� 5Gµ � fh`gh� k\yaZlv� k� q_lujvfy� dhfihg_glZfb� we_dljhfZ]gblgh]h�

\_dlhjgh]h�ihl_gpbZeZ� Aµ ��b�hklZ_lky�_s_�h^gZ��iylgZ^pZlZy�dhfihg_glZ��dhlhjZy��dZd�

h`b^Z_lky�jy^hf�Z\lhjh\��fh`_l�hibku\Zlv�dZdh_-lh�gh\h_�kdZeyjgh_�ihe_� 
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H^gZdh� \� [hevrbgkl\_� kemqZ_\� hl� kdZeyjgh]h� ihey� ba[Z\eyxlky�� ihklmebjmy�

55 1G = − ��LZd�`_�ij_^eZ]Z_lky�kqblZlv�dhfihg_glu�f_ljbdb�g_�aZ\bkysbfb�hl�iylhc�

dhhj^bgZlu��pbebg^jbqghklv�ih�iylhc�dhhj^bgZl_�� 
K�mq_lhf�wlbo�mkeh\bc���-f_jgu_�mjZ\g_gby��ihke_�j_^mdpbb�d��-f_jbx��^Zxl�

jy^� bgl_j_kguo� j_amevlZlh\� �kf�� >�@���Ba� �-f_jguo� mjZ\g_gbc�Wcgrl_cgZ�� dhlhju_�
ihklmebjmxlky�\�\b^_� 

5 51
æ

2AB AB ABR G R Q− = �       

]^_� ABQ  – 5-f_jguc�l_gahj�wg_j]bb-bfimevkZ��ihemqZxlky�h[uqgu_�mjZ\g_gby�Wcg�

rl_cgZ�kh�klZg^Zjlguf�l_gahjhf�wg_j]bb-bfimevkZ�we_dljhfZ]gblgh]h�ihey�\�ijZ\hc�
qZklb�� \lhjZy� iZjZ� mjZ\g_gbc�FZdk\_eeZ� b� g_dhlhjh_� kdZeyjgh_� mjZ\g_gb_�� Ba� �-
f_jguo�mjZ\g_gbc�]_h^_abq_kdbo�ihemqZ_lky�\_dlhjgh_�mjZ\g_gb_��khhl\_lkl\mxs__�
mjZ\g_gbx�^\b`_gby�aZjy`_gghc�qZklbpu�kh�klZg^Zjlghc�kbehc�Ehj_gpZ��b�kdZeyj�
gh_�mjZ\g_gb_��^Zxs__�ihklhygkl\h�hlghr_gby�we_dljbq_kdh]h�aZjy^Z�ijh[ghc�qZk�
lbpu�d�__�fZkk_� GZdhg_p��^himklbfu_�\�l_hjbb�ij_h[jZah\Zgby�dhhj^bgZl�khhl\_lkl�
\mxl� ba\_klguf� dZeb[jh\hqguf� ij_h[jZah\Zgbyf� \_dlhjgh]h� ihl_gpbZeZ� we_dljh�
fZ]gblgh]h�ihey� 

Ljm^ghklvx� l_hjbb� DZempu� y\eyehkv� kdZeyjgh_� mjZ\g_gb_�� \ul_dZxs__� ba�
mjZ\g_gbc�Wcgrl_cgZ��dhlhjh_�ijb\h^beh�d�`_kldhc�k\yab�f_`^m�kdZeyjghc�djb\ba�

ghc�b�we_dljhfZ]gblguf�kdZeyjhf F F µν
µν ��H^gZdh�wlm�ijh[e_fm�m^Zehkv�jZaj_rblv�

\�jZfdZo�eZ]jZg`_\h]h�ih^oh^Z��ihklmebjmy�mkeh\b_� 55 1G = − �gZ�mjh\g_�eZ]jZg`bZ�

gZ��<�wlhf�kemqZ_�kdZeyjgh]h�mjZ\g_gby�g_�\hagbdZ_l� 
DZaZehkv�[u� lZdZy� l_hjby�iheghklvx�hibku\Z_l� ]jZ\blZpbx�b� we_dljhfZ]g_�

lbaf��bkoh^y�ba�h[sbo� ]_hf_ljbq_kdbo�ijbgpbih\��H^gZdh�hklZeky�g_mql_gguf�lhl�
nZdl��qlh�\�mjZ\g_gbb�^\b`_gby�aZjy`_gghc�qZklbpu�ihfbfh�]jZ\blZpbhgghc�kbeu�b�
kbeu�Ehj_gpZ�ijbkmlkl\m_l�_s_�h^bg�qe_g��h[mkeh\e_gguc�ihl_j_c�wg_j]bb�ijb�ba�
emq_gbb� mkdhj_ggh� ^\b`ms_cky� qZklbpu� �kbeZ� jZ^bZpbhggh]h� lj_gby��� Wlhl� qe_g�
m^Zehkv� ihemqblv�� jZkkfhlj_\� l_hjbx�DZempu� kh� kdZeyjbafhf�� l�_�� hldZaZ\rbkv� hl�
mkeh\by� 55 1G = − ��<�wlhf�kemqZ_�\_dlhjgh_�mjZ\g_gb_�]_h^_abq_kdbo�ijbgbfZ_l�\b^� 

2

.2 2 2
0 04

du q q
u u F u u u

ds m c Gm

µ
µ α β µ ν µ µ ν
αβ ν νϕ

 = −Γ − − Φ − Φ  ,    

a^_kv�\\_^_gu�ke_^mxsb_�h[hagZq_gby� 

1
;

xµ µ
ϕ

ϕ
∂Φ =
∂

 55Gϕ = − .     

GZihfgbf��qlh�mjZ\g_gby�^\b`_gby�aZjy`_gghc�qZklbpu�\�deZkkbq_kdhc�we_d�
ljh^bgZfbd_�aZibku\Zxlky�ke_^mxsbf�h[jZahf��kf��gZijbf_j�>�@�� 

2 2 2

.2 2 2 2
0 0

2

3

du q q d u d u
u u F u u u

ds m c m c ds ds

µ µ ν
µ α β µ ν µ
αβ ν ν

 
= −Γ − − − 

 
.   

<b^gh��qlh�^hihegbl_evgu_�keZ]Z_fu_�\�h[hbo�mjZ\g_gbyo�ijhihjpbhgZevgu�
d\Z^jZlm�aZjy^Z�^\b`ms_cky�qZklbpu��Djhf_�lh]h��\ujZ`_gby�\�kdh[dZo�bf_xl�h^b�
gZdh\mx�kljmdlmjm��qlh�^Z_l�hkgh\Zgby�^ey�hlh`^_kl\e_gby 
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2
0

2 2 2

1 1 8

2 3

g Gm d u

x c ds

µν µ
µ

νϕ ϕ
 ∂Φ = − = − ∂  

.    

LZdbf�h[jZahf��ijboh^bf�d�\u\h^m��qlh�kdZeyjgh_�ihe_�\�l_hjbb�DZempu�fh�
`_l�hl\_qZlv�aZ�baemq_gb_�aZjy`_gghc�qZklbp_c�we_dljhfZ]gblgh]h�ihey��D�lZdhc�`_�
bgl_jij_lZpbb�ijb\h^bl�ZgZeba�kdZeyjgh]h�mjZ\g_gby�]_h^_abq_kdbo��Hlghr_gb_�aZ�
jy^Z�qZklbpu� d� __�fZkk_� l_i_jv�g_� y\ey_lky�ihklhygghc� \_ebqbghc��qlh�oZjZdl_jgh�
^ey�baemqZxs_c�qZklbpu�� 

Ebl_jZlmjZ 
1. DZempZ� L�D�� D� ijh[e_f_� _^bgkl\Z� nbabdb�� ��� K[�� :ev[_jl� Wcgrl_cg� b� l_hjby�

]jZ\blZpbb��F���Fbj��������k������– 534. 
2. <eZ^bfbjh\�X�K��=_hf_ljhnbabdZ��F���;BGHF�������� 
3. EZg^Zm�E�>���Ebnrbp�?�F��L_hjby�ihey��F���GZmdZ������� 

 
 

M>D������� 

BKKE?>H<:GB?�L?>IHEVGHC�>B:=J:FFU 
< L?HJBB�IHEY�KMI?JKLJMG 

Juqdh\�>�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

L_hjby�ihey�kmi_jkljmg�kljhblky�dZd�l_hjby��k\h[h^gZy�hl�jZkoh^bfhkl_c��<�
80-o� ]h^Zo� =jbghf� b�R\Zjp_f� [ueh� ijh\_^_gh� ^hdZaZl_evkl\h� dhg_qghklb� l_hjbb�
\hafms_gbc�^ey�l_hjbb�kmi_jkljmg�\�dZeb[jh\d_�k\_lh\h]h�dhgmkZ��<hagbdZ_l�bgl_�
j_k� ijh\_klb� lZdh_� ^hdZaZl_evkl\h� \� jZfdZo� dh\ZjbZglghc� ihe_\hc� l_hjbb� kmi_j�
kljmg� 

<�jZ[hlZo�L_cehjZ�b�khZ\lhjh\� >�@�[ueh�ijh\_^_gh�bkke_^h\Zgb_�ijhkl_cr_c�
i_le_\hc�^bZ]jZffu�–�l_^iheZ�–�\�jZfdZo�l_hjbb�hldjulhc�[hahgghc�kljmgu��;ueh�
ihdZaZgh��qlh�\�wlhc�^bZ]jZff_�\hagbdZxl�jZkoh^bfhklb�� 

<�gZklhys_c�jZ[hl_�[ueb�ijh\_^_gu�\uqbke_gby�\�jZfdZo�ihe_\hc�l_hjbb�km�
i_jkljmg��dm[bq_kdh_�dh\ZjbZglgh_�^_ckl\b_�^ey�dhlhjhc�[ueh�ij_^eh`_gh�\�jZ[hl_�
B�Y� :j_nv_\hc��:�I� Am[Zj_\Z�b�I�;� F_^\_^_\Z�>�@��;ueh�ihdZaZgh��qlh�\�nhjfZev�
guo� \uqbke_gbyo� \� dhgnhjfghf� b� hkpbeeylhjghf� nhjfZebafZo� l_^ihe� y\ey_lky�
BRST-lhqguf�h[t_dlhf��b�dZd�ke_^kl\b_��gZ�fZkkh\hc�h[hehqd_�jZ\gy_lky�gmex��J_�
amevlZlu�^Zggh]h�bkke_^h\Zgby�ij_^klZ\e_gu�\�jZ[hl_�>�@� 

Ebl_jZlmjZ 
1. Ellwood I., Shelton J., Taylor W. Tadpoles and closed string backgrounds in open string 

field theory, JHEP 0307 (2003) 059, hep-th/0304259 
2. Arefeva I.Ya., Medvedev P.B., Zubarev A.P. Background formalism for superstring 

field theory, Phys. Lett. B240 (1990) 356. 
3. Arefeva I.Ya., Gorbachev R.V., Medvedev P.B., Rychkov D.V. Three Lectures on (Su-

per)String Field TheoULHV��),63��ijbgylh�\�i_qZlv�� 
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M>D���������������� 

K:FH>?CKL<B?�LHQ?QGUO =J:<BLBJMXSBO�Q:KLBP 
<�BKDJB<E?GGHF�IJHKLJ:GKL<? 

Kibjbg�I�:��RlZm[�K� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 
Bgklblml�l_hj_lbq_kdhc�nbabdb��R\_cpZjkdbc�bgklblml�l_ogheh]bb� 

CH-1015, EhaZggZ 

Ijh[e_fZ� kZfh^_ckl\by� b� jZ^bZpbhggh]h� lj_gby� WF� aZjy^Z�� ihklZ\e_ggZy� \�
i_j\hc�iheh\bg_�XX �\_dZ�\�jZ[hlZo�Ehj_gpZ��:[jZ]ZfZ�b�RhllZ��gZreZ�j_r_gb_�\�jZ�
[hl_�>bjZdZ��ij_^eh`b\r_]h� ko_fm�i_j_ghjfbjh\db�fZkku� lZd��qlh� y\gh�\u^_eyeZkv�
[_kdhg_qgZy�WF� wg_j]by� we_dljhgZ� dZd� aZjy`_ggh]h�rZjbdZ� \� kh[kl\_gghf�ihe_� [1]. 
WlZ�aZ^ZqZ�ghkbl�\_kvfZ�h[sbc�oZjZdl_j��hgZ�\�hkh[_gghklb ZdlmZevgZ�\�l_hjbb�]jZ\b�
lZpbb��\\b^m�ijh\h^bfuo�wdki_jbf_glh\�ih�h[gZjm`_gbx�]jZ\blZpbhgguo�\heg�hl�Zk�
ljhnbabq_kdbo�h[t_dlh\�  

Ih^h[gZy�aZ^ZqZ ^ey�we_dljbq_kdh]h�aZjy^Z�^\b`ms_]hky�\�]jZ\blZpbhgghf�ih�
e_ jZg__�jZkkfZljb\ZeZkv�k�ihfhsvx�ehdZevgh]h�bgl_]jbjh\Zgby LWB�kbkl_fu�[2]��Fu�
ij_^eZ]Z_f� [he__� ijhklhc� kihkh[� \uqbke_gby�� hkgh\Zgguc� gZ� ijbf_g_gbb� ZiiZjZlZ�
h[h[s_gguo�nmgdpbc��\�qZklghklb��^_evlZ-nmgdpbb�b�__�ijhba\h^guo��hij_^_e_gguo�
gZ�ihemijyfhc��H[sZy�b^_y� aZdexqZ_lky�\� lhf��qlh�ihke_�ih^klZgh\db�g_h[oh^bfuo�
l_cehjh\kdbo� jZaeh`_gbc�� bgl_]jZeu� klZgh\ylky� hij_^_e_ggufb� gZ� ihemijyfhc�� l�_��
wnn_dlb\gh� iehkdbfb�� Z� nbabq_kdZy� fhlb\Zpby� khhl\_lkl\mxs_c� j_]meyjbaZpbb� oh�
jhrh�bamq_gZ�[4]. 

H[sbc�f_lh^�hkgh\Zg�gZ�\uqbke_gbb�Z^ZfZjh\kdbo�nmgdpbc�=jbgZ�khhl\_lkl�
\mxsbo� kdZeyjguo�� \_dlhjguo�b� l_gahjguo� mjZ\g_gbc��gZoh`^_gbc�n_cgfZgh\kdh]h�
ijhiZ]ZlhjZ�b� aZiZa^u\Zxsbo�nmgdpbc�=jbgZ��ihke_�q_]h�\k_�\ujZ`_gby�ih^klZ\ey�
xlky�\�ijZ\mx�qZklv�lhqguo�mjZ\g_gbc�^\b`_gby�fZkkb\ghc�qZklbpu�b�\uqbkeyxlky�
bgl_]jZeu� 

KdZeyjgZy�qZklbpZ 
Bkoh^y�ba�fbgbfZevgh]h�\aZbfh^_ckl\by�deZkkbq_kdh]h�kdZeyjgh]h�ihey��ihem�

qZ_lky�mjZ\g_gb_�^\b`_gby 

( ) ν
νµµν ϕτ ��� ]]JP ��+= ,     

]^_� ϕτ TPP −= ��� –�©gZ[ex^Z_fZyª�fZkkhc�^h�i_j_ghjfbjh\db� 
Ihke_�\k_o�\uqbke_gbc�b�i_j_ghjfbjh\db�ihemqZ_f 

( ) 




 +++= WDLO�

�

�

�

�
�� ν

µλ
λν

νµµνµτ I]]5]]JT]P �������� ,    

k�©gZ[ex^Z_fhcª�fZkkhc� qe_gucbgl_]jZevg
�

�
��

�

� ++=
ε

τ T
PP . 

We_dljhg 
H[h[s_gb_�j_amevlZlZ�>bjZdZ�gZ�djb\h_�ijhkljZgkl\h�[ueh�^Zgh�>_�<bllhf�b�

;j_f_�[2]��dhlhju_��hkgh\u\Zykv�gZ�ij_^klZ\e_gbb�:^ZfZjZ�^ey�nmgdpbc�=jbgZ��ihdZ�
aZeb��qlh�mjZ\g_gb_�^\b`_gby�bf__l�g_ehdZevguc�o\hklh\hc�qe_g��Wlhl�j_amevlZl�[ue�
kdhjj_dlbjh\Zg�=h[[khf��ihdZaZ\rbf�gZebqb_�^hihegbl_evgh]h�Jbqqb-qe_gZ��IjbqbgZ�
\hagbdgh\_gby�o\hklh\h]h�qe_gZ�aZdexqZ_lky�\�lhf��qlh�aZiZa^u\ZxsZy�nmgdpby�=jb�
gZ�khkj_^hlhq_gZ�g_�gZ�k\_lh\hf�dhgmk_��dZd�\�iehkdhf�kemqZ_��Z�gZ�\k_f�\j_f_gbih�
^h[ghf�fgh]hh[jZabb�[m^ms_]h� 
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Ihiuldb�\uqbke_gby�o\hklh\h]h�qe_gZ�ij_^ijbgbfZebkv�\�keZ[hf�klZlbq_kdhf�
ihe_�ijb�g_j_eylb\bklkdbo�kdhjhklyo�[2] b�\�qZklguo�kemqZyo�ba\_klguo�f_ljbd� 

=jZ\blbjmxsZy�fZkkZ 
Ih^kq_l� \k_o� qe_gh\� \� mjZ\g_gbyo� ^\b`_gby� \�i_j\hf�ijb[eb`_gbb�ijhba\h�

^beky�^ey�ijhkljZgkl\�jbqqb-iehkdhc�nhgh\hc�f_ljbdb�[3]��gh�hklZ\Zebkv�g_\uykg_g�
gufb�ihy\e_gb_�jZaebqguo�fZkkh\uo�iZjZf_ljh\� �ohly�fZkkZ�g_�\oh^bl�\�mjZ\g_gb_�
]_h^_abq_kdhc��b�\hafh`ghklv�h[h[s_gby�aZ^Zqb�gZ�kemqZc�ijhba\hevgh�bkdjb\e_ggh�
]h�ijhkljZgkl\Z� 

Ijh[e_fZ�k\yaZgZ�k�dh\ZjbZglguf�khojZg_gb_f�l_gahjZ�wg_j]bb-bfimevkZ�qZk�
lbpu� ^ey�dhlhjh]h�lj_[m_lky�\uiheg_gb_�mkeh\by� ��� =− µλρ

λρ
λ

λ
µ K*K* �\g_�__�fbjh\hc�

ebgbb��G – l_gahj�Wcgrl_cgZ� h – kh[kl\_ggh_�]jZ\blZpbhggh_�ihe_�qZklbpu��mkeh\b_�
gZibkZgh� \� dZeb[jh\d_�Ehj_gpZ� λ

λµµ
�

� �KK = ���>ey� kemqZ_\�� dh]^Z� hgh� Z\lhfZlbq_kdb�

m^h\e_l\hjy_lky� �gZijbf_j�� ijhkljZgkl\Z� k� dhkfheh]bq_kdhc� ihklhygghc�� g_dhlhju_�
\b^u�dhgnhjfgh-iehkdbo�nhgh\uo�f_ljbd���fh`gh�gZibkZlv�hl\_l� 

( ) 




 +−+= WDLO�

�

�
ν

λ
λν

νµµνµ κ I]5]]JP] ����� ,     

]^_� hl[jhr_gu� \k_� qe_gu�� ij_\urZxsb_� bkoh^gmx� kl_i_gv� ijb[eb`_gby� � µ]��� ��� \u�
iheg_gZ�i_j_ghjfbjh\dZ�iZjZf_ljZ 

HH

�

�

�� �

�

=−
ε

κ ,   �+=ε ,     

b�ihke_�i_j_ghjfbjh\db�\u[jZg�gZlmjZevguc�iZjZf_lj�� HP = ���O\hklh\hc�qe_g�bf__l�
lhl�`_�\b^��qlh�b�\�[3]. LZdbf�h[jZahf��ijhbkoh^bl�hldehg_gb_�ljZ_dlhjbb�fZkkb\ghc�
qZklbpu�hl�]_h^_abq_kdhc� 

QZklgufb�kemqZyfb��dh]^Z�wg_j]by�khojZgy_lky�\g_�aZ\bkbfhklb�hl�\_ebqbg�h, 
y\eyxlky�ijhkljZgkl\Z�k�dhkfheh]bq_kdhc�ihklhygghc��dhgnhjfgh-iehkdb_�ijhkljZg�
kl\Z�� b� g_dhlhju_� ^jm]b_ [5]�� <� kemqZ_ dhkfheh]bq_kdhc� ihklhygghc� b� dhgnhjfgh-
iehkdbo�ijhkljZgkl\�jbqqb-qe_g�mjZ\g_gby�^\b`_gby�aZgmey_lky��b�mjZ\g_gb_�^\b`_�
gby�bf__l�lhl�`_�\b^��qlh�b�\�[3]��gh�^ey�[he__�rbjhdh]h�deZkkZ�nhgh\uo�f_ljbd��<�[h�
e__�h[sbo�kemqZyo��dhgnhjfgh-jbqqb-iehkdbo�b�^j���jbqqb-qe_g�fh`gh�khojZgblv�[_a�
gZjmr_gby�aZdhgZ�khojZg_gby�l_gahjZ�wg_j]bb-bfimevkZ��>ey�f_ljbd�h[s_]h�\b^Z�\h�
ijhk�hklZ_lky�hldjuluf� 

LZdbf� h[jZahf�� \\_^_gb_� fhgZ^u e iha\hey_l� \uihegblv� deZkkbq_kdmx� i_j_�
ghjfbjh\dm�\�mjZ\g_gbb�^\b`_gby�k�kZfh^_ckl\b_f g_�\oh^y�\�ijhlb\hj_qb_�k�ijbg�
pbihf�wd\b\Ze_glghklb�� 

Ebl_jZlmjZ 
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term, arXiv:hep-th/0405121. 
5. Staub S. On radiation reaction in gravitation theory. Diploma project, Ecole polytechnique 

federale de Lausanne 2005. 
 
 



EHFHGHKH<�– 2005 

 

106 

M>D���������������� 

I?J?K?D:XSB?KY�S-;J:GU�B�:GBAHLJHIGU? FH>?EB�
L?FGHC�WG?J=BB  

∗∗Hjeh\�>�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^g__�\j_fy�\uau\Z_l�[hevrhc�bgl_j_k ihkljh_gb_�fh^_e_c�l_fghc�wg_j�
]bb� gZ� hkgh\_� h[t_^bg_gguo� l_hjbc�nmg^Zf_glZevguo� \aZbfh^_ckl\bc�� \� qZklghklb��
l_hjbb�kmi_jkljmg��;ueh�ihdZaZgh��qlh�ij_^kdZau\Z_fu_�l_hjb_c�kljmg�aZ\bkysb_�hl�
\j_f_gb� fgh]hf_jgu_� ©lhiheh]bq_kdb_� ^_n_dluª� —� ijhkljZgkl\_ggh-ih^h[gu_� ]b�
i_j[jZgu� �S-[jZgu�� >�@�—�\�j_amevlZl_�dhfiZdlbnbdZpbb�^hihegbl_evguo�baf_j_gbc�
^Zxl�ijbgpbibZevgh�gh\mx�\hafh`ghklv bgl_jij_lZpbb�l_fghc�wg_j]bb�\h�<k_e_gghc�
>�@��H^gZdh�ijhklu_�j_r_gby�^ey�m_^bg_gguo�S-[jZg�g_�iha\heyxl�ihemqblv�dhebq_kl�
\_ggh]h� kh]eZkby� k� gZ[ex^_gbyfb�� <� k\yab� k� wlbf� jZkkfZljb\Z_lky� [he__�rbjhdbc�
deZkk�i_j_k_dZxsboky�S-[jZg��IhdZaZgh��qlh�ih^h[gu_�dhgnb]mjZpbb�ijb\h^yl�d�Zgb�
ahljhiguf�dhkfheh]bq_kdbf�fh^_eyf��kh^_j`Zsbf�l_fgmx�wg_j]bx�� 

Fu�jZkkfZljb\Z_f�fh^_ev� kh^_j`Zsbx� ]jZ\blZpbx��ihe_� Zglbkbff_ljbqgh]h�
l_gahjZ� jZg]Z� q (q-nhjfu�� b� ihe_� ^beZlhgZ�� \aZbfh^_ckl\mxs_]h� k� ihe_f� nhjfu� k�
dhgklZglhc�k\yab�©aª�\�ijhkljZgkl\_�d�baf_j_gbc��Wlh�h[s__�^_ckl\b_��dhlhjh_�\oh^bl�
\� [hahgguc� k_dlhj� jZaebqguo� kmi_j]jZ\blZpbhgguo� l_hjbc�� ihemqZ_fuo� \� ij_^_e_�
gbadbo�wg_j]bc�ba�F-l_hjbb�b�l_hjbb�kmi_jkljmg�  

2 2
[ ]

1 1
( ( ) ).

2 2 !
d

qS d x g R F
q

φ= − − ∂ −∫
    

Bkdhfh_�deZkkbq_kdh_�j_r_gb_�wlhc�l_hjbb�ij_^klZ\ey_l�kh[hc�d-f_jgh_�ijh�
kljZgkl\h� \�dhlhjhf�ijbkmlkl\m_l�gZ[hj�i_j_k_dZxsboky�ijhkljZgkl\_ggh-ih^h[guo�
]bi_j[jZg� �h[jZamxsbo� \� kh\hdmighklb� p-f_jgh_� ijhkljZgkl\h� _\deb^h\hc� kb]gZlm�
ju�� b� hjlh]hgZevgh]h� _fm� \g_rg_]h� ijhkljZgkl\Z-\j_f_gb� pbebg^jbq_kdh]h�� ij_^�
klZ\eyxs_]h�kh[hc�ijyfh_�ijhba\_^_gb_ k-f_jgh]h�kn_jbq_kdh]h� �]bi_j[hebq_kdh]h��
beb�iehkdh]h��ijhkljZgkl\Z gZ�iehkdh_�ijhkljZgkl\h�jZaf_jghklb�q-k.�Khhl\_lkl\mx�
sbc�ZgaZp�^ey�f_ljbdb��aZibku\Z_lky�lZd� 
— \k_�f_ljbq_kdb_�nmgdpbb�aZ\bkyl�lhevdh�hl�\j_f_gbih^h[ghc�dhhj^bgZlu�t. 
—S�[jZgZ��fh`_l�[ulv�ihemq_gZ�ba�p�[jZgu�ih\hjhlhf�<bdZ�\�iehkdhklb�^r, t}. 

Ijb�wlhf�f_ljbdZ�ijhkljZgkl\Z�[jZgu�hij_^_ey_lky�S���f_ljbq_kdhc�nmgdpb_c�
b�y\ey_lky�iheghklvx�Zgbahljhiguf��GZb[he__�h[s__�j_r_gb_�^ey�[jZgu�ihemqZ_lky�
k\_^_gb_f�mjZ\g_gbc�d�kbkl_f_�mjZ\g_gbc�Ebm\beey�b�h[eZ^Z_l��p���iZjZf_ljZfb. 

22 2 2 2 2 2 2 2 2 2 2
, 1

0

( ... ),i

p
BB A C E

i k q k
i

ds e dt e dx e dr e d e dy dyσ −
=

= − + + + Σ + + +Σ    

DhfiZdlbnbdZpb_c� \g_rgbo� q� ijhkljZgkl\� b� \u[hjhf� p ��� fu� ihemqZ_f� �-x 
f_jgmx� dhkfheh]bq_kdmx� fh^_ev� <� j_amevlZl_� f_ljbdZ� [m^_l� hij_^_eylvky� iylvx�
nmgdpbyfb�� Z� \�eZ]jZg`bZg��ihke_� dhfiZdlbnbdZpbb� \g_rgbo�ijhkljZgkl\��\hc^ml�\�
dbg_lbq_kdbc�qe_g�b�ihl_gpbZe�^\Z�kdZeyjguo�ihey� 

GZeh`b\� mkeh\b_� dhg_qghklb� �h[jZs_gby� \� ghev��fZkrlZ[gh]h�nZdlhjZ� \� gZ�
qZevguc� fhf_gl� \j_f_gb�� fu� ihemqZ_f� ^ey� dhfiZdlbnbpbjh\Zgguo� \g_rgbo� ijh�
kljZgkl\� 
— ^ey�]bi_j[hebq_kdh]h�–�[_kdhg_qgh_�jZkrbj_gb_�\k_e_gghc� 
                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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— ^ey�kn_jbq_kdh]h�-�nZaZ�jZkrbj_gby�kf_gy_lky�nZahc�k`Zlby�beb�bf__l�f_klh�[_k�
dhg_qgh_�jZkrbj_gb_��\�aZ\bkbfhklb�hl�iZjZf_ljh\�kbkl_fu�� 
— ^ey�iehkdh]h�ijhkljZgkl\Z�nZaZ�jZkrbj_gby�kf_gy_lky�nZahc�k`Zlby� 

<� ]bi_j[hebq_kdhf� kemqZ_� gZ� \j_f_gghc� [_kdhg_qghklb� ihemqZ_f� bahljhigh_�
ijhkljZgkl\h��>ey�hklZevguo�\g_rgbo�ijhkljZgkl\�gZ[ex^Z_lky�i_j_oh^�hl�hkh[_ggh�
klb�lbiZ�[ebgZ�d�lbim�kb]Zju��beb�gZh[hjhl,�\�aZ\bkbfhklb�hl�agZdh\�iZjZf_ljh\�� 

BgneypbhggZy�nZaZ��nZaZ�mkdhj_ggh]h�jZkrbj_gby� ihemq_gZ�^ey�\k_o�kemqZ_\�
\g_rgbo�ijhkljZgkl\��__�m^h[gh�hoZjZdl_jbah\Zlv�kl_i_gvx�_-nhe^bg]Z: 

2

1

( )
ln ,

( )f

a
e

a

τ
τ

=         

eh]Zjbnfhf�hlghr_gby�fZkrlZ[gh]h�nZdlhjZ�\�dhg_qguc�fhf_gl�bgneypbhgghc�klZ�
^bb�d�fZkrlZ[ghfm�nZdlhjm�\�gZqZevguc�fhf_gl� 

GZebqb_� iehkdhc� khklZ\eyxs_c� \h� \g_rg_f� ijhkljZgkl\_� mf_gvrZ_l� kl_i_gv�
bgneypbhgghc�nZau�b�ijb�[hevrbo�agZq_gbyo�jZaf_jghklb��q-k��\g_rg_]h�ijhkljZgkl�
\Z�bgneypbhggZy�nZaZ�hlkmlkl\m_l��<\_^_gb_�Zgbahljhibb�iha\hey_lky m\_ebqblv�kl_�
i_gv�bgneypbhgghc�klZ^bb��FZdkbfZevgh_�agZq_gb_�[ueh�ihemq_gh�^ey�]bi_j[hebq_�
kdh]h� \g_rg_]h� ijhkljZgkl\Z� <� wlhf� kemqZ_� ^hklb]Z_lky� fZdkbfZevgh_� agZq_gb_� _-
nhe^bg]Z� Z�gZ�\j_f_gghc�[_kdhg_qghklb�bf__f�bahljhigh_�ijhkljZgkl\h��qlh�hl\_qZ_l�
kh\j_f_gguf�ij_^klZ\e_gbyf�h�^bgZfbd_�jZa\blby�\k_e_gghc�� 

LZdbf�h[jZahf,�ihdZaZgh��qlh�ijbkmlkl\b_�nZau�mkdhj_ggh]h�jZkrbj_gby�oZjZd�
l_jgh� ^ey� fh^_e_c� ihemqZ_fuo� ba� ijhkljZgkl\_ggh-ih^h[guo� ]bi_j[jZg� ^hklZlhqgh�
h[s_]h�\b^Z��Wlh�^Z_l�_kl_kl\_ggmx�]_hf_ljbq_kdmx�bgl_jij_lZpbx�l_fghc�wg_j]bb��
h^gZdh�gZrZ�fh^_ev�gm`^Z_lky�\�^Zevg_cr_f�mkh\_jr_gkl\h\Zgbb�qlh[u�ihemqblv�dh�
ebq_kl\_ggh�kh]eZkb_�k�wdki_jbf_glhf�b�ba[_`Zlv�ijh[e_fu�^_dhfiZdlbnbdZpbb��oZ�
jZdl_jghc�^ey�fh^_e_c�^Zggh]h�lbiZ�>�@�� 

Ebl_jZlmjZ 
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IHKLJH?GB?�>BHGUO�=BI?J;J:G�F?LH>HF�P?IHQ?D�LH>U 

Hjeh\�>�=� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

DeZkkbq_kdb_� j_r_gby� l_hjbb� kmi_jkljmg�F-l_hjbb� >�@�� hibku\Zxsb_� ijhly�
`_ggu_�h[t_dlu�–�]bi_j[jZgu�–�bf_xl�\Z`gh_�agZq_gb_�^ey�ihbkdZ�gh\uo�ke_^kl\bc�
wlhc�l_hjbb��^hklmiguo�wdki_jbf_glZevghc�ijh\_jd_�gZ�mkdhjbl_eyo�gh\h]h�ihdhe_gby�
b�k�ihfhsvx�Zkljhnbabq_kdbo�baf_j_gbc��<�gZklhys_c�jZ[hl_�hibkZg�gh\uc�deZkk�ih�
^h[guo� j_r_gbc�� dhlhjuc� m^Z_lky� ihemqblv� \� aZfdgmlhc�nhjf_,� bkihevamy� bgl_]jb�
jm_fu_�p_ihqdb�Lh^u�>�-4].  

JZkkfhljbf�^_ckl\b_�kh^_j`Zs__�ihe_�f_ljbq_kdh]h�l_gahjZ��ihe_�Zglbkbff_l�
jbqgh]h�l_gahjZ�jZg]Z�q�b�ihe_ ^beZlhgZ�dhlhjh_�\oh^bl�\�[hahgguc�k_dlhj�jZaebqguo�
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kmi_j]jZ\blZpbhgguo� l_hjbc�� ihemqZ_fuo� \� gbadhwg_j]_lbq_kdhf� ijb[eb`_gb_� F-
l_hjbb�b�kljmgguo�l_hjbc� 

2 2
[ ]

1 1
( ( ) ).

2 2 !
d

qS d x g R F
q

φ= − − ∂ −∫     

Bgl_j_kmxs__� gZk� j_r_gb_� hibku\Z_l� d-f_jgh_ ijhkljZgkl\h�� khklhys__� ba�
p���f_jgh]h�ijhkljZgkl\Z�D-[jZgu ehj_gp_\hc�kb]gZlmju�b�\g_rg_]h�q�f_jgh]h�pb�
ebg^jbq_kdh]h� ijhkljZgkl\Z�� ij_^klZ\eyxs_]h� ijyfh_� ijhba\_^_gb_ k-f_jgh]h� kn_�
jbq_kdh]h� �]bi_j[hebq_kdh]h�� iehkdh]h�� ijhkljZgkl\Z gZ� iehkdh_� ijhkljZgkl\h� jZa�
f_jghklb�q-k��Khhl\_lkl\mxsbc�ZgaZp�^ey�f_ljbdb�bf__l�\b^� 

2 2 2 2 2 2 2 2 2 2 2 2 2
1 , 1( ... ) ( ... ),B D A C E

p k q kds e dt e dx dx e dr e d e dy dyσ −= − + + + + + Σ + + +   
]^_�\k_�f_ljbq_kdb_�nmgdpbb�aZ\bkyl�lhevdh�hl�jZ^bZevghc�dhhj^bgZlu�r. 

MjZ\g_gby�^\b`_gby�jZkkfZljb\Z_fhc�fh^_eb�h[eZ^Zxl�S�^mZevghklvx��qlh�^Z�
_l� \hafh`ghklv� jZkkfhlj_gby� lhevdh� fZ]gblgh]h� kemqZy� �ihe_� nhjfu� hibjZ_lky� gZ�
\g_rg__�ijhkljZgkl\h���<�q_lguo�jZaf_jghklyo�d=2q�ihe_�nhjfu�b�^mZevgh_�d�g_fm�ih�
Oh^`m�bf_xl�h^bgZdh\uc�jZg]��Ihwlhfm�\�lZdbo�jZaf_jghklyo�fh]ml�kms_kl\h\Zlv�^b�
hggu_�[jZgu��h[eZ^Zxsb_�we_dljbq_kdbf�b�fZ]gblguf�aZjy^hf�� 

Fu� bs_f� Zkbfilhlbq_kdb� iehkdh_� j_r_gb_� k� j_]meyjguf� ]hjbahglhf� kh[ulbc��
^ey�kemqZy��dh]^Z�\g_rg__�ijhkljZgkl\h�y\ey_lky�ijhba\_^_gb_f�kn_jbq_kdh]h�b�iehkdh]h�
�^ey�^jm]bo�\g_rgbo�ijhkljZgkl\�mkeh\b_�Zkbfilhlbq_kdhc�iehkdhklghklb�g_�\uihegy_l�
ky���MjZ\g_gby�^\b`_gby�jZaj_rZxlky�ZgZeblbq_kdb�^ey�^\mo agZq_gbc�dhgklZglu�k\yab� 

20, 1.a a n= = −       
Ihemq_ggu_� j_r_gby� y\eyxlky� ^bhgufb� S-[jZgZfb�� oZjZdl_jbamxsbfbky� ih�

eh`_gb_f�lhq_d�\g_rg_]h�b�\gmlj_gg_]h�]hjbahglZ��agZq_gb_f�^beZlhgZ�gZ�[_kdhg_q�
ghklb��Z�lZd�`_�agZq_gbyfb�fZ]gblgh]h�b�we_dljbq_kdh]h�aZjy^h\� 

<�kemqZ_�g_ljb\bZevgh]h�^beZlhgZ��djhf_�p_gljZevghc�kbg]meyjghklb��kms_kl�
\m_l�_s_�h^gZ�lhqdZ��\�dhlhjhc�djb\bagZ�[m^_l�jZkoh^blvky��<aZbfgh_�jZkiheh`_gb_�
]hjbahglh\�b�kbg]meyjghkl_c�kbkl_fu�\�kemqZ_�Zkbfilhlbq_kdb�iehkdbo�j_r_gbc�k�kh�
ojZg_gb_f�aZ^Zgghc�kb]gZlmju�f_ljbdb�fh`_l�[ulv�ke_^mxsbf� 

• h[_�kbg]meyjghklb�jZkiheh`_gu�ih^�\gmlj_ggbf�]hjbahglhf� 
• h[_�kbg]meyjghklb�gZoh^ylky�f_`^m�]hjbahglZfb� 
<�h[hbo�kemqZyo�kbg]meyjgu_�lhqdb�kdjulu�ih^�\g_rgbf�]hjbahglhf�b�mkeh\b_�

dhkfbq_kdhc�p_gamju�\uihegy_lky� 
>ey�kemqZy�gme_\h]h�^beZlhgZ�iheh`_gb_�h[_bo�kbg]meyjghkl_c�kh\iZ^Z_l�b�fu�

bf__f�kblmZpbx�ZgZeh]bqgmx�kemqZx q_jghc�]bi_j[jZgu��dh]^Z�kbg]meyjghklv�jZkih�
eZ]Z_lky�ih^�\gmlj_ggbf�]hjbahglhf��Ijb�wlhf�j_r_gb_�[m^_l�hibku\Zlvky�iheh`_gb�
_f� ]hjbahglh\�� agZq_gb_f� we_dljbq_kdh]h�b�fZ]gblgh]h� aZjy^h\� �iyluc�iZjZf_lj�h[�
jZsZ_lky�\�gmev�� 

<lhjhc� ih^oh^� d� jZkkfhlj_gbx� fh^_eb� ^Z_l� f_lh^� p_ihq_d� Lh^Z� 
>ey� mjZ\g_gbc� ^\b`_gby�� ihemqZ_fuo� \Zjvbjh\Zgb_f� bkoh^gh]h� ^_ckl\by� b� ih^klZ�
gh\dhc�ZgaZpZ�f_ljdb��ihkljhbf�wnn_dlb\guc�eZ]jZg`bZg� 

Ihemq_gguc�wnn_dlb\guc�eZ]jZg`bZg�fh`gh�ijb\_klb�d�ke_^mxs_fm�\b^m� 

11 2 2( )2( )2 2
1 1 1

1
( ... ) ... .

2
i iq qq q

i iL q q g e g e − −−
−= + + + + +� �     

JZkkfhlj_gb_�ihke_^g_]h�^Z_l��qlh�djhf_�j_r_gbc��dhlhju_�ihemq_gu�ba�mjZ\�
g_gbc�Ebm\bey��_klv�_s_�h^gh�ZgZeblbq_kdh_�j_r_gb_�^ey� agZq_gby�dhgklZglu�k\yab�
^beZlhgZ� 

2 3( 1).a n= −        
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Ijb� wlhf� agZq_gbb gZc^_gh�gh\h_�j_r_gb_��dhlhjh_�m^h\e_l\hjy_l�ihklZ\e_g�
guf�mkeh\byf��Zkkbflhlbq_kdb�iehkdh_��k�j_]meyjguf�]hjbahglhf��b�oZjZdl_jbam_lky�
q_lujvfy�k\h[h^gufb�iZjZf_ljZfb�� 
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LHQGH�BGL?=JBJM?F:Y�FH>?EV�;:EEBKLBQ?KDHC�
:=J?=:PBB�< PBEBG>JBQ?KDHC�B KN?JBQ?KDHC�KBFF?LJBB 

:g^jb_\kdbc�:�:� 

F=M�bf��F�<� Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>ZggZy� jZ[hlZ� ihk\ys_gZ� fh^_ebjh\Zgbx� \hagbdgh\_gby� djmighfZkrlZ[ghc�
kljmdlmju�jZkij_^_e_gby�\_s_kl\Z�\h�<k_e_gghc�\�jZfdZo� ©fh^_eb�ijbebiZgbyª� >�@� 
JZkkfZljb\Z_lky� iehkdZy� <k_e_ggZy�� aZiheg_ggZy� iue_\b^guf� \_s_kl\hf�� dhlhjh_�
^\b`_lky�\�kZfhkh]eZkh\Zgghf�]jZ\blZpbhgghf�ihe_� Wlh�\_s_kl\h�mqZkl\m_l�\�^\b`_�
gbb�^\mo� lbih\��h^ghjh^ghf�dhkfheh]bq_kdhf�jZkrbj_gbb�OZ[[eZ�b�jZa\b\Zxs_cky�
gZ�_]h�nhg_�w\hexpbb�ehdZevguo�nemdlmZpbc�ihe_c�iehlghklb�b�kdhjhklb��ijb\h^ys_c�
d�ihy\e_gbx�djmighfZkrlZ[guo�g_h^ghjh^ghkl_c� 

Ijb� gvxlhgh\kdhf� hibkZgbb� wlhc� ^bgZfbdb� \� dhhj^bgZlZo�� khimlkl\mxsbo�
jZkrbj_gbx��Y�;� A_ev^h\bq�ij_^eh`be�>5] mqblu\Zlv��qlh�]jZ\blZpbhggu_�kbeu�ijb�
[eb`_ggh� dhfi_gkbjmxl� ©oZ[[eh\kdh_� aZf_^e_gb_ª�� \ua\Zggh_� g_ij_ju\guf� m\_eb�
q_gb_f� ijhkljZgkl\_ggh]h�fZkrlZ[Z� LZdbf� h[jZahf�� w\hexpby� ehdZevguo� \hafms_�
gbc�fh`_l�[ulv�hibkZgZ�mjZ\g_gbyfb 
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\ujZ`Zxsbfb� aZdhgu�khojZg_gby�fZkku�b�bfimevkZ� A^_kv� ρ  -�ihe_�iehlghklb�� u
&

 - 
ihe_�kdhjhklb� 

Ijb� i_j_k_q_gbb� ljZ_dlhjbc� qZklbp� iue_\b^gh]h� \_s_kl\Z� gZjmrZ_lky� h^gh�
agZqghklv�ihey�kdhjhklb��\�h^ghc�lhqd_�ijhkljZgkl\Z�\hagbdZxl�g_kdhevdh�ihlhdh\� DZd�
ihdZau\Zxl�^Zggu_�qbke_ggh]h�fh^_ebjh\Zgby��]jZ\blZpbhggh_�\aZbfh^_ckl\b_�f_`^m�
ihlhdZfb�ijb\h^bl�d�m^_j`Zgbx�\_s_kl\Z�\�h[eZklb�hlghkbl_evgh�fZeh]h�jZaf_jZ� Wlh�
gZ[ex^_gb_�b�iha\hebeh�ij_^eh`blv�lZd�gZau\Z_fmx�©fh^_ev�ijbebiZgbyª�>�@��\�dhlh�
jhc�]jZ\blZpbhgguc�aZo\Zl�fh^_ebjm_lky�g_mijm]bf�kebiZgb_f�qZklbp�©iuebª� 

<�jZ[hl_ [1@�b�jy^_�^jm]bo�^ey�ihkljh_gby�©fh^_eb�ijbebiZgbyª�bkihevam_lky�
mjZ\g_gb_�;xj]_jkZ� 
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<�j_r_gbyo�mjZ\g_gby�;xj]_jkZ�^_ckl\bl_evgh�gZ[ex^Zxlky�hkh[_gghklb�lbiZ�
kl_ghd��nbeZf_glh\�b�deZkl_jh\��ZgZeh]bqgu_�djmighfZkrlZ[guf�kljmdlmjZf��ba\_kl�
guf� ba� ijyfh]h� qbke_ggh]h�fh^_ebjh\Zgby� b� Zkljhghfbq_kdbo� gZ[ex^_gbc� H^gZdh�
mjZ\g_gb_�;xj]_jkZ�aZibku\Z_lky�\�l_jfbgZo�ebrv�ihey�kdhjhkl_c�b�g_�mqblu\Z_l�aZ�
dhgh\�khojZg_gby�fZkku�b�bfimevkZ� 

>ey� h^ghf_jgh]h�iehkdhkbff_ljbqgh]h� l_q_gby� jZagufb� Z\lhjZfb [2-4@�[ueh�
g_aZ\bkbfh�ihemq_gh�y\gh_�j_r_gb_�^ey�ihey�kdhjhklb�h^ghf_jgh]h�ihlhdZ�g_mijm]h�
kebiZxsboky� qZklbp� beb� g_ij_ju\gh� jZkij_^_e_ggh]h� \_s_kl\Z�� m^h\e_l\hjyxs_]h�
aZdhgZf�khojZg_gby�fZkku�b�bfimevkZ. <�gZklhys_c�jZ[hl_�wlb�j_amevlZlu�h[h[sZxl�
ky�gZ�kemqZc�g_ij_ju\gh]h�jZkij_^_e_gby�fZl_jbb�\�ijhkljZgkl\Zo�g_kdhevdbo�baf_�
j_gbc��oZjZdl_jbam_fh]h�kn_jbq_kdhc�kbff_ljb_c� 

>ZggZy� dhgkljmdpby� j_r_gby� hkgh\ZgZ� gZ� lhf�� qlh� we_f_glm� \_s_kl\Z�fh`gh�
ihklZ\blv�\�khhl\_lkl\b_�dZd�dhhj^bgZlm�_]h�nbabq_kdh]h�iheh`_gby�\�ijhkljZgkl\_��
lZd�b�©fZkkh\mxª�dhhj^bgZlm��ij_^klZ\eyxsmx�kh[hc�fZkkm�\_s_kl\Z��aZdexq_ggmx�\�
kn_j_��gZ�ih\_joghklb�dhlhjhc�e_`bl�^Zgguc�we_f_gl� <�kn_jbq_kdhc�kbff_ljbb�k\yav�
f_`^m�wlbfb�dhhj^bgZlZfb�\�gZqZevguc�fhf_gl�\j_f_gb�y\ey_lky�h^ghagZqghc�b�aZ^Z�
_lky�]jZ^b_glhf�g_dhlhjhc�g_dhlhjhc�\uimdehc�nmgdpbb� K�l_q_gb_f�\j_f_gb�\uimd�
ehklv�wlhc�nmgdpbb�gZjmrZ_lky�ba-aZ�\hagbdgh\_gby�fgh]hihlhdh\hklb� HdZau\Z_lky��
qlh� ijb� g_mijm]hf� kebiZgbb� klZedb\Zxsboky� qZklbp�� bkdexqZxs_f� fgh]hihlhdh�
\hklv�� k\yav� f_`^m� nbabq_kdhc� b� ©fZkkh\hcª� dhhj^bgZlhc� hibku\Z_lky� ]jZ^b_glhf�
\uimdehc�h[hehqdb�jZkkfZljb\Z_fhc�nmgdpbb� 

Ij_^eh`_ggZy�dhgkljmdpby��\�hlebqb_�hl�kemqZy�iehkdhc�kbff_ljbb��iha\hey_l�
hibku\Zlv�w\hexpbx�[he__�j_Zebklbq_kdbo�ih�k\h_c�]_hf_ljbb�jZkij_^_e_gbc�iue_�
\b^gh]h�\_s_kl\Z� 

Ih�fZl_jbZeZf�jZ[hlu�]hlh\blky�im[ebdZpby� 
:\lhj�ijbagZl_e_g�k\h_fm�gZmqghfm�jmdh\h^bl_ex�Kh[he_\kdhfm�:�G��aZ�ihklZgh\dm�aZ^Zqb�b�ih�
e_agu_�h[km`^_gby� 

Ebl_jZlmjZ 
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M>D� 539.1 

WE?DLJHGGU?�I?J?OH>U 
IJB�<A:BFH>?CKL<BB�LY@,EH=H�:LHF: 

K�MEVLJ:DHJHLDBF�BFIMEVKHF�WE?DLJHF:=GBLGH=H�IHEY 

IZr_\�B�G� 

Ihfhjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��F�<� Ehfhghkh\Z��Jhkkby 

L_hjby�\hafms_gbc�g_ijbf_gbfZ�\h�fgh]bo�ijZdlbq_kdb�\Z`guo�kemqZyo�\ke_^kl�
\bb�hlghkbl_evgh�[hevrhc�\_ebqbgu�\hafms_gby��H^gZdh�qZklh�\�kblmZpbyo��dh]^Z�\j_fy�
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^_ckl\by�\hafms_gby�agZqbl_evgh�f_gvr_�oZjZdl_jguo�i_jbh^h\�\j_f_gb�ZlhfZ��kms_kl�
\m_l�\hafh`ghklv�j_rZlv�aZ^Zqm��g_�h]jZgbqb\Zy�\_ebqbgm�\hafms_gby��b�\uihegblv�jZk�
qzlu�ZgZeblbq_kdb��Ijbf_jZfb�ih^h[guo�ijhp_kkh\�kem`Zl�\aZbfh^_ckl\b_�Zlhfhf�b�bh�
gh\�k�mevljZdhjhldbfb�bfimevkZfb�we_dljhfZ]gblgh]h�ihey��dhlhju_�fh]ml�[ulv�lZd`_�b�
iheyfb� [ukljuo� ly`zeuo� aZjy`_gguo� qZklbp�� <� wlhc� jZ[hl_� jZa\blh� j_eylb\bklkdh_�
h[h[s_gb_�ijb[eb`_gby�\g_aZiguo�\hafms_gbc�^ey�mjZ\g_gby�>bjZdZ�b�gZ�_]h�hkgh\_�
jZkkfhlj_gu�we_dljhggu_�i_j_oh^u�b�jh`^_gb_�we_dljhg-ihabljhgguo�iZj�ijb�\aZbfh�
^_ckl\bb�ly`zeh]h�ZlhfZ�k�mevljZdhjhldbf�bfimevkhf�we_dljhfZ]gblgh]h�ihey� 

Ih\_^_gb_� we_dljhgZ� \� \h^hjh^hih^h[ghf� Zlhf_�hibku\Z_lky�mjZ\g_gb_f�>b�
jZd��Zlhfgu_�_^bgbpu�bkihevamxlky� 

L F S
�

F
$

= D

U
F
�

     

]^_� qe_gu� F S = D U F
�

� khklZ\eyxl� ]ZfbevlhgbZg� + � � bahebjh\Zggh]h� ZlhfZ�� Z 
\aZbfh^_ckl\b_�k�\g_rgbf�ihe_f�_klv� 8 U �W $ ; S  –�hi_jZlhj�bfimevkZ�� �b 

–�fZljbpu�>bjZdZ��c –�kdhjhklv�k\_lZ��KqblZ_f��qlh�aZ\bkbfhklv�\_dlhjgh]h�ihl_g�
pbZeZ�hl�dhhj^bgZl� r�b�\j_f_gb� t�k\h^blky�d� $ ��]^_� �W N� U  –�nZaZ�we_dljh�

fZ]gblghc�\hegu��\hegh\hc�\_dlhj�
c00 ωk

, 
0ω
 –�djm]h\Zy�qZklhlZ��KgZqZeZ�\_dlhj�

guc� �b�kdZeyjguc� �ihl_gpbZeu�ihey�\u[bjZxlky�lZd��qlh�
0
��Ihke_�dZeb[jh�

\hqgh]h�ij_h[jZah\Zgby� >�@� $ 
 $ I , 
 I F W � k� I $U �b� \u[hjZ�hkb�X 

\^hev� N� �\aZbfh^_ckl\b_�k�\g_rgbf�ihe_f� 8 
 U � W � [ 
 . 
Ijb[eb`_gb_� \g_aZiguo� \hafms_gbc� iha\hey_l� ij_^klZ\blv� ihl_gpbZe�

8 
 U � W �\�\b^_� 8 U �W � [ ��]^_ 

�� FW [ � � 
 GW      
Ijb� \aZbfh^_ckl\bb� k� bfimevkhf� we_dljhfZ]gblgh]h� ihey� ]Zmkkh\hc� nhjfu�

�wnn_dlb\ghc� ^ebl_evghklvx� ~
�
), ( U �W (�� H[S

�
W N� U �

��
FRV � W N� U , 

ihemqZ_f� T( U �W �b� � F TU ��]^_ 

T ( U � W (�� H[S
�

�

�
�      

<�dhg_qghf�blh]_�>�@��lhqgh_�\ujZ`_gb_�^ey�Zfieblm^u�i_j_oh^Z�ba�khklhygby�
| j !�k�wg_j]b_c� ( M �\�khklhygb_�_ f !�k�wg_j]b_c� ( I �bf__l�\b^��kj� [2]): 

D I M I � [ H
L ( I ( M [ F

H
L

�
F
M  

b�\_jhylghklv�i_j_oh^Z 

D I M
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�

4
�

T
�

4
�
)

�
*[

��

,    (1) 

]^_�\\_^zg�\_dlhj� 4 4[ �4 \ �4] T �� � I M F , I M ( I ( M ��b�hkv�Z�gZijZ\e_gZ�\^hev�
Q��<ur_�bkihevah\Zgu�ohjhrh�ba\_klgu_�g_mijm]b_�Zlhfgu_�nhjfnZdlhju��kj� [3]) 

) I H
L4 ]

M , *[ I [ H
L4]

M      
K�bkihevah\Zgb_�nhjfmeu�����[ueb�jZkkqblZgu�\_jhylghklb�bhgbaZpbb�\h^hjh�

^h[h^h[guo� Zlhfh\�� jh`^_gby� k\h[h^gh-k\yaZgguo� b� k\h[h^guo� we_dljhg-
ihabljhgguo� iZj��<� \uqbke_gbyo� bkihevah\Zebkv� \hegh\u_�nmgdpbb� Ahff_jn_ev^Z-
FZmw�^ey�khklhygbc�g_ij_ju\gh]h�ki_dljZ�b�nmgdpbb�>Zj\bgZ�^ey�g_ij_ju\gh]h�ki_d�
ljZ�>�@��qlh�iha\hebeh�ihemqblv�ZgZeblbq_kdb_�\ujZ`_gby�^ey�nhjfnZdlhjh\� 

JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�Jhkkbckdh]h�nhg^Z�nmg^Zf_glZevguo�bkke_^h\Zgbc�
�]jZgl�� 04-02-�����Z��b�INTAS��]jZgl�� 03-54-4294). 



EHFHGHKH<�– 2005 

 

112 

Ebl_jZlmjZ 
1. FZl\__\ <�B��IZr_\ B�G���@mjgZe�l_ogbq_kdhc�nbabdb��������L� ��������K� 1558. 
2. Baltz A.J. Exact dirac equation calculation of ionization and pair production induced by 

ultrarelativistic heavy ions // Phys. Rev. Lett. 1997. V. 78. P. 1231. 
3. Anholt R. Calculation of K-vacancy production by relativistic projectiles” // Phys. Rev. A. 

1979. V. 19. P. 1004. 
4. Eichler J. Theory of relativistic ion-atom collisions // Phys. Rep. 1990. V. 193. P. 165. 
 

 

G?EBG?CGUC�J?DMJJ?GLGUC�:G:EBA�?KL?KL<?GGUO�
<J?F?GGUO�JY>H< 

Ahehlh\Z�G�<� 

KZgdl-I_l_j[mj]kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

JZ[hlZ� ihk\ys_gZ� j_amevlZlZf� ijZdlbq_kdh]h� ijbeh`_gby� nmg^Zf_glZevguo�
bkke_^h\Zgbc�\�h[eZklb�g_ebg_cghc�^bgZfbdb�d�ZgZebam�\j_f_gguo�jy^h\. Fu�bkihev�
ah\Zeb�hlghkbl_evgh�gh\uc�]jZnbq_kdbc��klZlbklbq_kdbc�b�ZgZeblbq_kdbc�bgkljmf_gl��
ij_^eh`_gguc�\������].�WdfZghf��DZfiohjklhf�b�Jxwee_f [1], hibku\Zxsbc�ih^h[by�
ih\_^_gby� ljZ_dlhjbb� \�nZah\hf�ijhkljZgkl\_�^ey�^bgZfbq_kdbo� kbkl_f�–� lZd�gZau�
\Z_fu_� j_dmjj_glgu_� ]jZnbdb� �j_dmjj_glgu_�bah[jZ`_gby���LZd`_� jZ[hlZ� hibjZ_lky�
gZ�^bkk_jlZpbx�FZj\ZgZ [2]�� aZljZ]b\Zxsmx�hkgh\gu_�Zki_dlu�jZajZ[hldb�b�ijbf_�
g_gby�j_dmjj_glguo�]jZnbdh\, Z�lZd`_�bo�dhebq_kl\_ggh]h�ZgZebaZ� Ihfbfh�bamq_gby�
nZah\hc� ^bgZfbdb� keh`guo�g_ebg_cguo� kbkl_f��ijb\_^_g� djZldbc� jZa[hj�f_lh^heh�
]bb��ijZ\beZ�jZ[hlu�b�jZah[jZgu�ij_bfms_kl\Z�bkihevah\Zgby�^Zggh]h�bgkljmf_glZ�\�
bkke_^h\Zl_evkdhc�ijZdlbd_��<�dZq_kl\_�ijbeh`_gby�j_dmjj_glgh]h�ZgZebaZ�d�_kl_kl�
\_gguf�\j_f_gguf�jy^Zf�jZkkfhlj_gu�jy^u��hlghkysb_ky�d kheg_qghc�Zdlb\ghklb�b�
debfZlm�� <uiheg_g� ZgZeba� ^ebgghi_jbh^guo� bgkljmf_glZevguo� aZibk_c� ijba_fghc�
l_fi_jZlmju�\ha^moZ�\�:g]ebb��Klhd]hevf_�b�KZgdl-I_l_j[mj]_�k�p_evx�\uy\e_gby�bo�
h[sbo�k\ya_c��Djhf_�lh]h��jZkkfhlj_gu�mkj_^g_ggu_�l_fi_jZlmjgu_�^Zggu_�k_\_jgh]h�
b�x`gh]h�ihemrZjbc�A_feb�k�ijh\_^_gb_f�jZa[hjZ�fhjnheh]bb�ebgbb�kbgojhgbaZpbb�
b�\uy\e_gb_f�dZq_kl\_gguo�jZaebqbc�debfZlZ�k_\_jgh]h�b�x`gh]h�ihemrZjbc��:gZeh�
]bqguc�ZgZeba�ijh\_^_g�^ey�kheg_qghc�Zdlb\ghklb�b�k_\_jh-x`ghc�Zkbff_ljbb�ieh�
sZ^b�kheg_qguo�iyl_g� 

Ebl_jZlmjZ 
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3. Ponyavin D.I., Zolotova N.V., Cross recurrence plot analysis of the North-South sunspot 
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Activity, 2004, P. 141-142. 

4. Ponyavin, D.I., Zolotova, N.V., Nonlinear analysis of climatic time series with cross re-
currence plots // Proceedings of the 5th International conference "Problems of Geocos-
mos", 2004, P. 259-262. 
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N:A:�;?JJB�MJ:<G?GBY�LBI:�O:JLJB 
K�D<:>J:LBQGUF�IHL?GPB:EHF 

Ebl\bg_p�N�G� 

Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l,�nbabq_kdbc�nZdmevl_l 

<�jZ[hl_�M��;_jjb�>�@�[ueh�hij_^_ezgh�ihgylb_�lhiheh]bq_kdhc��beb�]_hf_ljb�
q_kdhc��nZau��\ihke_^kl\bb�gZa\Zgghc�nZahc�;_jjb��Lhiheh]bq_kdZy�nZaZ�hij_^_ey_lky�
]_hf_ljb_c�ijhkljZgkl\Z�iZjZf_ljh\�kbkl_fu��JZ[hlZ�>�@�iheh`beZ�gZqZeh�kbkl_fZlb�
q_kdbf�bkke_^h\Zgbyf�]_hf_ljbq_kdhc�nZau�\�jZaebqguo�aZ^ZqZo�d\Zglh\hc�f_oZgbdb��
=_hf_ljbq_kdZy�nZaZ�ba\_klgZ�b�\�^jm]bo�h[eZklyo�nbabdb� �kf��gZijbf_j� >�@���L_hjby�
lhiheh]bq_kdbo�nZa�jZa\b\ZeZkv�]eZ\guf�h[jZahf�^ey�ebg_cguo�kbkl_f��<�g_ebg_cguo�
kbkl_fZo� ]_hf_ljbq_kdZy�nZaZ� lZd`_� ij_^klZ\ey_l� bgl_j_k�� \� qZklghklb�� ]_hf_ljbq_�
kdZy� nZaZ� bamqZ_lky� \� l_hjbb� [ha_-wgrl_cgh\kdh]h� dhg^_gkZlZ� �kf�� gZijbf_j� >�@���
MjZ\g_gb_�lbiZ�OZjljb�fh`_l�[ulv�bkihevah\Zgh�^ey�hibkZgby�[ha_-wcgrl_cgh\kdh]h�
dhg^_gkZlZ�� ]^_� wlh� mjZ\g_gb_� ijbgylh� gZau\Zlv� g_ehdZevguf� mjZ\g_gb_f� =jhkkZ-
IblZ_\kdh]h� 

P_evx�^Zgghc�jZ[hlu�y\ey_lky�gZoh`^_gb_�nZau�;_jjb�^ey�g_ebg_cgh]h�mjZ\�
g_gby�lbiZ�OZjljb 
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ytc
xytb
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dyttRV Ψ++∫

∞+

∞−
=Ψ    

A^_kv� )(tµ , )(tρ , )(tσ , )(ta , )(tb , )(tc -iZjZf_lju�ihl_gpbZeZ�� χ -iZjZf_lj�g_ebg_cgh�
klb� 

<�jZ[hl_�gZ�hkgh\_�jZa\blh]h�f_lh^Z�>�@�ihemq_gu�j_r_gby�aZ^Zqb�Dhrb�\�Z^bZ�
[Zlbq_kdhf�ijb[eb`_gbb�\�deZkk_� ljZ_dlhjgh-khkj_^hlhq_gguo�nmgdpbc�^ey�mjZ\g_�
gby� ����k�gZqZevgufb�mkeh\byfb�\�\b^_�kh[kl\_gguo�nmgdpbc�f]gh\_ggh]h�]Zfbevlh�
gbZgZ 

.))(),((Ö
00 nnnn EttRH Ψ=ΨΨχ      

GZ�hkgh\_�ihemq_ggh]h�j_r_gby�ih^l\_j`^Zxlky�\u\h^u�Z^bZ[Zlbq_kdhc� l_h�
j_fu�^ey�ebg_cguo�kbkl_f�b�hij_^_ey_lky�\b^�nZau�;_jjb� 

,
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1

2
1

2

1
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µ
ρ−ρ
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Ω
µχ−





 +=γ ∫ dd

c
n

C
n  [ ] ,2ρ−µχ+σ=Ω a   (2) 

]^_�C �g_dhlhjuc�dhglmj�\�ijhkljZgkl\_�iZjZf_ljh\��<ujZ`_gb_�����\�ebg_cghf�kemqZ_�
)0( =χ �i_j_oh^bl�\�j_amevlZl�jZ[hlu�>�@� 

:\lhj�qZklbqgh�ih^^_j`Zg�klbi_g^b_c�g_dhff_jq_kdh]h�nhg^Z�©>bgZklbyª� 
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M>D 530.12 

:E=HJBLF G?I?JLMJ;:LB<GH=H HIBK:GBY 
L?JFH>BG:FBQ?KDBO�O:J:DL?JBKLBD D<:GLH<UO KBKL?F 

B\Zgh\�:�:� 

;_ehjmkkdbc�gZpbhgZevguc�l_ogbq_kdbc�mgb\_jkbl_l� 
Fbgkd��J_kim[ebdZ�;_eZjmkv 

<� gZklhys__� \j_fy� \_^_lky� Zdlb\gZy� jZajZ[hldZ�f_lh^h\� hibkZgby� kbkl_f� [_a�
fZeuo�iZjZf_ljh\� �g_i_jlmj[Zlb\guo�f_lh^h\�� [1]��H^gbf�ba�lZdbo�f_lh^h\�y\ey_lky�
hi_jZlhjguc�f_lh^�j_r_gby�mjZ\g_gby�Rj_^bg]_jZ��ohjhrh�aZj_dhf_g^h\Z\rbc�k_[y�
ijb�j_r_gbb�jy^Z�ijbdeZ^guo�b�l_hj_lbq_kdbo�aZ^Zq�[2]. >h�kbo�ihj�hi_jZlhjguc�f_�
lh^�ijbf_gyeky�\�hkgh\ghf�^ey�hibkZgby�wg_j]bb�b�\hegh\uo�nmgdpbc�klZpbhgZjguo�
khklhygbc��h^gZdh�\�jZ[hl_�[3]�[ueh�ij_^eh`_gh�_]h�h[h[s_gb_�gZ�kemqZc�\uqbke_gby�
l_jfh^bgZfbq_kdbo�\_ebqbg�\�jZfdZo�d\Zglh\hc�klZlbklbdb��hkgh\Zggh_�gZ�^hiheg_�
gbb�dmfmeyglguf�jZaeh`_gb_f� 

Ki_pbnbdZ�\uqbke_gby�l_jfh^bgZfbq_kdbo�oZjZdl_jbklbd�ih�kjZ\g_gbx�k�hib�
kZgb_f�©qbkluoª�d\Zglh\uo�khklhygbc�khklhbl��\h-i_j\uo��\�^hihegbl_evghc�l_fi_jZ�
lmjghc�aZ\bkbfhklb�wlbo�\_ebqbg��Z�\h-\lhjuo��\�g_h[oh^bfhklb�h^gh\j_f_ggh]h�mq_lZ�
\k_]h�wg_j]_lbq_kdh]h�ki_dljZ�ijb�bo�\uqbke_gbb��Wlb�ijh[e_fu�bf_xl�ijbgpbibZev�
gh_�agZq_gb_�^ey�kbkl_f�k�g_kdhevdbfb�kl_i_gyfb�k\h[h^u��qZklh�^_eZy�g_\hafh`guf�
dhjj_dlgh_�\uqbke_gb_�bo�l_jfh^bgZfbq_kdbo�oZjZdl_jbklbd�kmffbjh\Zgb_f�ih�d\Zg�
lh\uf�khklhygb_f��DZd�ihdZaZgh�\�jZ[hl_��h[_�wlb�ijh[e_fu�mki_rgh�j_rZxlky�k�ih�
fhsvx� ij_^klZ\e_gby� klZlbklbq_kdhc� kmffu� kbkl_fu� \� hi_jZlhjghc�nhjf_� b� ^Zev�
g_cr_]h�ijbf_g_gby�d�g_c�dmfmeyglgh]h�jZaeh`_gby� 

Baeh`_gZ�h[sZy�ijhp_^mjZ�ijbf_g_gby�jZajZ[hlZggh]h�f_lh^Z�d�kbkl_f_�k�ijh�
ba\hevguf� ]ZfbevlhgbZghf�� jZajZ[hlZg� Ze]hjblf� mq_lZ� ihijZ\hd� \ukrbo� ihjy^dh\��
ijhZgZebabjh\Zgh�\ebygb_�bo�mq_lZ�gZ�lhqghklv�j_amevlZlh\��Ihemq_gu�qbke_ggu_�j_�
amevlZlu�^ey�k\h[h^ghc�wg_j]bb�jy^Z�d\Zglh\uo�kbkl_f�k�g_ljb\bZevgufb�hkh[_gghkly�
fb�wg_j]_lbq_kdh]h�ki_dljZ��d\Zglh\h]h�Zg]Zjfhgbq_kdh]h�hkpbeeylhjZ�k�ihebghfbZev�
guf�ihl_gpbZehf�ijhba\hevghc�kl_i_gb��hkpbeeylhjZ�Fhja_��d\Zglh\h]h�jhlZlhjZ��Ijb�
\_^_ggu_�qbke_ggu_�j_amevlZlu�ohjhrh�kh]eZkmxlky�k�jZkq_lZfb�^jm]bo�Z\lhjh\� 

Ebl_jZlmjZ 
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2. Feranchuk I.D., Komarov L.I., Nichipor I.V., Ulyanenkov A.P. Operator method in the 

problem of quantum anharmonic oscillator // Ann. Phys., 1995, Vol. 238, ��2, P. 370-
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3. Feranchuk I.D., Ivanov A.A. Operator method for nonperturbative calculation of the 
thermodynamic values in quantum statistics: diatomic molecular gas // J. Phys. A: Math. 
Gen., 2004, Vol. ����������P. 9841-9860. 

 
 

M>D 537.8 (075.8) 

HKH;?GGHKLB�J?R?GBY�BGL?=JH->BNN?J?GPB:EVGUO�
MJ:<G?GBC�F:DK<?EE:�>EY�G?H>GHJH>GUO�B�

>BKKBI:LB<GUO�KJ?> 

Eukh\�J�<. 

JyaZgkdbc�bgklblml�hldjulh]h�h[jZah\Zgby 

Ijhp_kku�i_j_jZkij_^_e_gby�wg_j]bb�\�j_amevlZl_�^bnjZdpbb�we_dljhfZ]gblgh]h�
baemq_gby�\�^bwe_dljbq_kdbo�kj_^Zo�ij_^klZ\eyxl�kh[hc�h^gm�ba�\Z`g_crbo�aZ^Zq�bgl_�
]jZevghc�hilbdb��Ih�kjZ\g_gbx�k�ijhp_kkZfb�jZkijhkljZg_gby we_dljhfZ]gblgh]h�baem�
q_gby� \^hev�fgh]hkehcguo� kljmdlmj� k�iZjZee_evgufb� �beb� dhZdkbZevgufb�� ]jZgbpZfb�
jZa^_eZ��dhlhju_�ohjhrh�bamq_gu�b�kbkl_fZlbabjh\Zgu�d�gZklhys_fm�\j_f_gb�>���@��^b�
njZdpbhggu_�aZ^Zqb�bamq_gu�]hjZa^h�keZ[__��Hkgh\gZy�ijh[e_fZ�aZdexqZ_lky�\�[hevrbo�
fZl_fZlbq_kdbo�keh`ghklyo��k\yaZgguo�k�j_r_gb_f�mjZ\g_gbc�FZdk\_eeZ�\�kj_^Zo�� ]^_�
]jZgbpu�jZa^_eZ�f_`^m�kj_^Zfb�kmlv�g_�iZjZee_evgu_�iehkdhklb��Mkeh\by�g_ij_ju\ghklb 

( ) ( )[ ] ∫∫ β⋅⋅+⋅=β⋅⋅++⋅+ β
β

τ
∞

β−
ββ

β+
ββ

−+
m

dd
0

y2y2

0

y1y1 HTHTHRIHRI    (1) 

]^_ ±
βI , ±

βR , Tβ —�Zfieblm^u�iZ^Zxs_c�b�hljZ`_gghc�\heg��T –�Zfieblm^Z�ih\_joghkl�

ghc�\hegu��β —�ihi_j_qgh_�\hegh\h_�qbkeh� 
<�jZ[hl_�jZa\bl�fh^h\uc�f_lh^�bkke_^h\Zgby�aZ^Zq�^bnjZdpbb�we_dljhfZ]gbl�

gh]h�baemq_gby�gZ�^bwe_dljbq_kdhf�[Zjv_j_��]^_�]jZgbpu�jZa^_eZ�f_`^m�kj_^Zfb�hib�
ku\Zxlky�iZjZee_evgufb�beb�i_ji_g^bdmeyjgufb�iehkdhklyfb��Hkgh\guf�^hklhbgkl�
\hf�wlh]h�f_lh^Z�y\ey_lky�k\_^_gb_�bgl_]jZevguo�^bnjZdpbhgguo�mjZ\g_gbc�d�kbkl_�
f_�Ze]_[jZbq_kdbo��dhlhju_�^Zxl�bgnhjfZpbx��dZd�h�ih\_joghklguo��lZd�b�h[t_fguo�
iheyo��\ha[m`^Z_fuo�\�kljmdlmj_��J_r_gb_f�mjZ\g_gby�����^ey�ih\_joghklghc�\hegu��
kh\f_klgh�k�mjZ\g_gbyfb�FZdk\_eeZ 

EH rot⋅=⋅ω⋅ ci  ( ) rotii cω ε ω⋅ ⋅ ⋅ = − ⋅E H    (2) 

[m^_l 

( ) { } ( ) { }[ ]
{ } { }[ ]∫

∫
∞

−
τβ

+
τβ

∞
τβ

−
τβ

+β

β⋅′′⋅+′′⋅⋅+

β⋅⋅′−+⋅′−⋅⋅
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−+

−+

0

y2z1y2z1
)1(

0

y2z1y2z1
)1(

RH,ERH,E

H,ER1H,ER1I

T

dkk

dk

xs

x

   

]^_ kx -�ijh^hevgh_�\hegh\h_�qbkeh��^ey�dhlhjh]h ( ) 1
2
0

2)1(2 ε⋅=+β kkx . 

Ebl_jZlmjZ 
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2. G_n_^h\�?�B��>bnjZdpby�we_dljhfZ]gblguo�\heg�gZ�^bwe_dljbq_kdbo�kljmdlmjZo��
F���GZmdZ���������  

 
 

IJBF?G?GB? �NHJF:EBAF:�GVXF?G:-I?GJHMA:�D�
A:>:Q:F�G?EBG?CGHC�WE?DLJH>BG:FBDB <:DMMF: 

Khdheh\�<�: 

Q_jghfhjkdbc�nbebZe�F=M�bf��F�<��Ehfhghkh\Z 

We_dljhfZ]gblgh_� \aZbfh^_ckl\b_� y\ey_lky�h^gbf�ba�q_luj_o�nmg^Zf_glZevguo�
\aZbfh^_ckl\bc�� ihwlhfm� ihkljh_gb_� dhjj_dlghc� we_dljh^bgZfbq_kdhc� l_hjbb� gZ� k_]h�
^gyrgbc�^_gv�y\ey_lky�h^ghc�ba�\Z`g_crbo�aZ^Zq��Kh]eZkgh�j_amevlZlZf�ihke_^gbo�wdk�
i_jbf_glh\�ih�g_mijm]hfm�jZkk_ygbx�nhlhgh\�gZ�we_dljhgZo��\uiheg_gguo�gZ�Kl_gnhj^�
kdhf� mkdhjbl_e_�� we_dljh^bgZfbdZ� \ZdmmfZ� y\ey_lky� g_ebg_cghc� l_hjb_c��<� gZklhys__�
\j_fy�\�l_hjbb�ihey jZkkfZljb\Z_lky�g_kdhevdh g_ebg_cguo�h[h[s_gbc�we_dljh^bgZfbdb�
\�\Zdmmf_��GZb[he__�\_jhylgufb�ij_l_g^_glZfb�gZ�hibkZgb_�we_dljhfZ]gblguo \aZbfh�
^_ckl\bc�y\eyxlky�l_hjbb ;hjgZ-Bgn_ev^Z b�=_ca_g[_j]Z-Wce_jZ��We_dljh^bgZfbdZ�FZd�
k\_eeZ�y\ey_lky�Zkbfilhlbq_kdbf�kemqZ_f�wlbo�l_hjbc�^ey keZ[uo�ihe_c��Ijb�kh\j_f_g�
ghc�lhqghklb�wdki_jbf_glZ \u[hj \�ihevam�lhc�beb�bghc�l_hjbb�\hafh`_g�lhevdh�[eZ]h�
^Zjy�dhk\_gguf�baf_j_gbyf�g_ebg_cguo�wnn_dlh\��>ey�ijh\_^_gby�lZdbo�baf_j_gbc�g_�
h[oh^bfh�agZlv�lhqguc�\b^�j_r_gbc�mjZ\g_gbc�we_dljhfZ]gblgh]h�ihey��Djhf_�lh]h��gZ�
oh`^_gb_ lhqguo�j_r_gbc�mjZ\g_gbc g_ebg_cghc�we_dljh^bgZfbdb y\ey_lky�ijbgpbib�
Zevghc�aZ^Zq_c�^ey�ij_^kdZaZgby gh\uo�wnn_dlh\�b�ihkljh_gby�h[s_c�l_hjbb�� 

<� gZklhys_f� khh[s_gbb� ij_^klZ\e_gZ� qZklv� jZ[hlu� ihk\ys_gghc� ijbf_g_gbx�
nhjfZebafZ�Gvxf_gZ-I_gjhmaZ�^ey�ihbkdZ�lhqguo�j_r_gbc�mjZ\g_gbc g_ebg_cghc�we_d�
ljh^bgZfbdb�\ZdmmfZ��NhjfZebaf�Gvxf_gZ–I_gjhmaZ��hkgh\Zgguc�gZ�bkihevah\Zgbb�oZ�
jZdl_jguo�hkh[_gghkl_c�]_h^_abq_kdbo�emq_c b�bahljhiguo�ih\_joghkl_c� rbjhdh�ijb�
f_gy_lky�\�l_hjbb�]jZ\blZpbb��<�gZklhys__�\j_fy�gZfb�jZajZ[hlZgZ f_lh^bdZ�hibkZgby�
g_ebg_cguo� we_dljh^bgZfbq_kdbo� aZ^Zq� \� nhjfZebaf_� Gvxf_gZ-I_gjhmaZ�� Ihemq_gZ�
aZfdgmlZy�kbkl_fZ�mjZ\g_gbc�^ey�we_dljh^bgZfbdb�k�eZ]jZg`bZghf�ijhba\hevgh]h�\b^Z��
JZkkfhlj_gZ�\hafh`ghklv�bgl_]jbjh\Zgby�mjZ\g_gbc�k�mq_lhf�nhgh\uo�]jZ\blZpbhgguo�
ihe_c��<�jZ[hl_�h[km`^Z_lky�jy^�qZklguo�j_r_gbc�mjZ\g_gbc�ihey�b�wnn_dlh\�k\yaZgguo�
k� gbfb� Ijb\_^_gu� j_r_gby we_dljh^bgZfbdb ;hjgZ-Bgn_ev^Z ^ey� lhq_qgh]h� aZjy^Z��
Hkh[_gghklvx�wlbo�j_r_gbc�y\ey_lky�dhg_qghklv�wg_j]bb�lhq_qgh]h�aZjy^Z��LZdbf�h[jZ�
ahf� j_rZ_lky�ijh[e_fZ�jZkoh^bfhklb�\�we_dljh^bgZfbd_��Hlkmlkl\b_�jZkoh^bfhkl_c�^ey 
lhq_qguo�bklhqgbdh\�ihey�khhl\_lkl\m_l�gZ[ex^Z_fhc�nbabq_kdhc dZjlbg_��ihlhfm�bk�
ke_^h\Zgb_�lhqguo�j_r_gbc�we_dljh^bgZfbdb�;hjgZ-Bgn_ev^Z�ij_^klZ\ey_lky�gZb[he__�
i_jki_dlb\guf� AgZqbl_evgh_�\gbfZgb_�m^_e_gh�ihbkdm�j_r_gbc�ihe_\uo�mjZ\g_gbc�^ey�
fZ]gblgh]h�^bihey��Wlhl�qZkluc�kemqZc�ij_^klZ\ey_l gZb[hevrbc�bgl_j_k��lZd�dZd�j_Zeb�
am_lky�\[ebab�ih\_joghklb�imevkZjh\�b�fZ]g_lZjh\��\�l_o�h[eZklyo��]^_�ihe_ ̂ hklb]Z_l wdk�
lj_fZevguo�\_ebqbg� =kB 1512 1010 −≈ �b�wnn_dlu�g_ebg_cghc�we_dljh^bgZfbdb�gZb[h�
e__� kms_kl\_ggu��<�^Zevg_cr_f�ij_^iheZ]Z_lky�\uihegblv ihbkd� lhqguo�j_r_gbc ^ey 
we_dljh^bgZfbdb�;hjgZ–Bgn_ev^Z�\�fZ]gblh^bihevghf b�³baemqZl_evghf´�kemqZyo�� 

Ebl_jZlmjZ 
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M>D������ 

<UJ:SB<:GB?�B�K<HCKL<:�FHGHDJBKL:EEH<�KTiOPO4, 
E?=BJH<:GGUO�PBJDHGB?F 

∗:]Zih\Z�?�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

FhghdjbklZeeu�KTiOPO4 (KTP��hlebqZxlky�\ukhdbfb�g_ebg_cgufb�hilbq_�
kdbfb�oZjZdl_jbklbdZfb�b�hlghkylky�d�gh\hfm�deZkkm�kh_^bg_gbc�k_]g_lhwe_dljb�
dh\� -� kmi_jbhgbdh\��<� ihke_^g__� \j_fy� ijh\h^ylky� jZ[hlu� ih� e_]bjh\Zgbx� wlbo�
djbklZeeh\�jZaebqgufb�ijbf_kyfb�k�p_evx�memqr_gby�bo�g_ebg_cguo�hilbq_kdbo�
k\hckl\��gh��dZd�ijZ\beh��wlb�k\hckl\Z�mom^rZxlky��<�gZklhys_c�jZ[hl_�[ueb�\u�
jZs_gu�fhghdjbklZeeu�KTiOPO4��e_]bjh\Zggu_�pbjdhgb_f� �KTP: Zr���b�bkke_^h�
\Zgu�bo�nbabq_kdb_�k\hckl\Z� 

DjbklZeeu� �KTP: Zr��[ueb�\ujZs_gu�k�ihfhsvx�kihglZgghc�djbklZeebaZpbb�ba�
jZkl\hjZ�\�jZkieZ\Zo�kbkl_fu�D2H�-�Li2 - ZrO2 -J2H5��kh^_j`Zsbo���-���fhe���D2H����-32 
fhe����J2H5�b���-���fhe���LiO2�k�aZf_s_gb_f�hl�����^h����fhe���^\mhdbkb�lblZgZ�gZ�^\m�
hdbkv�pbjdhgby��;ueh�gZc^_gh��qlh�jhkl�djbklZeeh\�kh�kljmdlmjhc�KTP�aZljm^g_g�ba-aZ�
ihy\e_gby�\�h[eZklb�djbklZeebaZpbb�^\mo�ljhcguo�kh_^bg_gbc�kh�kljmdlmjZfb KTi2(PO4)3 

b� ijb� [hevrhf� kh^_j`Zgbb� pbjdhgby� kh_^bg_gbc� kh�
kljmdlmjhc��Ijb�wlhf�dZq_kl\h�djbklZeeh\�mom^rZ_lky��
djbklZeeu�bf_xl�miehs_gguc� ]Z[blmk�b�g_kh\_jr_g�
gmx�nhjfm�jhklZ��DjbklZeeu�bf_xl�jZaf_ju�^h�� ff� 

;ue� ijh\_^_g� obfbq_kdbc� ZgZeba� ihfhsvx�
Camebax SX-����dhlhjuc�ihdZaZe��qlh�ijhp_glgh_� kh�
^_j`Zgb_�x�pbjdhgby�\�djbklZeeZo�f_gyehkv�hl���������
x� �� ������� L_fi_jZlmjgu_� aZ\bkbfhklb� ^bwe_dljbq_�
kdhc�ijhgbpZ_fhklb�033 b�we_dljhijh\h^ghklb�133 \�h[�
eZklb�l_fi_jZlmj�hl����^h�����K�[ueb�baf_j_gu�k�bk�
ihevah\Zgb_f�fhklZ�Tesla BM 431E�gZ�qZklhl_���F=p��
G_ebg_cgu_�hilbq_kdb_�k\hckl\Z�bamqZebkv�ih�f_lh^m�
DmjlpZ�–�I_jjb�ijb�jZaf_jZo�qZklbp���fd� 

Baf_j_gby� ^bwe_dljbq_kdhc� ijhgbpZ_fhklb�
djbklZeeh\�KTi 1-xZrxQPO4 ihdZaZeb��qlh�l_fi_jZlm�
jZ�bo�k_]g_lhwe_dljbq_kdh]h�i_j_oh^Z�kgZqZeZ�iZ^Z�
_l�ijbf_jgh�gZ����K�ijb�x� �������gh�aZl_f�kgh\Z�\ha�
jZklZ_l�^h�����K�ijb�o� ��������LZdh_�ih\_^_gb_�l_fi_�
jZlmju� k_]g_lhwe_dljbq_kdh]h� nZah\h]h� i_j_oh^Z�� \_�
jhylgh��k\yaZgh�k�mf_gvr_gb_f�kh^_j`Zgby�\�djbklZee_�
                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb 

 

N:AH<U?�I?J?OH>U�<�L<?J>UO�L?E:O 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��E_\rbg�GbdheZc�E_hgb^h\bq 

Jbk�� ��� Dhgp_gljZpbhggZy�
aZ\bkbfhklv� bgl_gkb\ghklb�
]_g_jZpbb�\lhjhc�]Zjfhgbdb�
eZa_jgh]h� baemq_gby� \� djb�
klZeeZo KTP:Zr 
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pbjdhgby�ijb�m\_ebq_gbb�kh^_j`Zgby�pbjdhgby�\�jZkieZ\_�ba-aZ�gZebqby�mihfygmluo�
\ur_�ljhcguo�kh_^bg_gbc� 

Baf_j_gb_�\_ebqbgu�we_dljhijh\h^ghklb�133�gZ�qZklhl_���F=p�\�bgl_j\Ze_�20 – 
����K�ihdZaZeh��qlh�\�h[eZklb�gbadbo�l_fi_jZlmj��gb`_�����K��gZ[ex^Z_lky�agZqbl_ev�
gh_��gZ�ihjy^hd�b�[he__��__�iZ^_gb_�m`_�ijb�gbadhf� �o�< ������kh^_j`Zgbb�Zr��gh�\�
h[eZklb�\ukhdbo�l_fi_jZlmj�ijbf_kb�pbjdhgby�ijZdlbq_kdb�g_�\ebyxl�gZ�\_ebqbgm�
ijh\h^bfhklb�djbklZeeh\�� 

Baf_j_gby�bgl_gkb\ghklb�]_g_jZpbb�\lhjhc�]Zjfhgbdb�eZa_jgh]h�baemq_gby�
�jbk�����ih�ihjhrdh\hc�f_lh^bd_�DmjlpZ-I_jjb�ihdZau\Zxl��qlh�bgl_gkb\ghklv�]_g_�
jZpbb�\lhjhc�]Zjfhgbdb�eZa_jgh]h�baemq_gby�djbklZeeh\�KTP:Zr�ijb�o� �������\hajZk�
lZ_l� [he__� q_f� \^\h_� ih� kjZ\g_gbx� k� [_kijbf_kguf� KTP�� qlh� fh`_l� ij_^klZ\eylv�
[hevrhc�l_hj_lbq_kdbc�b�ijZdlbq_kdbc�bgl_j_k� 

 
 

M>D���������� 

HKH;?GGHKLB�BG>MPBJH<:GGUO�N:AH<UO�I?J?OH>H<�
KHJ:AF?JG:Y�-�G?KHJ:AF?JG:Y�N:A:�<�FMEVLBN?JJHBD:O 

∗∗@^Zgh\�:�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<\_^_gb_ 
Ihlj_[ghklb�kh\j_f_gghc�l_ogbdb�klbfmebjmxl�bkke_^h\Zgb_�fZl_jbZeh\�k�gh�

\ufb� k\hckl\Zfb�beb� k� khq_lZgbyfb�jZaebqguo� k\hckl\��LZdbfb�\_s_kl\Zfb��gZijb�
f_j��y\eyxlky�fmevlbn_jjhbdb��fZl_jbZeu��\�dhlhjuo�khkms_kl\mxl�fZ]gblgh_��we_d�
ljbq_kdh_� beb�f_oZgbq_kdh_� mihjy^hq_gby��b�bo� jZagh\b^ghklv��fZ]gblhwe_dljbdb�– 
\_s_kl\Z��\�dhlhjuo�\hagbdZ_l�gZfZ]gbq_gghklv�ijb�ijbeh`_gbb�we_dljbq_kdh]h�ihey�
b�we_dljbq_kdZy�iheyjbaZpby�ijb�ijbeh`_gbb�fZ]gblgh]h�ihey��Kj_^b�fmevlbn_jjhb�
dh\�hkh[h_�\gbfZgb_�bkke_^h\Zl_e_c�ijb\e_dZ_l�n_jjbl�\bkfmlZ�BiFeO3 –�\ukhdhl_f�
i_jZlmjguc�fZ]gblhwe_dljbd� �l_fi_jZlmju� we_dljbq_kdh]h� b�fZ]gblgh]h� mihjy^hq_�
gby� KTKT NC 643,1083 == �� khhl\_lkl\_ggh���<� h[t_fguo� h[jZapZo� n_jjblZ� \bkfmlZ�
j_Zebam_lky� ijhkljZgkl\_ggh-fh^mebjh\ZggZy� kibgh\Zy� kljmdlmjZ� �IFKK��� g_khjZa�
f_jgZy�k�i_jbh^hf�djbklZeebq_kdhc�j_r_ldb��Ijb�ijbeh`_gbb�\g_rg_]h�fZ]gblgh]h�
ihey�ijhbkoh^bl�nZah\uc�i_j_oh^�g_khjZaf_jgZy�–�khjZaf_jgZy�nZaZ�>�@��Bkke_^h\Zgb_�
lZdbo�nZah\uo�i_j_oh^h\�ij_^klZ\ey_l�dZd�nmg^Zf_glZevgh�gZmqguc��lZd�b�ijZdlbq_�
kdbc�bgl_j_k��ihkdhevdm�jZajmr_gb_�IFKK�khijh\h`^Z_lky�\hagbdgh\_gb_f�fZ]gblh�
we_dljbq_kdh]h� wnn_dlZ��ijbgbfZxs_]h� ]b]Zglkdb_� agZq_gby�\� lhgdbo�ie_gdZo�fZl_�
jbZeZ��Kms_kl\m_l�]em[hdZy�ZgZeh]by�f_`^m�IFKK�b�i_jbh^bq_kdbfb�kljmdlmjZfb�\�
g_fZlbq_kdbo�`b^dbo�djbklZeeZo��\hagbdZxsbo�\�we_dljbq_kdhf�ihe_��qlh�klZ\bl�\h�
ijhk�h�\hafh`ghklb�mijZ\e_gby�IFKK�g_�lhevdh�k�ihfhsvx�fZ]gblgh]h�ihey��gh�b�k�
ihfhsvx�we_dljbq_kdh]h�gZijy`_gby�b�h�\ebygbb�we_dljbq_kdh]h�ihey�gZ�nZah\u_�i_�
j_oh^u�khjZaf_jgZy-g_khjZaf_jgZy�nZaZ�\�fZ]gblhwe_dljbdZo�lbiZ�n_jjblZ�\bkfmlZ�� 

L_hj_lbq_kdbc�ih^oh^ 
>ey�ZgZebaZ�nZah\uo�i_j_oh^h\�ijbf_gyeky�l_jfh^bgZfbq_kdbc�ih^oh^�EZg^Zm-

=bga[mj]Z��<�\ujZ`_gbb�^ey�ihegh]h�l_jfh^bgZfbq_kdh]h�ihl_gpbZeZ�kbkl_fu�[ueb�mq�
l_gu�hkgh\gu_�\b^u�\aZbfh^_ckl\bc��bf_xsb_�f_klh�\�n_jjbl_�\bkfmlZ��fZ]gblgh_, h^�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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ghjh^gh_� b� g_h^ghjh^gh_� fZ]gblhwe_dljbq_kdh_�� GZoh`^_gb_� jZ\gh\_kgh]h� khklhygby�
ijb�nbdkbjh\Zgguo�iheyo�ijhba\h^behkv�iml_f�fbgbfbaZpbb� l_jfh^bgZfbq_kdh]h�ih�
l_gpbZeZ�kbkl_fu��J_r_gb_f�y\ey_lky�kibgh\Zy�pbdehb^Z��<�ijb[eb`_gbb�]Zjfhgbq_kdhc�
pbdehb^u�aZ^ZqZ�h�fbgbfbaZpbb�wg_j]bb�j_rZ_lky�ZgZeblbq_kdb��Lhqgh_�j_r_gb_�k�mq_�
lhf�bkdZ`_gby�pbdehb^u�\ke_^kl\b_�Zgbahljhibb�ihdZau\Z_l��qlh�pbdehb^Z�klZgh\blky�
Zg]Zjfhgbq_kdhc�b�hibku\Z_lky�k�ihfhsvx�weebilbq_kdbo�bgl_]jZeh\��Ihwlhfm�fbgbfb�
aZpby�ihegh]h�l_jfh^bgZfbq_kdh]h�ihl_gpbZeZ�^he`gZ�[ulv�ijh\_^_gZ�qbke_ggh� 

J_amevlZlu 
<� oh^_� jZ[hlu� ihemq_gu� nZah\u_� ^bZ�

]jZffu�� hibku\Zxsb_� khklhygb_�n_jjblZ� \bk�
fmlZ� \h� \g_rgbo� we_dljbq_kdhf� b� fZ]gblghf�
iheyo��kf��jbk������N_jjbl�\bkfmlZ�fh`_l�gZoh�
^blvky�\�h^ghc�ba�lj_o�\hafh`guo�nZa��khhl\_l�
kl\mxsbo�jZaebqguf�gZijZ\e_gbyf�\_dlhjZ�Zg�
lbn_jjhfZ]g_lbafZ� \� \_s_kl\_� hlghkbl_evgh�
hkb� Zgbahljhibb�� I� ijhkljZgkl\_ggh-
fh^mebjh\ZggZy� �g_khjZaf_jgZy�� nZaZ� II � I_j�
i_g^bdmeyjgZy�nZaZ��III �iZjZee_evgZy�nZaZ�� 

Qbke_gguc� jZkq_l� ihdZaZe�� qlh� ijb[eb�
`_ggZy�ZgZeblbq_kdZy�fh^_ev�m^h\e_l\hjbl_evgh�hibku\Z_l�nZah\mx�^bZ]jZffm�\_s_�
kl\Z�\�we_dljbq_kdhf�b�fZ]gblghf�iheyo��h^gZdh�ijb�g_dhlhjuo�iZjZf_ljZo�fZl_jbZeZ�
gZ[ex^Zxlky�dZq_kl\_ggu_�jZaebqby��LZd��ijb[eb`_ggZy�fh^_ev�ij_^kdZau\Z_l�ih^Z\�
e_gb_�IFKK� we_dljbq_kdbf�ihe_f��ijb�gme_\hf�fZ]gblghf�ihe_�� Z�qbke_gguc�jZkq_l�
ihdZau\Z_l�� qlh� \� wlhc� h[eZklb� kms_kl\h\Zgb_�IFKK� wg_j]_lbq_kdb� [he__� \u]h^gh� b�
nZah\h]h�i_j_oh^Z�g_�ijhbkoh^bl��H[jZsZ_l�gZ�k_[y�\gbfZgb_�gZebqb_�f_lZklZ[bevguo�
khklhygbc� �©[Z[hqdZª�gZ�\j_ad_���\ua\Zgguo�]bkl_j_abkhf�iheyjbaZpbb�n_jjblZ�\bkfm�
lZ��<�jZ[hl_�lZd`_�jZkkfhlj_gu�\hafh`ghklb�i_j_dj_klguo�nZah\uo�i_j_oh^h\��ijb�h^�
gh\j_f_gghf� ijbeh`_gbb�fZ]gblgh]h� b� we_dljbq_kdh]h�ihe_c��J_amevlZlu� qbke_ggh]h�
jZkq_lZ�ihe_c�nZah\h]h�i_j_oh^Z�ohjhrh�kh]eZkmxlky�k�wdki_jbf_glZevgufb�^Zggufb�
>����@��GZ�hkgh\_�gZibkZgghc�ijh]jZffu�jZkq_lZ�nZah\hc�^bZ]jZffu�fh`_l�[ulv�ihklZ\�
e_gh�ijZdlbq_kdh_�aZgylb_�ih�jZkq_lm�ihe_c�nZah\uo�i_j_oh^h\�\�jZfdZo�mq_[guo�ki_p�
dmjkh\��ihk\ys_gguf�gh\uf�nmgdpbhgZevguf�fZl_jbZeZf�b�bo�k\hckl\Zf�� 

Ebl_jZlmjZ 
1. Popov Yu.F., Kadomtseva A.M., Vorob’ev G.P., Zvezdin A.K. Discovery of the linear 

magnetoelectric effect in magnetic ferroelectric BiFeO3 in a strong magnetic field // Ferro-
electrics, v. 162, p.135 (1994) 

2. Ruette B., Zvyagin S., Pyatakov A.P., Bush A., Li J.F., Belotelov V.I., Zvezdin A.K., and 
Viehland D. //Phys. Rev. B 69, 064114 (2004) 

 
 

M>D�������� 

BAMQ?GB?�IJBJH>U�KIBGH<UO�P?GLJH<�<�HDKB>?�LBL:G:�
�:G:L:A���E?=BJH<:GGHF�:AHLHF 

Pu]Zgdh\�D�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Hdkb^�lblZgZ��7L22��y\ey_lky�rbjhdhahgguf�ihemijh\h^gbdhf��kms_kl\mxs_f�
\�g_kdhevdbo�djbklZeeh]jZnbq_kdbo�nhjfZo��gZb[he__�rbjhdh�ba\_klgufb�ba�dhlhjuo�

Jbk��� 
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y\eyxlky�jmlbe�b�ZgZlZa��7L22�bkihevam_lky�\�jZaebqguo�h[eZklyo�gZmdb�b�l_ogbdb��gZ�
ijbf_j��\�dZlZeba_�ijb�ihemq_gbb�dbkehjh^Z�b�\h^hjh^Z��Z�lZd`_�^ey�hqbkldb�\ha^moZ�
b�\h^u�hl�hj]Zgbq_kdbo�aZ]jyag_gbc� >�@��<������]��[ueh�aZiZl_glh\Zgh�nhjfbjh\Zgb_�
TiO2�\�kljmdlmj_�ZgZlZaZ��e_]bjh\Zggh]h�Zahlhf�b�m]e_jh^hf��Hlebqbl_evghc�hkh[_g�
ghklvx�^Zgguo�h[jZaph\�y\ey_lky�ijhy\e_gb_�nhlhdZlZeblbq_kdhc�Zdlb\ghklb�ijb�hk�
\_s_gbb� \b^bfuf� k\_lhf�� qlh� hldju\Z_l�rbjhdb_� i_jki_dlb\u� ^ey� ijhfure_ggh]h�
nhlhdZlZebaZ��Hlf_lbf�� qlh� jZg__� kljmdlmju� ijhy\eyeb� nhlhdZlZeblbq_kdmx� Zdlb\�
ghklv�ebrv�ijb�\ha[m`^_gbb�mevljZnbhe_lh\uf�bklhqgbdhf��qlh�kha^Z_l�hij_^_e_g�
gu_�ljm^ghklb�^ey�rbjhdh]h�ijZdlbq_kdh]h�ijbf_g_gby�� 

H[jZapu�^ey�^Zggh]h�bkke_^h\Zgby�
[ueb� ex[_agh� ij_^hklZ\e_gu� g_f_pdbfb�
dhee_]Zfb� ba� bgklblmlZ� =ZgZ� b�FZclg_j�
�;_jebg���Hgb�[ueb�ihemq_gu�ke_^mxsbf�
h[jZahf�� >ey� ihemq_gby� g_e_]bjh\Zgguo�
h[jZaph\� bkihevah\Zeky� jZkl\hj� bahijh�
ibeZlZ� Ti (IV �� \� bahijhibeh\hf� kibjl_��
>ey� nhjfbjh\Zgby� e_]bjh\Zgguo� Zahlhf�
kljmdlmj�mdZaZgguc�\ur_�jZkl\hj�kf_rb�
\Zeky� k� \h^guf� jZkl\hjhf� NH4Cl��Ihem�
q_ggu_� lZdbf� h[jZahf� kf_kb� \u^_j`b\Z�
ebkv� gZ� \ha^mo_� \� l_q_gb_� ��� qZkh\� ijb�
dhfgZlghc� l_fi_jZlmj_� b� aZl_f� \ukmrb�
\Zebkv�ijb����K�\�l_q_gb_���qZkh\��>Ze__�
h[jZapu�hl`b]Zebkv�gZ�\ha^mo_�ijb�����D�
\� l_q_gb_� g_kdhevdbo� qZkh\��Ihemq_ggu_�
h[jZapu� TiO2� khklhyeb� ba� dhg]ehf_jZlh\�
jZaf_jhf�ihjy^dZ� ��fdf��dhlhju_�\�k\hx�
hq_j_^v� khklhyeb�ba�gZghdjbklZeeh\�^bZ�
f_ljhf���-���gf�� 
Ki_dlj� WIJ� g_e_]bjh\Zgguo� h[jZaph\�
TiO2�ij_^klZ\e_g�gZ�jbk� 1��NhjfZ�kb]gZeZ�
WIJ�b� \_ebqbgZ�g-nZdlhjZ� �������� k\b^_�
l_evkl\mxl�h�lhf��qlh�^Zgguc�kb]gZe�WIJ�
h[mkeh\e_g� we_dljhgZfb�� aZo\Zq_ggufb�
gZ�fhe_dmeu� dbkehjh^Z� >�@��Ijb� hk\_s_�
gbb�ki_dlj�WIJ�g_�f_gyeky� 

GZ� jbk�� �� ij_^klZ\e_gu� ki_dlju�
WIJ� hdkb^Z� lblZgZ�� e_]bjh\Zggh]h� Zahlhf�
(N- TiO2��� NhjfZ� ki_dljZ� b� \_ebqbgu� g-
nZdlhjh\��g1=2.001, g2=1.998, g3 �������k\b�
^_l_evkl\m_l�h�lhf��qlh�\�^Zgguo�h[jZapZo�
ijbkmlkl\mxl� fhe_dmeyjgu_� ]jmiiu� NO, 

aZo\Zq_ggu_�\�djbklZee_�TiO2 >�@��Ijb�hk\_s_gbb�bgl_gkb\ghklv�p_gljZevghc�ebgbb�ki_d�
ljZ�bgl_]jZevgh�jZklzl�b�ijb�wlhf�mdZaZggZy�ebgby�jZkiZ^Z_lky�gZ�^\_�dhfihg_glu� 

LZdbf�h[jZahf��\�^Zgghc�jZ[hl_�nhlhdZlZeblbq_kdZy�Zdlb\ghklv�N-TiO2 fh`_l�
[ulv�h[tykg_gZ�h[jZah\Zgb_f�\�_]h�djbklZeebq_kdhc�j_rzldb�NO�fhe_dmeyjguo�]jmii� 

>Zggh_�bkke_^h\Zgb_�ij_^klZ\ey_l�bgl_j_k�dZd�\�nmg^Zf_glZevghc�nbabd_��bamq_gb_�
ijbjh^u�kibgh\uo�p_gljh\�\�hdkb^_�lblZgZ���lZd�b�\�ijbdeZ^ghc�h[eZklb�nhlhdZlZebaZ� 

<ujZ`Zx�[eZ]h^Zjghklv�^hp_glm�DhgklZglbgh\hc�?�:��aZ�ieh^hl\hjgh_�h[km`^_gb_�j_amevlZlh\� 

Ebl_jZlmjZ 
1. Fujishima A., Honda K. Nature, 238, 37 (1972). 
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2. Serwicka E., Schlierkamp M.W., Naturforsch Z. 36 a, 226-232 (1981). 
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M>D������ 

KMI?JBHGGU?�DBKEHJH>HIJH<H>YSB?�IJH<H>GBDB 
<�KBKL?F?�Bi2WO6 – Bi2VO5.5 

∗∗Jm^gbpdZy�H�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<bkfmlkh^_j`Zsb_� kh_^bg_gby� kh� kehbklhc� i_jh\kdblhih^h[ghc� kljmdlmjhc��
lZdb_�dZd�\hevnjZfZl�\bkfmlZ�Bi2WO6 (BW��b�\ZgZ^Zl�\bkfmlZ�Bi2VO5.5 (BV��hlebqZ�
xlky�g_h[uqguf�khq_lZgb_f�k_]g_lhwe_dljbq_kdbo�k\hckl\�b�ZghfZevgh�\ukhdhc�we_d�
ljhijh\h^ghklb�� k\yaZgghc� k�ih^\b`ghklvx� Zgbhgh\�dbkehjh^Z��BW�bkiulu\Z_l�ijb�
930 - 960oK�j_dhgkljmdlb\guc�nZah\uc�i_j_oh^�ba�gbadhl_fi_jZlmjghc�iheyjghc�jhf�
[bq_kdhc�nZau��mm���\�g_iheyjgmx�fhghdebggmx��2/m���<ZgZ^Zl�\bkfmlZ�BV�\�h[eZk�
lb�l_fi_jZlmj�\ur_�dhfgZlghc�bkiulu\Z_l�^\Z�nZah\uo�i_j_oh^Z��dhlhju_�khijh\h`�
^Zxlky�kdZqdhh[jZaguf�m\_ebq_gb_f�dbkehjh^ghc�we_dljhijh\h^ghklb��Ijb�l_fi_jZ�
lmj_�hdheh����hK�ijhbkoh^bl�k_]g_lhwe_dljbq_kdbc�i_j_oh^�ba�iheyjghc�fhghdebgghc�
nZau�α (mmm��\�g_iheyjgmx�jhf[bq_kdmx�nZam�β������Z�ijb�l_fi_jZlmj_�\�h[eZklb�����
- 550hK�i_j_oh^bl�\�\ukhdhl_fi_jZlmjgmx�l_ljZ]hgZevgmx�γ (4/mmm��nZam� 

<�^Zgghc�jZ[hl_�[ueh�ijh\_^_gh�bkke_^h\Zgb_�we_dljhijh\h^ghklb��^bwe_dljb�
q_kdbo� k\hckl\�� Z� lZd`_� hkh[_gghkl_c� ihebfhjnbafZ� l\_j^uo� jZkl\hjh\� kbkl_fu�
Bi2WO6 – Bi2VO5.5. 

>ey�bkke_^h\Zgby�[ueZ�ba]hlh\e_gZ�k_jby�d_jZfbq_kdbo�h[jZaph\�Bi2VxW1-xO6-y 
k� kh^_j`Zgb_f�\ZgZ^by�hl� ��^h� ������Bkihevah\Zebkv�hkh[h�qbklu_�j_Zdlb\u�Bi2O3, 
WO3� b� 92O5�� MdZaZggu_� h[jZapu� [ueb� ihemq_gu� f_lh^hf� l\_j^hnZagh]h� kbgl_aZ� k�
^\mdjZlguf�h[`b]hf�\�l_q_gb_�kmlhd�ijb�����b����oK�k�ijhf_`mlhqguf�baf_evq_gb_f�
b�i_j_f_rb\Zgb_f�\�Z]Zlh\hc�klmid_�b�ij_kkh\Zgb_f�ih^�^Z\e_gb_f������d]�kf2

��H[�
jZapu� hoeZ`^Zebkv� ^h� dhfgZlghc� l_fi_jZlmju� f_lh^hf� aZdZedb�� J_gl]_ghnZah\uc�
ZgZeba� ijh\h^beky� ijb� dhfgZlghc� l_fi_jZlmj_� gZ� ^bnjZdlhf_lj_� Rigaku D-max/RC 
(CuKα-� baemq_gb_��� L_fi_jZlmjgu_� aZ\bkbfhklb� we_dljhijh\h^ghklb� b� ^bwe_dljbq_�
kdhc�ijhgbpZ_fhklb�[ueb�baf_j_gu�\�h[eZklb����– 960hK�gZ�qZklhl_���F=p�k�ihfhsvx�
fhklZ�L_keZ�<F�����?�gZ�h[jZapZo�k�ieZlbgh\ufb�we_dljh^Zfb� 

Ih�^Zgguf�j_gl]_ghnZah\h]h�ZgZebaZ�\�kbkl_f_�Bi2WO6 – Bi2VO5.5�h[jZamxlky�
^\Z�h]jZgbq_gguo�l\_j^uo�jZkl\hjZ�gZ�hkgh\_�BW�ijb���≤ x ≤������b�gZ�hkgh\_�BV�ijb�
0.75 ≤ x ≤ 1.  

<�l\_j^uo�jZkl\hjZo�gZ�hkgh\_�\hevnjZfZlZ�\bkfmlZ��ijb�x� ������nZah\uc�i_�
j_oh^�k^\bgml�gZ� ��hK�hlghkbl_evgh�[_kijbf_kgh]h�BW��<_ebqbgZ�we_dljhijh\h^gh�
klb�\�bkke_^h\Zgghc�h[eZklb�l_fi_jZlmj�gZ�ihjy^hd�\hajZklZ_l�k�\\_^_gb_f�\ZgZ^by�� 

M�l\_j^uo�jZkl\hjh\�gZ�hkgh\_�\ZgZ^ZlZ�\bkfmlZ�k_]g_lhwe_dljbq_kdbc�i_j_oh^�
ba�α-nZau�\�β-nZam�jZafu\Z_lky�ijb�\\_^_gbb�\hevnjZfZ��L\_j^u_�jZkl\hju�k������≤ x 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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≤������bf_xl�fZdkbfZevgh�\ukhdmx�we_dljhijh\h^ghklv��^hklb]Zxsmx�����Kf�kf�\�γ-
nZa_�ijb�l_fi_jZlmj_����hK��Ijbkmlkl\b_�\hevnjZfZ�hdZau\Z_l�\ebygb_�gZ�kljmdlmjm�
l\_j^uo�jZkl\hjh\�kh�klhjhgu�BV��Ijb�dhfgZlghc�l_fi_jZlmj_�^ey������≤ x ≤���gZ[ex�
^Z_lky�iheyjgZy�α -�nZaZ��ijb������≤ x ≤ 0.98 –�kf_kv�α-nZau�\�β-nZau��ijb������≤ x ≤ 
�����klZ[bebabjm_lky�β-nZaZ��Z�ijb������≤ x ≤ 0.84 – γ-nZaZ�� 

 
 

M>D��������� 

BKKE?>H<:GB?�KLJMDLMJGH=H�N:AH<H=H�I?J?OH>: 
<�K<?JOLHGDBO�E?G=FXJH<KDBO�IE?GD:O 

NL:EHPB:GBG:�<:G:>BE: 

Dhj_rdh\�>�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ie_gdb�E_g]fxjZ-;eh^`_ll�y\eyxlky�i_jki_dlb\guf�fZl_jbZehf�^ey�kljmdlmj�
fhe_dmeyjghc�we_dljhgbdb��Bo�fh`gh�jZkkfZljb\Zlv�dZd�kljmdlmju��h[eZ^Zxsb_�ih�
gb`_gghc�jZaf_jghklvx��Ihwlhfm�lZdb_�ie_gdb�fh]ml�hdZaZlvky�m^h[guf�fh^_evguf�
h[t_dlhf� ^ey� bkke_^h\Zgby� jZaf_jguo� wnn_dlh\��<� gZklhys__� \j_fy� kbgl_abjh\Zgu�
e_g]fxjh\kdb_�ie_gdb�h[eZ^Zxsb_�k_]g_lhwe_dljbq_kdbfb�b�fZ]gblgufb�k\hckl\Zfb��
<�e_g]fxjh\kdbo�ie_gdZo�ijb�baf_g_gbb�l_fi_jZlmju�fh]ml�gZ[ex^Zlvky�jZaebqgu_�
nZah\u_�i_j_oh^u� 

<�gZklhys_c�jZ[hl_�[ueZ�ihklZ\e_gZ�aZ^ZqZ�bkke_^h\Zgby�ijbjh^u�g_^Z\gh�h[�
gZjm`_ggh]h�nZah\h]h�i_j_oh^Z� 

Bamq_gb_� k\hckl\� e_g]fxjh\kdhc� ie_gdb� ijh\h^behkv� iml_f� ijh\_^_gb_� Z^�
khj[pbhgguo�b�we_dljhnbabq_kdbo�baf_j_gbc��:^khj[pby�iZjh\�\h^u�baf_jyeZkv�f_�
lh^hf� ©iv_ahj_ahgZgkguo� d\Zjp_\uo� \_kh\ª�� Ba-aZ� [hevrh]h� khijhlb\e_gby� ie_ghd�
nlZehpbZgbgZ�\ZgZ^beZ�we_dljhnbabq_kdb_�baf_j_gby�ijh\h^bebkv�gZ�i_j_f_gghf�lh�
d_� 

<�ij_^u^msbo�jZ[hlZo�[ueh�ihdZaZgh��qlh�ijb�ijhl_dZgbb�kljmdlmjgh]h�nZah�
\h]h� i_j_oh^Z� ijhbkoh^bl� m\_ebq_gb_� Z^khj[pbhgghc� kihkh[ghklb� e_g]fxjh\kdhc�
ie_gdb�� Ihwlhfm� k� p_evx� j_]bkljZpbb� nZah\h]h� i_j_oh^Z� baf_jyebkv� bahl_jfu� Z^�
khj[pbb�iZjh\�\h^u�ijb�jZaebqguo�l_fi_jZlmjZo��I_j_^�baf_j_gbyfb�h[jZapu�\Zdmm�
fbjh\Zebkv�\�l_q_gbb�^ebl_evgh]h�\j_f_gb��<k_�bahl_jfu�Z^khj[pbb�[ueb�iheghklvx�
h[jZlbfu��K�ih\ur_gb_f�l_fi_jZlmju�baf_j_gby�\_ebqbgZ�Z^khj[pbb�\hajZklZeZ��ijb�
h^ghf�b�lhf�`_�agZq_gbb�hlghkbl_evgh]h�^Z\e_gby�p/ps��\iehlv�^h�l_fi_jZlmju�t= 40h�

K��Z�aZl_f�mf_gvrZeZkv��LZdb_�baf_j_gby�[ueb�ijh\_^_gu�gZ�ie_gdZo�jZaghc�lhesbgu��
We_dljhnbabq_kdbfb�baf_j_gbyfb�[ueh�ihdZaZgh��qlh�ijb�l_fi_jZlmj_���h�K��ij_^ih�
eZ]Z_fZy�l_fi_jZlmjZ�nZah\h]h�i_j_oh^Z��ijhbkoh^bl�baf_g_gb_�oZjZdl_jZ�ijh\h^bfh�
klb�ie_ghd� 

GZ�hkgh\Zgbb�bf_xsboky� wdki_jbf_glZevguo�^Zgguo�^_eZxlky�g_dhlhju_� aZ�
dexq_gby�h�\hafh`ghc�ijbjh^_�nZah\h]h�i_j_oh^Z�\�ie_gdZo�nlZehpbZgbgZ�\ZgZ^beZ��
<�qZklghklb��baf_j_gby�Z^khj[pbb�iZjh\�\h^u�gZ�ie_gdZo�jZaebqghc�lhesbgu�ihdZaZ�
eb�� qlh� fu� bf__f� ^_eh� k� nZah\uf� i_j_oh^hf�� gZ[ex^Z_fuf� lhevdh� \� k\_jolhgdbo�
ie_gdZo��bkq_aZxs_f�ijb�\hajZklZgbb�qbkeZ�keh_\�� 
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M>D�����������������7 

KLJMDLMJ:�B�DJBKL:EEH-KLJMDLMJGU?�O:J:DL?JBKLBDB�
N:A�<UKHDH=H�>:<E?GBY�<�KIE:<:O�KBKL?FU�Yb(Fe1-xAl x)2. 

Pujmebg�G�E���=ZeZl�<�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

P_evx�gZklhys_c�jZ[hlu�y\bebkv�kbgl_a�nZa�\ukhdh]h�^Z\e_gby�kieZ\h\�d\Zab�
[bgZjghc� kbkl_fu� Yb(Fe1-xAl x)2�� b� hij_^_e_gb_� bo� nZah\h]h� khklZ\Z�� Zlhfgh-
djbklZeebq_hc�kljmdlmju�b�djbklZeeh-kljmdlmjguo�iZjZf_ljh\� 

Kbgl_a�nZa�\ukhdh]h�^Z\e_gby�\�wlhc�kbkl_f_�ijh\h^beky�\�Bgklblml_�nbabdb�
\ukhdbo�^Z\e_gbc�J:G�f_lh^hf� aZdZedb�ba�jZkieZ\Z�ihjhrdh\�kh_^bg_gbc�qbklhlhc�
g_�f_g__��������ij_^\Zjbl_evgh�kieZ\e_gguo�ijb�Zlfhkn_jghf�^Z\e_gbb��Kbgl_a�hkm�
s_kl\eyeky�\�dZf_j_�lbiZ�©Lhjhb^ª�ijb�l_fi_jZlmjZo�^h������D�b�^Z\e_gbb���=IZ�ih�
f_lh^bd_�� ih^jh[gh� hibkZgghc� \� >�@�� ;ueb� kbgl_abjh\Zgu� kieZ\u� kbkl_fu� Yb(Fe1-

xAl x)2�k�rZ]hf�o �����Z�\�h[eZklyo�dhgp_gljZpbc�hl�o ����^h�o ����k�rZ]hf������ 
Bkke_^h\Zgb_� nZah\h]h� khklZ\Z�� Zlhfgh-djbklZeebq_hc� kljmdlmju� b� djbklZeeh-

kljmdlmjguo�iZjZf_ljh\�kieZ\h\�d\Zab[bgZjghc�kbkl_fu�Yb(Fe1-xAlx)2��ijh\h^behkv�f_�
lh^hf�j_gl]_gh\kdhc�^bnjZdpbb�ihebdjbklZeeh\�gZ�^bnjZdlhf_lj_�>JHG-����k�bkihev�
ah\Zgb_f� fhghojhfZlbq_kdh]h� baemq_gby� hl� `_e_agh]h� Zgh^Z�� H[jZ[hldZ� j_amevlZlh\�
j_gl]_gh\kdbo�wdki_jbf_glh\�[ueZ�ijh\_^_gZ�ih�f_lh^bd_��hibkZgghc�\�jZ[hl_�>�@� 

<�j_amevlZl_�ZgZebaZ�j_gl]_gh^bnjZdpbhgguo�^Zgguo�[ueh�mklZgh\e_gh��qlh�\�
h[eZklb�khklZ\h\���x�����b�����x���kieZ\u�h^ghnZagu�b�bo�kljmdlmjZ�bahlbigZ�dm[b�
q_kdhc�nZa_�EZ\_kZ�C����Ijb�dhgp_gljZpbyo� ����x�����kieZ\u� lZd�`_�h^ghnZagu��gh�
bahlbigu�]_dkZ]hgZevghc�nZa_�EZ\_kZ�K����=_dkZ]hgZevgZy�nZaZ�K���hl^_e_gZ�ke_\Z�b�
kijZ\Z�gZ�nZah\hc�^bZ]jZff_�^\monZagufb�h[eZklyfb�ba�kf_kb�nZa�K���b�K����Jbk����� 

Baf_j_gb_�djbklZeeh-kljmdlmjguo�iZjZf_ljh\�ihdZaZeh��qlh�\_ebqbgZ�iZjZf_l�
jZ�we_f_glZjghc�yq_cdb�D ^ey�bgl_jf_lZeeb^Z�YbFe2 jZ\gZ�������Å, Z�^ey�YbAl2 – 7.879 
Å. LZdh_�agZqbl_evgh_�m\_ebq_gb_�iZjZf_ljZ�we_f_glZjghc�yq_cdb���������h[mkeh\e_�
gh�jZagbp_c�\�\_ebqbgZo�Zlhfguo�jZ^bmkh\�`_e_aZ�b�Zexfbgby��^hklb]Zxs_c��������
H^gZdh�\�kbkl_f_�Yb(Fe1-xAl x)2�g_�gZ[ex^Z_lky�g_ij_ju\gh]h�jy^Z�l\_j^uo�jZkl\hjh\�
aZf_s_gby�\��-G�ih^kbkl_f_�iehlghmiZdh\Zgguo�nZa�K���b�K�����l�d��kh]eZkgh�ijZ\bem�
Xf-Jha_jb�^ey�wlh]h�jZagbpZ�\�Zlhfguo�^bZf_ljZo�g_�^he`gZ�ij_\urZlv��������GZfb�
[ueh�mklZgh\e_gh��qlh�\�h[eZklb�khklZ\h\�����x�����kljmdlmjZ�kieZ\h\�–�]_dkZ]hgZev�
gZy�b�bahlbigZ�nZa_�EZ\_kZ�K��� 

 

 

0                                     0.45         0.5                    0.75          0.8              1 (x) 
 
Jbk�����NZah\Zy�^bZ]jZffZ�d\Zab[bgZjghc�kbkl_fu�Yb(Fe1-xAl x)2 

 
NZau�EZ\_kZ�K���b�K���jh^kl\_ggu�^jm]�^jm]m�\�hlghr_gbb�dhhj^bgZpbb�Zlh�

fh\�b�ij_^klZ\eyxl�kh[hc�iehlgu_�miZdh\db�Zlhfh\�^\mo�khjlh\��hlebqZxsb_ky�^ey�
nZa�K���b�K��� lhevdh�ihjy^dhf�q_j_^h\Zgby�iehlghmiZdh\Zgguo�^\hcguo� keh_\� >�@��
>ey�kjZ\g_gby�djbklZeeh-kljmdlmjguo�oZjZdl_jbklbd�nZa�K���b�K���m^h[g__�bkihevah�

C15 C15 
+ 
C14 

C14 C14 
+ 
C15 

C15 
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\Zlv� g_� \_ebqbgu� iZjZf_ljh\� we_f_glZj�
guo�yq__d��Z�h[t_f��ijboh^ysbcky�gZ�nhj�
fmevgmx�_^bgbpm�RT2.  
GZ� jbk�� �� ijb\_^_gZ� djb\Zy� dhgp_gljZpb�
hgghc� aZ\bkbfhklb� \_ebqbgu� 9n�_�� ^ey�
kieZ\h\� kbkl_fu�Yb(Fe1-xAl x)2��<b^gh�� qlh�
\h� \k_c� h[eZklb� dhgp_gljZpbc� h[t_f� 9n�_ 
fhghlhggh��gh�g_ebg_cgh�m\_ebqb\Z_lky�hl�
������^h�������Å3

��l�_��gZ�������� 
<uqbke_gb_� agZq_gby�hlghr_gby�k�Z�

ihdZaZeh��qlh�^ey�kieZ\h\�\k_o�khklZ\h\�hgh�
hl\_qZ_l�b^_Zevghfm�hklhr_gbx�^ey� ]_dkZ�
]hgZevghc� iehlghmiZdh\Zgghc� kljmdlmju� b�
jZ\gh� �������Dm[bq_kdZy�nZaZ�K���jZkkfZl�
jb\ZeZkv�\�]_dkZ]hgZevghc�mklZgh\d_� 

LZdbf� h[jZahf� \i_j\u_� hkms_kl\�
e_g�kbgl_a�kieZ\h\�d\Zab[bgZjghc�kbkl_fu�
Yb(Fe1-xAl x)2 ijb�^Z\e_gbb���=IZ�b�hij_^_�
e_gu� bo� nZah\uc� khklZ\�� Zlhfgh-
djbklZeebq_kdZy� kljmdlmjZ� b� baf_j_gu�

djbklZeeh-kljmdlmjgu_�oZjZdl_jbklbdb�b�bamq_gZ�bo�aZ\bkbfhklv�hl�khklZ\Z� 

Ebl_jZlmjZ 
1. .KYRVWDQWVHY�/�*���9HUHVKFKDJLQ�/�)���1RYLNRY�$�J��'HYLFH�RI�WRURLG�W\SH�IRU�KLJK�SUHs-

sure generation.// High temp – high press. 1977. V.9, p 637-639. 
2. @^Zgh\�=.K., Bexrbg�:.K., GbdblbgZ K.<. >bnjZdpbhgguc b j_ahgZgkguc ZgZeba. 

F��©GZmdZª�����������k� 
3. Bexrbg� :�K�� <\_^_gb_� \� kljmdlmjgmx� nbabdm� j_^dha_f_evguo�

bgl_jf_lZeebq_kdbo�kh_^bg_gbc��F��Ba^-\h�F=M������������k�� 
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BKKE?>H<:GB?�KLJMDLMJHH;J:AH<:GBY 
<�G?MIHJY>HQ?GGUO�IHEMIJH<H>GBD:O 

K�IJBF?G?GB?F�L?HJBB�K:FHHJ=:GBA:PBB 

EZjbgZ�L�=� 

JyaZgkdZy�]hkm^Zjkl\_ggZy�jZ^bhl_ogbq_kdZy�ZdZ^_fby 

F_oZgbafu� b� ^bgZfbdZ� nhjfbjh\Zgby� kljmdlmju� g_mihjy^hq_gguo� ihemijh�
\h^gbdh\�y\eyxlky�h[t_dlhf�ijbklZevgh]h�\gbfZgby�nbabdh\�b�l_ogheh]h\��ihkdhevdm�
agZgby� h� gbo� iha\heyxl� ij_^kdZau\Zlv� ihy\e_gb_� l_o� beb� bguo� kljmdlmj� b� p_e_gZ�
ijZ\e_ggh�mijZ\eylv�ijhp_kkZfb�\ujZsb\Zgby�fZl_jbZeh\��H^gZdh�kms_kl\mxsb_�f_�
lh^u�bkke_^h\Zgby�b�fh^_ebjh\Zgby�ijhp_kkh\�kljmdlmjhh[jZah\Zgby�LQ�VLWX��weebikh�
f_ljby��nhlhijh\h^bfhklv� >�@�� g_� iha\heyxl� knhjfbjh\Zlv� p_ehklghc� dZjlbgu� ijh�
p_kkh\��ijhbkoh^ysbo�\h�\j_fy�jhklZ��ihkdhevdm�jZkkfZljb\Zxl�bo�h[uqgh�k�ihabpbc�
jZ\gh\_kghc�l_jfh^bgZfbdb�b�\�dZq_kl\_�ZgZeblbq_kdh]h�bgkljmf_glZ�ZgZebaZ�bkihev�
amxl�ih^oh^u��ijbf_gbfu_�ebrv�^ey�ebg_cguo�kbkl_f��H^gZdh�\gmlj_ggb_�^bgZfbq_�
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x  

Jbk�� ��� Djb\Zy� dhgp_gljZpbhgghc� aZ\bkb�
fhklb� h[t_fZ� 9n�_�� ijboh^ys_]hky� gZ�nhj�
fmevgmx�_^bgbpm�\�kieZ\Zo�d\Zab[bgZjghc�
kbkl_fu��Fe1-xAl x)2 
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kdb_�ijhp_kku�\�\_s_kl\_�\h�\j_fy�kbkl_aZ�y\eyxlky�ih�k\h_c�kmlb�g_�q_f�bguf��dZd�
keh`guf� ih\_^_gb_f�� l�_�� kZfhhj]ZgbaZpb_c� >�@��Hgb� oZjZdl_jbamxlky� ke_^mxsbfb�
hkgh\gufb�ijbagZdZfb�kZfhhj]Zgbamxsboky�kbkl_f��l_jfh^bgZfbq_kdZy�hldjulhklv��
kbevgZy�g_jZ\gh\_kghklv��gZjmr_gb_�kbff_ljbb��kdZqdhh[jZaguc�oZjZdl_j�baf_g_gby�
nbabq_kdbo�oZjZdl_jbklbd�� 

H^gbf�ba�\hafh`guo�Zevl_jgZlb\guo�ih^oh^h\��gZ�gZr�\a]ey^��fh`_l�klZlv�bk�
ihevah\Zgb_� f_lh^h\� l_hjbb� kZfhhj]ZgbaZpbb�� Kbkl_fZ� gZau\Z_lky� kZfhhj]Zgbamx�
s_cky��_keb�hgZ�[_a�ki_pbnbq_kdh]h�\ha^_ckl\by�ba\g_�h[j_lZ_l�dZdmx-lh�ijhkljZgkl�
\_ggmx��\j_f_ggmx�beb�nmgdpbhgZevgmx�kljmdlmjm��ijbh[j_lZ_l�gh\u_�dhee_dlb\gu_�
k\hckl\Z��dhlhjufb�bagZqZevgh�g_�h[eZ^Zxl�__�we_f_glu��Wlb�k\hckl\Z�ijhy\eyxlky�\�
\b^_� dhjj_eypbc�� l�_�� kha^Zxlky� b� ih^^_j`b\Zxlky� \hkijhba\h^bfu_� \aZbfhhlghr_�
gby�f_`^m�m^Ze_ggufb�qZklyfb�kbkl_fu��<�j_amevlZl_�kZfhhj]ZgbaZpbb�m�kbkl_fu�hk�
lZ_lky� g_[hevrh_� qbkeh� iZjZf_ljh\� ihjy^dZ�� dhlhju_� hij_^_eyxl� __� ih\_^_gb_��GZ�
wlhf�[Zabjm_lky�]eZ\gZy�b^_y�wdki_jbf_glZevgh]h�bamq_gby�wlbo�kbkl_f��l�_��g_l�g_h[�
oh^bfhklb� bkke_^h\Zlv� ^bgZfbdm� \k_]h� bkoh^gh]h� [_kdhg_qghf_jgh]h�nZah\h]h� ijh�
kljZgkl\Z��<iheg_�^hklZlhqgh�gZ[ex^Zlv�ZlljZdlhj�kbkl_fu��l�_��khklhygb_��dhlhjh]h�
hgZ�^hklb]Z_l�ijb�\j_f_gb�ijhp_kkZ�w\hexpbb��klj_fys_fky�d�[_kdhg_qghklb��JZaf_j�
ghklv�ZlljZdlhjZ�\h�fgh]bo�bkke_^h\Zgbyo�hdZau\Z_lky�^h\hevgh�fZehc�� 

Hkgh\guf�kihkh[hf�ZgZebaZ�^bgZfbdb�keh`guo�kbkl_f�y\ey_lky�f_lh^�\eh`_gby�
LZd_gkZ�� K� _]h� ihfhsvx� fh`gh� jZaebqZlv� kbkl_fu�� ^_fhgkljbjmxsb_� oZhlbq_kdh_�
^\b`_gb_�\�ijhkljZgkl\_�g_[hevrhc�jZaf_jghklb�hl�kbkl_f�k�rmfhf��\uy\eylv�ijhklh_�
j_]meyjgh_�^\b`_gb_��baf_jylv�bg\ZjbZglgu_�oZjZdl_jbklbdb�oZhlbq_kdbo�kbkl_f�� 

Wlhl� f_lh^� [ue� Z^Zilbjh\Zg� ^ey� bamq_gby� ijhkljZgkl\_ggh-jZkij_^_e_gguo�
kbkl_f�� dZdbfb�� gZijbf_j�� y\eyxlky� ih\_joghklb�fZl_jbZeh\� >�@��<Z`ghc� hkh[_ggh�
klvx�bkke_^h\Zgby�ijhp_kkh\�jhklZ�y\ey_lky�lh��qlh�bo�^bgZfbdZ�fh`_l�[ulv�qZklbqgh�
\hkklZgh\e_gZ� ih� m`_� knhjfbjh\Zgghc� kljmdlmj_��Wlh� k\yaZgh� k� l_f�� qlh� kljmdlmjZ�
³ojZgbl´�bgnhjfZpbx�h�k\h_c�ij_^u^ms_c�w\hexpbb�gZ�\j_f_gZo��f_gvrbo�\j_f_gb�
dhjj_eypbc��LZd��gZ�jbk����ijb\_^_gu�bah[jZ`_gb_�ih\_joghklb�h[jZapZ�.-Si:H��ihem�
q_ggh_� k� ihfhsvx� Zlhfgh-kbeh\hc� fbdjhkdhibb� nmgdpbb� jZkij_^_e_gby� \ukhlu�
ijhnbey�h (!-iehlghklv�\_jhylghklb���aZ\bkbfhklv�jZaf_jghklb�ZlljZdlhjZ�'�b�dD/dlnr 
hl�qbkeZ�iZjZf_ljh\�ihjy^dZ�Q��djb\u_����b�OQ�U��djb\u_�����]^_�r-dhjj_eypbhggZy�^eb�
gZ��Ba�ZgZebaZ�ZgZeh]bqguo�^Zgguo�^ey�h[jZaph\��ihemq_gguo�ijb�jZaebqguo�l_ogheh�
]bq_kdbo�mkeh\byo��[ueb�k^_eZgu�\u\h^u�h�oZjZdl_j_�\ebygby�iZjZf_ljh\�l_ogheh]bb�
gZ�iZjZf_lju�^bgZfbdb�^_l_jfbgbjh\Zgghc�oZhlbq_kdhc�kbkl_fu� 

  

                  
 

Jbk�����J_amevlZlu�bkke_^h\Zgby�h[jZapZ�.-Si:H 
 
Ijbf_g_gb_�l_hjbb�kZfhhj]ZgbaZpbb�d�hibkZgbx�aZdhghf_jghkl_c�nhjfbjh\Z�

gby�g_mihjy^hq_gguo�fZl_jbZeh\�iha\hey_l�k�gh\uo�ihabpbc�fh^_ebjh\Zlv�ijhp_kku�
kbgl_aZ�\_s_kl\Z��i_j_hkfukeblv�ijbgpbiu�l_ogheh]bc�wlbo�fZl_jbZeh\�b�hldju\Z_l�
\iheg_�j_Zevgu_�i_jki_dlb\u�^ey�kms_kl\_ggh]h�m\_ebq_gby�bo�wnn_dlb\ghklb� 
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Ebl_jZlmjZ 
1. ;h^y]bg�G�<���<bojh\�K�I���EZjbgZ�L�=���FmjkZeh\�K�F���Lbfhn__\�<�G��Ijbjh^Z�

g_\hkijhba\h^bfhklb� kljmdlmju� b� k\hckl\� fZl_jbZeh\� ^ey� fbdjh-� b�
gZghwe_dljhgbdb��Mq_[��ihkh[���JyaZgv��J=JL:�����������k� 

 
 

M>D���� 

N:AH<U?�I?J?OH>U�<�3b2CdWO6 

IjmpZdh\Z�G�<���Dmijbygh\�F�N���DZ[bjh\�X�<� 

Jhklh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��nbabq_kdbc�nZdmevl_l 

JZg__�bkke_^h\Zgby�Pb2CdWO6 (PCW��h[gZjm`beb�jy^�ZghfZevguo�^bwe_dljb�
q_kdbo�k\hckl\�\�bgl_j\Ze_������L������hK��dhlhju_�k\yau\Zebkv�eb[h�k�Zglbk_]g_lh�
we_dljbq_kdbf�nZah\uf�i_j_oh^hf��eb[h�k�k_jb_c�i_j_oh^h\�ba�h^gbo�k_]g_lhwe_dljb�
q_kdbo�nZa�\�^jm]b_�>�-3]. 

AZ^Zqb�^Zgghc�jZ[hlu�khklhyeb�\�hij_^_e_gbb�kbff_ljbb�b�Zlhfguo�iZjZf_l�
jh\� PCW� \� rbjhdhf� bgl_j\Ze_� l_fi_jZlmj�� Z� lZd`_� \uy\e_gbb� ehdZevguo� ^_lZe_c�
kljmdlmju�PCW�b�bo�jheb�\�ZghfZebyo�aZ\bkbfhklb�0�L�� 

J_gl]_ghkljmdlmjgu_� bkke_^h\Zgby� ihebdjbklZeebq_kdh]h�PCW� ijh\_^_gu� gZ�
^bnjZdlhf_lj_�>JHG-�F��CuK.�-�baemq_gb_���>bwe_dljbq_kdb_�bkke_^h\Zgby�d_jZfb�
db�PCW�ijhba\_^_gu�k�ihfhsvx�fhklZ�?���– 8. 

MklZgh\e_gh��qlh�\�h[eZklb�15 ��L������hK PCW�h[eZ^Z_l�hjlhjhf[bq_kdhc��H��
kljmdlmjhc�k�ijhkljZgkl\_gghc�]jmiihc�Pmc21��GZ[ex^Z_fu_�k\_jokljmdlmjgu_�j_n�
e_dku�k\yaZgu�dZd�k�q_j_^h\Zgb_f�Zlhfh\�Cd�b�W�\�dbkehjh^guo�hdlZw^jZo��lZd�b�k�Zg�
lbiZjZee_evgufb�kf_s_gbyfb�Zlhfh\�Pb��Ijb����hK�H�–�nZaZ�khkms_kl\m_l�k�dm[bq_�
kdhc� �K���ijb�L�!����hK�kljmdlmjZ�PCW�dm[bq_kdZy�k�ijhkljZgkl\_gghc�]jmiihc�Hh

5. 
>bwe_dljbq_kdb_�bkke_^h\Zgby�PCW�h[gZjm`beb�hkljuc�ibd�\� aZ\bkbfhklb� 0�L��ijb�
395hK�b�jZafuluc�fZdkbfmf�ijb�360hK��Ijb�L�!����hK�ijb[eb`_ggh�\uihegy_lky�aZ�
dhg�Dxjb-<_ckkZ��Lh = 350hK��K� ����Â��5

�]jZ^���GZ[ex^Z_fu_�ZghfZebb�0�L��dhjj_eb�
jmxl� k� hkh[_gghklyfb� \� aZ\bkbfhklyo� h[t_fh\� yq__d� hl� l_fi_jZlmju� b� iha\heyxl�
ij_^iheh`blv��qlh�f_`^m�Zglbk_]g_lhwe_dljbq_kdhc�H�–�nZahc�b�iZjZwe_dljbq_kdhc�K�
–�nZahc�kms_kl\m_l�k_]g_lhwe_dljbq_kdZy�nZaZ�\�madhf�bgl_j\Ze_�l_fi_jZlmj�� 

JZ[hlZ�ih^^_j`ZgZ�JNNB��]jZgl�����-03-�����Z� 
 
 

M>D������ 

KL:LBKLBQ?KD:Y�L?JFH>BG:FBD:�B�>BNNMABHGG:Y�
DBG?LBD:�L<,J>UO�J:KL<HJH<�K�OBFBQ?KDHC�K<YAVX 

Fbgbg�>�G� 

Gh\]hjh^kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��YjhkeZ\Z�Fm^jh]h 

<�jZ[hl_�mql_gu�ljb�\hafh`gu_�nhjfu�\aZbfh^_ckl\by�\�fgh]hdhfihg_glguo�
l\_j^uo�jZkl\hjZo��LZd��\�qZklghklb��dhjhldh^_ckl\mxs__�hllZedb\Zgb_�mqblu\Z_lky�\�
jZfdZo�h[h[s_gghc�j_r_lhqghc�fh^_eb�>���@�k�ihfhsvx�\\_^_gby�kh[kl\_gguo�h[t_�
fh\�Zlhfh\��^Zevgh^_ckl\mxs__�ijbly`_gb_�–�\�ijb[eb`_gbb�kZfhkh]eZkh\Zggh]h�ih�
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ey��Kms_kl\_gghc�hkh[_gghklvx�^Zgghc�jZ[hlu�y\ey_lky�mq_l�\hafh`ghc�obfbq_kdhc�
k\yab�\�kbkl_f_��ijb\h^ys_c�d�h[jZah\Zgbx�\�jZkl\hj_�obfbq_kdbo�dhfie_dkh\��Zkkh�
pbZlh\��lbiZ�:.<���]^_�:�b�<�–�kbf\heu�dhfihg_glh\��.�b���–�kl_obhf_ljbq_kdb_�dh�
wnnbpb_glu��Ih^h[gZy�k\yav�ijb\h^bl�d�\aZbfghc�aZ\bkbfhklb�ehdZevguo�iehlghkl_c�
dhfihg_glh\�:�b�<�>�@�� 

<k_�ljb�mdZaZggu_�nhjfu�f_`Zlhfgh]h�\aZbfh^_ckl\by�mql_gu�f_lh^Zfb�klZ�
lbklbq_kdhc� l_jfh^bgZfbdb�� ihemq_gZ� aZfdgmlZy� kbkl_fZ� mjZ\g_gbc�� hij_^_eyxsZy�
ijhkljZgkl\_ggu_� jZkij_^_e_gby� dhfihg_glh\� jZ\gh\_kgh]h� jZkl\hjZ�� Bkke_^h\ZgZ�
mklhcqb\hklv� kbkl_fu� d� kibgh^Zevghfm� jZkiZ^m�� ihemq_gZ� b� bkke_^h\ZgZ� kbkl_fZ�
^bnn_j_gpbZevguo�mjZ\g_gbc��hibku\ZxsZy�w\hexpbx�g_jZ\gh\_kgh]h�fgh]hdhfih�
g_glgh]h�l\zj^h]h�jZkl\hjZ�k�obfbq_kdhc�k\yavx� 

Ebl_jZlmjZ 
1. AZoZjh\�F�:��D\ZabjZ\gh\_kgu_�khklhygby�l\zj^uo�jZkl\hjh\����NLL��������lhf�����

1���K����-63. 
2. AZoZjh\�:�X���AZoZjh\�F�:���Eh]bgh\Z�H�<��K\yav�h[h[s_gghc�j_r_lhqghc�fh^_eb�

jZkl\hjh\�k�l_hjb_c�=bga[mj]Z-EZg^Zm����I@LN��������l������1����K����-25. 
3. AZoZjh\� F�:�� KlZlbklbq_kdZy� l_jfh^bgZfbdZ� l\zj^uo� jZkl\hjh\� k� aZ\bkbfufb�

dhfihg_glZfb����@NO��������l������1���K�����-117. 
 
 

HKH;?GGHKLB�I?J?IHEYJBA:PBB�FHGHDJBKL:EEH<�L=K 
B�>L=K��H;EMQ?GGUO�KBEVGHLHQGUF�BFIMEVKGUF�IMQDHF�

WE?DLJHGH< 

B\Zgh\�<�<���B\Zgh\Z�L�B���FZjdh\Z�L�:��FZdZjh\�<�<��KZfkhgh\Z�H�<� 

L\_jkdhc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<� gZklhys_c� jZ[hl_� \uiheg_gu� bkke_^h\Zgby� ijhp_kkh\� i_j_dexq_gby�fhgh�
djbklZeeh\�L=K�b�>L=K��h[emq_gguo�kbevghlhqguf�bfimevkguf�imqdhf�we_dljhgh\��
<� dZq_kl\_� hkgh\gh]h� f_lh^Z� bkke_^h\Zgby� gZjy^m� k� baf_j_gbyfb� ^bwe_dljbq_kdhc�
ijhgbpZ_fhklb��iheyjbaZpbb��dhwjpblb\gh]h�ihey�b�lZg]_gkZ�m]eZ�^bwe_dljbq_kdbo�ih�
l_jv�gZfb�bkihevah\Zeky�gZb[he__�qm\kl\bl_evguc�d�i_j_kljhcd_�^hf_gghc�kljmdlmju�
f_lh^�wnn_dlZ�;Zjd]Zma_gZ��H[emq_gb_�ijh\h^behkv�gZ�bfimevkghf�kbevghlhqghf�bk�
lhqgbd_� we_dljhgh\�b�bhgh\� �BKBWB�� \�EZ[hjZlhjbb�nbabdb�qZklbp�H[t_^bg_ggh]h�
bgklblmlZ� y^_jguo� bkke_^h\Zgbc� �ENQ�HBYB��� ]��>m[gZ��Ihemq_gu�bgl_]jZevgu_�b�
^bnn_j_gpbZevgu_� djb\u_� jZkij_^_e_gby� qbkeZ� kdZqdh\�;Zjd]Zma_gZ� ijb� baf_g_gbb�
we_dljbq_kdh]h� khklhygby�h[jZapZ�ih� \_l\yf�i_leb� ]bkl_j_abkZ�^ey�h[emq_gguo� djb�
klZeeh\�L=K�b�>L=K��<uiheg_gu�bkke_^h\Zgby�ijhp_kkh\�i_j_iheyjbaZpbb�djbklZe�
eh\�L=K�b�>L=K�ijb�dhffmlZpbb�\g_rg_]h�we_dljbq_kdh]h�ihey��IhdZaZgh�qlh��m\_eb�
q_gb_�\g_rg_]h�we_dljbq_kdh]h�ihey�hdZau\Z_l�mkdhjyxs__�^_ckl\b_�gZ�ijhp_kku�i_�
j_iheyjbaZpbb�dZd�g_h[emq_gguo�djbklZeeh\�L=K�b�>L=K��lZd�b�^ey�h[emq_gguo�jZa�
ebqgufb�^haZfb��Z�lZd�`_�m\_ebqb\Z_l�h[s__�qbkeh�kdZqdh\�;Zjd]Zma_gZ��FZl_fZlbq_�
kdZy�h[jZ[hldZ�wdki_jbf_glZevguo�j_amevlZlh\�ihdZaZeZ��qlh�djb\u_�ke_^h\Zgby�kdZq�

dh\� ;Zjd]Zma_gZ� ohjhrh� Ziijhdkbfbjmxlky� aZdhghf� ,exp1~ 














−−

α

τ
t

N � ]^_� τ� b�

0<α���–�dhgklZglu� 
;ueb�kfh^_ebjh\Zgu�i_leb�^bwe_dljbq_kdh]h�]bkl_j_abkZ��Ijhba\_^_gZ�hp_gdZ�

\ebygby�^_n_dlghc�kljmdlmju�h[emq_gguo�djbklZeeh\�L=K�b�>L=K�gZ�ijhp_kku�i_j_�



EHFHGHKH<�– 2005 

 

128 

dexq_gby��Kfh^_ebjh\Zgu�^bki_jkbhggu_�aZ\bkbfhklb�^bwe_dljbq_kdhc�ijhgbpZ_fh�
klb�� 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�ijh]jZffu�³Mgb\_jkbl_lu�Jhkkbb´���MJ���������� 

 
 

M>D���������� 

IJHP?KKU�I?J?IHEYJBA:PBB�DH;:EVLKH>?J@:SBO�
DJBKL:EEH<�LJB=EBPBGKMEVN:L: 

Lyglh\Z�B�?� 

L\_jkdhc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

FhghdjbklZeeu�ljb]ebpbgkmevnZlZ� �L=K��gZreb�rbjhdh_�ijbf_g_gb_�\�ij_h[�
jZah\Zl_eyo� bgnjZdjZkgh]h� baemq_gby�� E_]bjh\Zgb_� djbklZeeh\� fh`_l� memqrblv� wdk�
iemlZpbhggu_� oZjZdl_jbklbdb� we_f_glZ�� ba]hlh\e_ggh]h�
ba�L=K��Ihwlhfm�\hajZklZ_l�bgl_j_k�d�bamq_gbx�djbklZe�
eh\��bf_xsbo�jZaebqgh]h�khjlZ�^_n_dlu�djbklZeebq_kdhc�
kljmdlmju�� kha^Z\Z_fuo�� \� qZklghklb�� \\_^_gb_f� ijbf_�
k_c��Ijbf_kv�\�fhghdjbklZee_�L=K�hdZau\Z_l�\ebygb_�gZ 
ijhp_kku�i_j_iheyjbaZpbb��Ba\_klgh��qlh�bhgu�f_lZeeh\�
Kh2+

�h[jZamxl�k\yab�k�ZlhfZfb�ZahlZ�N��ijbgZ^e_`Zsbfb�
bhgm�]ebpbgZ��qlh�fh`_l�ijb\_klb�d�hkeZ[e_gbx�kbe��ijb�
\h^ysbo� d� \hagbdgh\_gbx� kihglZgghc� iheyjbaZpbb� �Ps). 
Ihwlhfm�\\_^_gb_�bhgh\�Kh2+

�\�L=K�ijb\h^bl�d�mf_gvr_�
gbx�Ps�k�m\_ebq_gb_f�dhgp_gljZpbb�ijbf_kb� 

AZ^Zq_c� gZklhys_c� jZ[hlu� y\eyehkv� bamq_gb_�
\ebygby� qZklhlu� i_j_iheyjbamxs_]h� ihey� gZ� ijhp_kku�
i_j_dexq_gby�dh[Zevlkh^_j`Zsbo�djbklZeeh\�L=K� 

Ijb� ijh\_^_gbb� wdki_jbf_glh\� gZfb� bkihevah�
\Zeky� hkpbeeh]jZnbq_kdbc� f_lh^� bkke_^h\Zgby� KW� >�@��
GZ�h[jZapu�k�jZaebqghc�dhgp_gljZpb_c�ijbf_kb�Kh2+

��hl�
k���-5\�i�� ^h� k �����-3\�i��� ih^Z\Zebkv� fZeu_� ihey�
�? ��<�kf� b� ? ���<�kf�� k� jZagufb� qZklhlZfb� ���-
�����=p�� 

���MklZgh\e_gh��qlh�k�jhklhf�qZklhlu�ijbeh`_ggh]h�kbgmkhb^Zevgh]h�ihey�Zf�
ieblm^gh_� agZq_gb_�iheyjbaZpbb� �JZ�� djbklZeeh\�L=K�Kh

2+ mf_gvrZ_lky� �jbk�� ����qlh�
dZq_kl\_ggh�ohjhrh�kh]eZkm_lky�k�l_hjb_c�>�@�� 

JZ� �Jh?h /( 2βω ).      
���<�fZeuo�iheyo�ijb�[hevrbo�qZklhlZo�i_j_iheyjbamxs_]h�ihey��ihjy^dZ�lu�

kyqb�]_jp��JZ�mf_gvrZ_lky�k�m\_ebq_gb_f�dhgp_gljZpbb�ijbf_kb�Kh2+. 
���Wnn_dlb\gZy�^bwe_dljbq_kdZy�ijhgbpZ_fhklv� �0wn��m\_ebqb\Z_lky�ijb�ih\u�

r_gbb�dhgp_gljZpbb�ijbf_kb�b�mf_gvrZ_lky�k�m\_ebq_gb_f�qZklhlu�i_j_iheyjbamx�
s_]h�ihey� 

0wn� �JZ���?0h).      

Ebl_jZlmjZ 
1. Sawyer C.B., Tower C.H. // Phys. Rev. 35, 1930, p. 269. 

Jbk�� ��� I_leb� ^bwe_dljbq_�
kdh]h� ]bkl_j_abkZ�� ihemq_g�
gu_�^ey�djbklZeeZ�L=K��Kh2+ 
k�  � �����-3\�i�� ijb� jZaebq�
guo� qZklhlZo� \g_rg_]h� i_�
j_iheyjbamxs_]h� ihey� ?�  �
����<�kf����–��� ����=p����– 
100, 3 – 200, 4 – 500 
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2. Jm^yd�<�F��Ijhp_kku�i_j_dexq_gby�\�g_ebg_cguo�djbklZeeZo��F���GZmdZ��������k��
127 

 
 

M>D������������� 

IJHP?KKU�I?J?DEXQ?GBY�<�DJBKL:EE:O�LBL:G:L:�;:JBY 
K�IJBF?KVX�GBH;BY 

;hevrZdh\Z�H�<� 

L\_jkdhc�]hkm^Zjkl\_gguc�mgb\_jkbl_l���]��L\_jv���Jhkkby 

P_evx� gZklhys_c� jZ[hlu� y\ey_lky� bkke_^h\Zgb_� ^hf_gghc� kljmdlmju� �>K�� b�
ijhp_kkh\�__�i_j_kljhcdb�ih^�\ha^_ckl\b_f�we_dljbq_kdh]h�ihey�\�djbklZeeZo�<ZLL23 : 
Nb5+ 

����������������fhe���iheyjbaZpbhggh-hilbq_kdbf�f_lh^hf�>�@� 
MklZgh\e_gh��qlh�bkoh^gZy�^hf_ggZy�kljmdlmjZ�gbh[bckh^_j`Zsbo�djbklZeeh\�

ij_bfms_kl\_ggh�khklhbl�ba�f_edbo�Z-^hf_gh\��<�hlebqb_�hl�[_kijbf_kgh]h�djbklZeeZ�
<ZLL23�� jZa[blh]h� gZ� djmigu_� Z-� b� k-^hf_ggu_� [ehdb�� ^hey� k-^hf_gh\� \� ieZklbgd_�
<ZLL23 : Nb5+

�g_agZqbl_evgZ� 
Baf_g_gb_� we_dljbq_kdh]h� khklhygby� h[jZaph\� ih� djb\hc� iheyjbaZpbb� khijh�

\h`^Z_lky�i_j_kljhcdhc�>K��Klmi_gqZlh_�m\_ebq_gb_�ihey�hl���^h���–���d<�Â kf–1
��ijb�

eh`_ggh]h�d�ieZklbgZf�\�gZijZ\e_gbb�>���@��\uau\Z_l�bo�k-^hf_gbaZpbx��>Zevg_crbc�
jhkl�ihey�\�ij_^_eZo���–���d<�Â kf–1

�khijh\h`^Z_lky�ihy\e_gb_f�Z-^hf_gh\��<�[he__�\u�
khdbo�iheyo�^hey�k-^hf_gh\�\gh\v�m\_ebqb\Z_lky��qlh�k\b^_l_evkl\m_l�h�\dexq_gbb�\�
ijhp_kk�iheyjbaZpbb�k-^hf_gguo�h[eZkl_c��\_dlhj�iheyjbaZpbb�dhlhjuo�ZglbiZjZee_�
e_g�\_dlhjm�ijbeh`_ggh]h�d�h[jZapm�ihey� 

Bkke_^h\Zgby�ijhp_kkh\�i_j_kljhcdb�>K�djbklZeeh\�ijb�ijhoh`^_gbb�\_l\_c�
i_leb�]bkl_j_abkZ�ihdZaZeb��qlh�jhkl�ihey�khijh\h`^Z_lky�k-�^hf_gbaZpb_c�ieZklbgu��
Ijb�mf_gvr_gbb�ihey�^h�gmey�qZklv�Z-^hf_gh\�\hkklZgZ\eb\Z_lky��Ihe_�ijhlb\hiheh�
`_ggh]h�gZijZ\e_gby��\uau\Z_l�i_j_dexq_gb_�^hf_gh\�\�_]h�gZijZ\e_gbb�^h�khhl\_l�
kl\mxs_]h�gZkus_gby� 

Hp_gdZ�hlghr_gby�h[t_fh\�k-�b�Z-^hf_gguo�h[eZkl_c�\k_o�bkke_^h\Zgguo�h[�
jZaph\�ihdZaZeZ��qlh�\�hlkmlkl\b_�we_dljbq_kdh]h�ihey�gbh[bckh^_j`Zsb_�djbklZeeu�
<ZLL23�h[eZ^Zxl�ij_bfms_kl\_ggh�Z-^hf_gghc�kljmdlmjhc��dZd�\�bkoh^ghf�khklhygbb��
lZd�b�\�khklhygbyo��khhl\_lkl\mxsbo�hklZlhqghc�iheyjbaZpbb��Ijbf_kv�gbh[by�kha^Z�
_l�ij_bfms_kl\_ggu_�mkeh\by�^ey�\hagbdgh\_gby�Z-^hf_gghc�kljmdlmju��qlh�kh]eZkm�
_lky�k�ebl_jZlmjgufb�^Zggufb�>�@� 

JZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� ijh]jZffu� �Mgb\_jkbl_lu� Jhkkbb����MJH�
1.01.053. 

Ebl_jZlmjZ 
1. @_em^_\�B�K��Hkgh\u�k_]g_lhwe_dljbq_kl\Z��F��������k����� 

3. Dm^abg�:�X����We_dljhnbabq_kdb_�y\e_gby�\�fhghdjbklZeeZo�l\_j^uo�jZkl\hjh\�gZ�
hkgh\_�lblZgZlZ�[Zjby�����:\lhj_n��^bk��^��n��f��g���<hjhg_`������ 
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J?E:DK:PBHGGU?�Y<E?GBY�<�DJBKL:EE:O�L=K�<�J?AMEVL:L?�
<HA>?CKL<BY�K<?JODHJHLDBO�BFIMEVKH<�

WE?DLJHF:=GBLGH=H�BAEMQ?GBY 

∗∗Lj_[mgkdbo�K�X� 

<hjhg_`kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Kj_^b�Zdlb\guo�^bwe_dljbdh\�hkh[h_�f_klh�aZgbfZxl�k_]g_lhwe_dljbdb�–�\_s_�
kl\Z��h[eZ^Zxsb_�\�hij_^_e_gghf�l_fi_jZlmjghf�bgl_j\Ze_�kihglZgghc��l�_��kZfhijh�
ba\hevgh� \hagbdZxs_c� iheyjbaZpb_c�� dhlhjZy�fh`_l� [ulv� i_j_hjb_glbjh\ZgZ� \g_r�
gbf� \ha^_ckl\b_f��Hkh[h_� agZq_gb_�^Zgguo�fZl_jbZeh\� k\yaZgh� k�g_ebg_cghklvx�bo�
k\hckl\��dhlhjZy�^Z_l�\hafh`ghklv�mijZ\e_gby�bo�oZjZdl_jbklbdZfb�k�ihfhsvx�lZdbo�
\g_rgbo�\ha^_ckl\bc� 

H[t_dlZfb� bkke_^h\Zgby� [ueb� \u[jZgu� djbklZeeu� ljb]ebpbgkmevnZlZ� �L=K���
h[eZ^Zxsbfb�k_]g_lhwe_dljbq_kdbfb�k\hckl\Zfb��<�wdki_jbf_glZo�bamqZehkv�ih\_^_�
gb_� i_l_ev� ]bkl_j_abkZ� djbklZeeh\� ijb� \ha^_ckl\bb� k\_jodhjhldbo� bfimevkh\� we_d�
ljhfZ]gblgh]h�baemq_gby��KDB�WFB���<�dZq_kl\_�\ha^_ckl\mxs_]h�baemq_gby�bkihev�
ah\Zebkv�[biheyjgu_�KDB�WFB�k�qZklhlhc�ke_^h\Zgby����d=p��^ebl_evghklvx�ihjy^dZ�
��gk�b�k�wg_j]b_c�\�bfimevk_����×10-5

�>`��� 
<� gZklhysbo� bkke_^h\Zgbyo� h[jZa_p� \u^_j`b\Zeky� \� baf_jbl_evghf� ihe_�

Ux ����<�[hevr_�qZkZ�����fbgml���aZl_f��ijb�t� ����fbg�\dexqZehkv�\ha^_ckl\b_�KDB��
<h�\j_fy�\ha^_ckl\by�KDB�WFB�Uwl�djbklZeeZ�ieZ\gh�m\_ebqb\Z_lky�[he__�q_f�\�^\Z�
jZaZ��qlh�k\b^_l_evkl\m_l�h�agZqbl_evghf�jhkl_�iheyjbaZpbb�P�h[jZapZ��Ijb�\udexq_�
gbb� \ha^_ckl\by� KDB� WFB� ijb� t ≈���fbg� m\_ebq_gb_� J� djbklZeeZ� ijh^he`Z_lky��
klj_fykv�d�gZkus_gbx�kh�\j_f_g_f��Jbk������ 
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Jbk�����AZ\bkbfhklv�Uwl�djbklZeeZ�L=K�hl�\j_f_gb��imgdlbjhf�hlf_q_gu�
fhf_glu�\dexq_gby�b�\udexq_gby�]_g_jZlhjZ�KDB� 

 
LZdbf�h[jZahf��\ha^_ckl\b_�KDB�k�wg_j]b_c����×10-5

�>`�\�ijhp_kk_�kgylby�i_�
l_ev�^bwe_dljbq_kdh]h�]bkl_j_abkZ�ijb\h^bl�d�agZqbl_evguf�baf_g_gbyf�^_n_dlghc�b�
^hf_gghc�kljmdlmju�djbklZeeh\�L=K��dhlhju_�\ujZ`Zxlky�\�baf_g_gbyo�iheyjbaZpbb�
dZd�\h�\j_fy�wlh]h�\ha^_ckl\by��lZd�b�ihke_�_]h�kgylby��\udexq_gby�� 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb�  
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M>D�������� 

F:=GBLHHILBQ?KDB?�WNN?DLU 
<�H>GHF?JGUO�NHLHGGUO�DJBKL:EE:O 

DZebr�:�G���;_ehl_eh\�<�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Nhlhggu_�djbklZeeu��ND��—�wlh�fZl_jbZeu��hilbq_kdb_�k\hckl\Z�dhlhjuo�fh�
^mebjh\Zgu� \� ijhkljZgkl\_�� ijbq_f� i_jbh^�fh^meypbb� kjZ\gbf� k� ^ebghc� \hegu� bk�
ihevam_fh]h�we_dljhfZ]gblgh]h�baemq_gby��<�gZklhys__�\j_fy�ND�e_`Zl�\�hkgh\_�gh�
\_cr_]h�gZijZ\e_gby�kh\j_f_gghc�hilbdb�–�nhlhgbdb��<ke_^kl\b_�fgh]hemq_\hc�bg�
l_jn_j_gpbb�nhjfbjmxlky�aZij_s_ggu_�ahgu�—�^bZiZahgu�qZklhl��^ey�dhlhjuo�jZk�
ijhkljZg_gb_�\heg�\�ND�aZij_s_gh��;eZ]h^Zjy�wlhc�hkh[_gghklb�ND�djbklZeeu�fh]ml�
gZoh^blv�fgh]hqbke_ggu_�ijbf_g_gby��\�qZklghklb��\�dZq_kl\_�hilbq_kdbo�nbevljh\��
b^_Zevguo�hljZ`Zl_e_c��eZa_jh\��\ukhdhwnn_dlb\guo�\hegh\h^h\� 

>ey�ijZdlbq_kdbo�p_e_c�hdZau\Z_lky�\Z`ghc�\hafh`ghklv�mijZ\eylv�hilbq_kdbfb�
k\hckl\Zfb�ND��gZijbf_j��iheh`_gb_f�aZij_s_gghc�ahgu�b�__�rbjbghc��H^gbf�ba�gZb�
[he__�wnn_dlb\guo�f_lh^h\�y\ey_lky�bkihevah\Zgb_�fZ]gblguo�fZl_jbZeh\��Djhf_�\ha�
fh`ghklb�baf_g_gby�hilbq_kdbo�k\hckl\�ND�ih^�^_ckl\b_f�\g_rg_]h�fZ]gblgh]h�ihey��
wlh�ijb\h^bl�d�jy^m�gh\uo�y\e_gbc�\�fZ]gblhhilbd_��gZijbf_j��d�j_ahgZgkghfm�mkbe_gbx�
wnn_dlZ�NZjZ^_y��dhlhjuo�khklhbl�\h�\jZs_gbb�iehkdhklb�iheyjbaZpbb�ebg_cgh�iheyjb�
ah\Zggh]h�k\_lZ�>�@��LZdh_�h[klhyl_evkl\h�hldju\Z_l�gh\u_�imlb�bkihevah\Zgby�ND�\�mkl�
jhckl\Zo�bgl_]jZevghc�hilbdb�^ey�mijZ\e_gby�k\_lh\ufb�ihlhdZfb��\�qZklghklb��hilbq_�
kdbo�baheylhjh\��lh�_klv�mkljhckl\��ijhimkdZxsbo�k\_l�lhevdh�\�h^ghf�gZijZ\e_gbb� 

<� ^Zgghc� jZ[hl_� bkke_^mxlky� fZ]gblh-
hilbq_kdb_� wnn_dlu� \� h^ghf_jguo� ND�� ij_^klZ\-
eyxsbo� kh[hc� q_j_^mxsb_ky� fZ]gblgu_� b� g_fZ]-
gblgu_�kehb� �jbk���� >�@��Ijb�wlhf�we_dljhfZ]gblgZy�
\hegZ� iZ^Z_l� ih^� ijhba\hevguf� m]ehf�� Bkke_-
^m_fufb� wnn_dlZfb� y\eyxlky� \jZs_gb_� iehkdhklb�
iheyjbaZpbb� \� ijhr_^r_f� b� hljZ`_gghf� k\_l_��
aZ\bkbfhklv�dhwnnbpb_glh\�ijhoh`^_gby�b�hljZ`_- 
gby� hl� m]eZ� iZ^_gby� b� hl� ^ebgu� \hegu� iZ^Zxs_]h� k\_lZ�� Z� lZd`_� ijhkljZgkl\_ggh_�
jZa^_e_gb_� ki_dljZevguo� dhfihg_gl� \� hljZ`_gghf� k\_l_�� Ihke_^gbc� wnn_dl� fh`_l�
ijb\_klb�d�bkihevah\Zgbx�ND�\�dZq_kl\_�mkljhckl\ -�^_fmevlbie_dkhjh\� 

>ey� hibkZgby� b� fh^_ebjh\Zgby� k\hckl\� h^ghf_jguo� nhlhgguo� djbklZeeh\� \�
jZ[hl_�bkihevah\Zg�f_lh^�fZljbp�i_j_oh^Z�>�@��dhlhjuc�hkgh\Zg�gZ�lhf��qlh�\�dZ`^hf�
keh_�g_aZ\bkbfh�^jm]�hl�^jm]Z�jZkijhkljZgyxlky� �� lbiZ�ghjfZevguo�\heg��h[eZ^Zx�
sbo�hij_^_e_gghc�iheyjbaZpb_c�b�gZijZ\e_gb_f�jZkijhkljZg_gby��b�ihegh_�we_dljh�

 

NBABD:�F:=GBLGUO�Y<E?GBC� 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
ijhn��^�n�-f�g��RZeu]bgZ�?e_gZ�?\]_gv_\gZ 

Jbk�� 
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fZ]gblgh_�ihe_�fh`gh�ij_^klZ\blv�\�\b^_�bo�kmi_jihabpbb��>ey�ghjfbjh\Zgguo�\he�
gh\uo�\_dlhjh\�\�kemqZ_�iZ^_gby�k\_lZ�ih^�m]ehf�θ�kijZ\_^eb\u�khhlghr_gby� 

θsin=yn , 
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fZ]gbq_gghklb��A^_kv�hkv�z�gZijZ\e_gZ�i_ji_g^bdmeyjgh�d�]jZgbpZf�keh_\��Z�iehkdh�
klvx�iZ^_gby�y\ey_lky�iehkdhklv�yz��>ey�khklZ\eyxsbo�\_dlhjZ�gZijy`_gghklb�we_d�
ljbq_kdh]h�ihey�^ey�ghjfZevguo�fh^�kijZ\_^eb\u�khhlghr_gby� 
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K\yav�Zfieblm^�ghjfZevguo�fh^�gZ�\oh^_�b�\uoh^_�nhlhggh]h�djbklZeeZ�^Z_lky�
\�fZljbqghc�nhjf_� 

11
111

11
1

00 ++
−−−−= NNNNN ADDPDPDDA � ,     

]^_�An —�klhe[_p��khklZ\e_gguc�ba�Zfieblm^�ghjfZevguo�\heg�\�n-f�keh_�� nP  —�fZl�

jbpZ-ijhiZ]Zlhj��hibku\ZxsZy�jZkijhkljZg_gb_�ghjfZevguo�\heg�\�n-f�keh_��Z� nD — 
^bgZfbq_kdZy�fZljbpZ�� k\yau\ZxsZy� Zfieblm^u�ghjfZevguo�\heg�b� lZg]_gpbZevgu_�
dhfihg_glu�gZijy`_gghkl_c�we_dljbq_kdh]h�b�fZ]gblgh]h�ihe_c��hgZ�gm`gZ�^ey�mq_lZ�
]jZgbqguo� mkeh\bc� gZ� ]jZgbpZo� keh_\���Ihemq_ggu_� khhlghr_gby� iha\heyxl� \uqbk�
eylv�oZjZdl_jbklbdb�hljZ`_ggh]h�b�ijhr_^r_]h�k\_lZ� 

IjhkljZgkl\_ggZy�^bki_jkby� \�fZ]gblguo�ND�ijb\h^bl�d�\hafh`ghklb� kha^Z�
gby�gZ�bo�hkgh\_�i_j_kljZb\Z_fuo�^_fmevlbie_dkhjh\��K\_lh\u_�emqb�jZaebqghc�^eb�
ghc�\hegu�ijb�hljZ`_gbb�hl�ih\_joghklb�ND�hdZau\Zxlky�ijhkljZgkl\_ggh�jZa^_e_g�
gufb�–�wnn_dl�^_fmevlbie_dkbjh\Zgby�>�@��Ih^[bjZy�jZaebqgu_�iZjZf_lju�ND��fh`�
gh�^h[blvky�kblmZpbb��dh]^Z�mdZaZgguc�ijhkljZgkl\_gguc�k^\b]�ebg__g�ih�^ebg_�\he�
gu��<�^Zgghc�jZ[hl_�bkke_^h\Zg�wnn_dl�^_fmevlbie_dkbjh\Zgby�\�fZ]gblguo�ND� 

Ebl_jZlmjZ 
1. Levy M., Yang H.C., Steel M.J. et.al. J. Light Wave Tech. 19, 1964 (2001). 
2. Belotelov V.I., Zvezdin A.K., JOSA B, 22, 286 (2005). 
3. Gerken M., Miller D. Appl. Opt., 42, 1330 (2003).  

 
 

M>D-537.632 

HILBQ?KDB?�B�F:=GBLHHILBQ?KDB?�KI?DLJU�
FGH=HKEHCGUO�F:=GBLGUO�KLJMDLMJ�^COFEZR(X)-ASI(Y)}N 

∗∗;Zluj_\�:�K���<Zrmd�F�<���Lmevkdbc�B�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

FZl_jbZeu� k� fh^mebjh\Zggufb� hilbq_kdbfb� b� fZ]gblgufb� k\hckl\Zfb� ijb�
\e_dZxl�[hevrh_�\gbfZgb_��dZd�k�nmg^Zf_glZevghc��lZd�b�k�ijbdeZ^ghc�lhqdb�aj_gby��
Fgh]hkehcgu_�fZ]gblgu_�ie_gdb�f_lZee-^bwe_dljbd�\�aZ\bkbfhklb�hl�lhesbgu�keh_\�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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fh]ml� jZkkfZljb\Zlvky�� dZd� fZ]gblgu_� nhlhggu_� djbklZeeu�� dh]^Z� lhesbgu� keh_\�
kjZ\gbfu� k� ^ebghc� \hegu� iZ^Zxs_]h� k\_lZ�� beb� dZd� ]b[jb^gu_� fmevlbkehb�� dh]^Z�
lhesbgu�keh_\�g_�ij_\urZxl�g_kdhevdbo�gZghf_ljh\� >�@��DZd�^ey�h^gh]h�� lZd�b�^ey�
^jm]h]h� deZkkZ� fmevlbkeh_\� gZ[ex^Z_lky� j_ahgZgkgh_� mkbe_gb_� fZ]gblhhilbq_kdh]h�
hldebdZ��dhlhjh_�ihdZ�g_�m^Z_lky�iheghklvx�hibkZlv�l_hj_lbq_kdb� >����@��>ey�\uykg_�
gby�ijbjh^u�gZ[ex^Z_fuo�wnn_dlh\�\�]b[jb^guo�fmevlbkehyo�g_h[oh^bfu�^Zevg_c�
rb_�wdki_jbf_glZevgu_�b�l_hj_lbq_kdb_�bkke_^h\Zgby�� 

<�gZklhys_c�jZ[hl_�ijh\_^_gh�bkke_^h\Zgb_�w\hexpbb�hilbq_kdbo�b�fZ]gblh�
hilbq_kdbo�ki_dljh\�fmevlbkehcguo�fZ]gblguo�ie_ghd�^CoFeZr(x)-aSi(y)}n��\�dhlhjuo�
lhesbgZ�[bkehy�t=x+y�baf_gy_lky�hl���^h����gf��H[sZy�lhesbgZ�ie_ghd�baf_gyeZkv�hl�
����^h�����fdf��>Zggu_�h[jZapu�[ueb�ihemq_gu�\�<hjhg_`kdhf�]hkm^Zjkl\_gghf�l_o�
gbq_kdhf�mgb\_jkbl_l_�f_lh^hf�bhggh-emq_\h]h�jZkiue_gby��FH�baf_j_gby�[ueb�\u�
iheg_gu�\�]_hf_ljbb�wd\ZlhjbZevgh]h�wnn_dlZ�D_jjZ� �WWD��ijb�dhfgZlghc�l_fi_jZ�
lmj_�\�^bZiZahg_�wg_j]bc�iZ^Zxs_]h�baemq_gby�hl�����^h�����w<�ijb�jZaebqguo�m]eZo�
iZ^_gby�k\_lZ��Zfieblm^Z�i_j_f_ggh]h�fZ]gblgh]h�ihey�^hklb]ZeZ�����dW��AgZq_gby�hi�
lbq_kdbo�dhgklZgl�n�b�k�[ueb�ihemq_gu�iheyjbf_ljbq_kdbf�f_lh^hf� 
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Jbk�����Ki_dljZevgu_�aZ\bkbfhklb�WWD�^ey�fmevlbkeh_\�>CoFeZr(x)Si(y)]n 

 
 

GZ�jbk����ijb\_^_gu�ki_dljZevgu_�aZ\bkbfhklb�^ey�^\mo�kbkl_f�fgh]hkehcguo�
ie_ghd�^CoFeZr(x)-aSi(y)}n��Ba�ijb\_^_gguo�djb\uo�ke_^m_l��qlh�\b^�b�\_ebqbgZ�fZ]�
gblhhilbq_kbo�ki_dljh\�kbevgh�baf_gyxlky��dZd�\�aZ\bkbfhklb�hl�lhesbgu�f_lZeeb�
q_kdbo��o��b�^bwe_dljbq_kdbo��m��keh_\��lZd�b�hl�dhebq_kl\Z�[bkeh_\��n���>ey�kbkl_fu�k�
gZb[he__�lheklufb�kehyfb���o∼���gf��b�n ����dZd�^ey�gZghdhfihablh\�>@�gZ[ex^Z_lky�
g_fhghlhggZy�aZ\bkbfhklv�\_ebqbgu�WWD�hl�h[t_fgh]h�kh^_j`Zgby��f) CoFeZr�b�mkb�
e_gb_�FH�hldebdZ�\�[eb`g_c�BD�h[eZklb�ki_dljZ��>ey�kbkl_f�k�f_gvrbfb�lhesbgZfb�
fZ]gblgh]h�kehy� �o�∼1-��gf��fu�gZ[ex^Zeb�m\_ebq_gb_�wnn_dlZ�\�\b^bfhc�b�MN�h[�
eZklb� ki_dljZ�ijb�fZeuo� lhesbgZo�kehy�dj_fgby�b�iZ^_gb_�\_ebqbgu� wnn_dlZ�k�_]h�
jhklhf��<b^�hilbq_kdbo�ki_dljh\�lZd`_�kbevgh�aZ\bk_e�hl�lhesbgu�b�qbkeZ�keh_\��GZ�
hkgh\_�wdki_jbf_glZevgh�baf_j_gguo�hilbq_kdbo�ihklhygguo�b�WWD�[ueb�jZkkqblZgu�
^bZ]hgZevgu_�b�g_^bZ]hgZevgu_�dhfihg_glu� l_gahjZ�^bwe_dljbq_kdhc�khklZ\eyxs_c�
�L>I�� �jbk�� ����IhdZaZgh�� qlh� \�fmevlbkehyo� kms_kl\_ggh� baf_gyxlky� agZq_gby�� dZd�
^bZ]hgZevguo�� lZd�b�g_^bZ]hgZevguo�khklZ\eyxsbo�L>I��:gZeba�ihe_\uo� aZ\bkbfh�
kl_c�WWD�ihdZaZe��qlh�fmevlbkehb�k�o∼���gf�gZkusZxlky�\�iheyo�ihjy^dZ�����H_��qlh�
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k\b^_l_evkl\m_l�h�lhf��qlh�fZ]gblgu_�kehb�\�gbo�y\eyxlky�kiehrgufb��Ijb�mf_gvr_�
gbb�o��\_ebqbgZ�ihey�gZkus_gby�jZkl_l�b�^ey�kZfuo�fZeuo�lhesbg�fu�g_�gZ[ex^Zeb�
gZkus_gby�^Z`_�\�iheyo� ����dH_��LZdh_�ih\_^_gb_�k\b^_l_evkl\m_l�h�lhf��qlh�bkke_�
^m_fu_�fmevlbkehb�hlghkylky�d�]b[jb^guf�kbkl_fZf� 

>ey�h[tykg_gby�ihemq_gguo�j_amevlZlh\�ijh\h^behkv�fh^_ebjh\Zgb_�fZ]gblh�
hilbq_kdbo� ki_dljh\� \� ijb[eb`_gbb� wnn_dlb\ghc� kj_^u� b� gZ� hkgh\_�fZdjhkdhibq_�
kdhc�Nj_g_e_\kdhc�fZ]gblhhilbdb�^ey�mevljZlhgdbo�keh_\�� 

 
JZ[hlZ� \uiheg_gZ� ijb� ih^^_j`d_� Jhkkbckdh]h� nhg^Z� nmg^Zf_glZevguo� bkke_^h\Zgbc� �]jZglu�
���-02-������b���-02-�������b�ijh]jZffu�Mgb\_jkbl_lu�Jhkkbb� 

Ebl_jZlmjZ 
1. Dieny B. at al. J.Magn.Magn.Mater.185(1998)283 
2. Gan’shina E. at al. Physica B(2001)260 
3. =ZgvrbgZ�?�:�� b� ^j��K[hjgbd� ljm^h\�O,O�F_`^mgZjh^ghc� dhgn_j_gpbb�GFFF�

�����Fhkd\Z�k���� 
 
 

M>D�����������������3; 538.975 

F:=GBLGU?�B�F:=GBLHHILBQ?KDB?�K<HCKL<: 
CO/MO/CO�LHGDHIE?GHQGUO�F:=GBLGUO�KLJMDLMJ 

∗∗I_j_i_eh\Z�?�<���Dhaeh\kdbc�E�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�ihke_^gb_�]h^u�bamq_gb_�k\hckl\�lhgdhie_ghqguo�fZ]gblguo�kljmdlmj��ij_^�
klZ\eyxsbo�kh[hc�q_j_^h\Zgb_�fZ]gblguo�b�g_fZ]gblguo�keh_\��ijb\e_dZ_l�\gbfZgb_�
                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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Jbk����Ki_dljZevgu_�aZ\bkbfhklb�^bZ]hgZevguo�ε1,ε2��b�g_^bZ]hgZevguo�ε'1,ε'2��dhf�
ihg_gl�l_gahjZ�^bwe_dljbq_kdhc�ijhgbpZ_fhklb�^ey�fmevlbkeh_\�>CoFeZr(x)Si(y)]n 
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bkke_^h\Zl_e_c��qlh�h[mkeh\e_gh�h[gZjm`_gb_f�\�gbo�jy^Z�gh\uo�nbabq_kdbo�y\e_gbc��
\�lhf�qbke_�gZ[ex^_gb_f�hkpbeeypbhggh]h�ih\_^_gby�g_dhlhjuo�nbabq_kdbo�oZjZdl_�
jbklbd�ijb�baf_g_gbb�lhesbgu�fZ]gblguo�b�g_fZ]gblguo�keh_\. P_evx�^Zgghc�jZ[h�
lu� y\ey_lky� bkke_^h\Zgb_� fZ]gblguo� b� fZ]gblhhilbq_kdbo� k\hckl\ &R�0R�&R� lj_o�
kehcguo�kbkl_f� 

BamqZ_fu_ &R�0R�&R�h[jZapu�[ueb�ihemq_gu�k�ihfhsvx fZ]g_ljhggh]h�jZkiu�
e_gby�ijb�[Zah\hf�^Z\e_gbb�\�\Zdmmfghc�dZf_j_�f_gvr_�10-8 Lhjj��b�^Z\e_gbb�jZ[hq_]h�
]ZaZ��Zj]hgZ��1x10-3 Lhjj. LhesbgZ Kh�keh_\��WCo��\�bamqZ_fuo�lj_okehcguo�kbkl_fZo�[u�
eZ�h^bgZdh\hc��;ueb�ihemq_gu�^\_�k_jbb�h[jZaph\�k�WCo� �����b���gf��ijb�wlhf�lhesbgZ�
fheb[^_gh\h]h�kehy��WFR��baf_gyeZkv�hl���� ^h�� gf. Qlh[u�ba[_`Zlv�hdbke_gby��h[jZapu�
[ueb�ihdjulu 10-gf�keh_f�m]e_jh^Z��Bkke_^h\Zgb_�fbdjhkljmdlmju�bamqZ_fuo�h[jZa�
ph\� [ueb� \uiheg_gu� k� ihfhsvx� j_gl]_gh\kdh]h� ^bnjZdpbhggh]h� ZgZebaZlhjZ� �;5'���
GZebqb_� i_jbh^bq_kdbo� kljmdlmj� �q_ldh� \ujZ`_gguo� ]jZgbp� jZa^_eZ�� \� bkke_^m_fuo�
h[jZapZo�[ueh�ih^l\_j`^_gh�^Zggufb�fZehm]eh\h]h�j_gl]_gh\kdh]h�jZkk_ygby� Baf_j_�
gb_� i_l_ev� ]bkl_j_abkZ� b� djb\uo� gZfZ]gbqb\Zgby� [ueh� \uiheg_gh� gZ�fZ]gblhhilbq_�
kdhf�fZ]g_lhf_lj_�k�ihfhsvx�wd\ZlhjbZevgh]h�wnn_dlZ�D_jjZ� �WWD���/��A^_kv�/� ��,�– 
I0)/I0��]^_�,�b�,0�bgl_gkb\ghklv�k\_lZ��hljZ`_ggh]h�hl�gZfZ]gbq_ggh]h�b�g_�gZfZ]gbq_ggh�
]h�h[jZapZ��khhl\_lkl\_ggh��<g_rg__�fZ]gblgh_�ihe_�[ueh�ijbeh`_gh�iZjZee_evgh�ih�
\_joghklb�h[jZapZ�b�i_ji_g^bdmeyjgh�iehkdhklb�iZ^_gby�k\_lZ��Baf_j_gby�[ueb�\uihe�
g_gu� ijb� ^\mo� \aZbfgh-i_ji_g^bdmeyjguo� hjb_glZpbyo� \g_rg_]h�fZ]gblgh]h�ihey�G, 
ijbeh`_ggh]h� \�iehkdhklb�h[jZapZ��Ki_dljZevgu_� aZ\bkbfhklb�WWD�[ueb�baf_j_gu�\�
h[eZklb�wg_j]bb�d\Zglh\�iZ^Zxs_]h�k\_lZ����� «&�������w<��M]he�iZ^_gby�k\_lZ�gZ�h[jZ�
a_p�[ue�jZ\_g���h��<k_�baf_j_gby�[ueb�\uiheg_gu�ijb�dhfgZlghc�l_fi_jZlmj_� 

;ueh� gZc^_gh�� qlh�bamqZ_fu_� h[jZapu�bf_xl�iehkdhklgmx�fZ]gblgmx� Zgbah�
ljhibx��<�fZ]gblghf�ihe_�G��ijbeh`_gghf�\^hev�hkb�ljm^gh]h�gZfZ]gbqb\Zgby��gZ�
[ex^Zebkv� [_a]bkl_j_abkgu_� i_leb� k� oZjZdl_jghc� ebg_cghc� aZ\bkbfhklvx� gZfZ]gb�
q_gghklb�hl�ihey�\�h[eZklb�G < HS (HS –�ihe_�gZkus_gby�h[jZapZ���:gZeba�djb\uo�gZ�
fZ]gbqb\Zgby�b�i_l_ev�]bkl_j_abkZ��baf_j_gguo�\�ihe_��hjb_glbjh\Zgghf�iZjZee_evgh�
e_]dhc� hkb� gZfZ]gbqb\Zgby�� ihdZaZe�� qlh� kms_kl\m_l� kbevgZy� aZ\bkbfhklv� agZq_gbc�
ihey�gZkus_gby�GS�hl�lhesbgu�fheb[^_gh\h]h�kehy�tFh��<�qZklghklb��[ueh�mklZgh\e_�
gh��qlh�aZ\bkbfhklb�HS(tFh��bf_xl�hkpbeebjmxsbc�oZjZdl_j��ijbq_f�i_jbh^�Λ�h[gZ�
jm`_gguo�hkpbeeypbc�HS aZ\bkbl�hl�WCo��;ueh�gZc^_gh��qlh�Λ�jZ\gh���b�����gf�ijb�WCo = 
����b���gf��khhl\_lkl\_ggh� 

Ihemq_ggu_�wdki_jbf_glZevgu_�^Zggu_�fh`gh�h[tykgblv�gZebqb_f�h[f_ggh]h�
\aZbfh^_ckl\by�f_`^m�n_jjhfZ]gblgufb�kehyfb�q_j_a�g_fZ]gblguc�kehc�b�_]h�hkpbe�
eypbhgguf�ih\_^_gb_f�k�baf_g_gb_f�lhesbgu�g_fZ]gblgh]h�kehy��i_j_oh^�hl�n_jjh�
fZ]gblghfm� �N��d�Zglbn_jjhfZ]gblghfm� �:N��\aZbfh^_ckl\bx���<�j_amevlZl_��\�bam�
qZ_fuo�lj_okehcguo�kbkl_fZo�\hafh`gZ�iZjZee_evgZy��N�mihjy^hq_gb_��b�ZglbiZjZe�
e_evgZy��:N�mihjy^hq_gb_��hjb_glZpby�gZfZ]gbq_gghklb�\�khk_^gbo�kehyo�dh[ZevlZ��<�
kemqZ_�n_jjhfZ]gblgh]h�h[f_gZ�f_`^m�fZ]gblgufb�kehyfb�ijhp_kku�i_j_fZ]gbqb\Z�
gby�lj_okehcguo�lhgdhie_ghqguo�kljmdlmj�\�p_ehf�ZgZeh]bqgu�ijhp_kkZf�i_j_fZ]gb�
qb\Zgby�lhgdbo�ie_ghd�b�fh]ml�hkms_kl\eylvky��gZijbf_j��aZ�kq_l�g_h[jZlbfh]h�jhklZ�
aZjh^ur_c�i_j_fZ]gbqb\Zgby��<�kemqZ_�Zglbn_jjhfZ]gblgh]h�h[f_gZ�f_`^m�fZ]gbl�
gufb�kehyfb�\_dlhju��gZfZ]gbq_gghklb�\�khk_^gbo�ie_gdZo�dh[ZevlZ�ijb�G� ���jZagh�
gZijZ\e_gu��l�_��jZkkfZljb\Z_fZy�lhgdhie_ghqgZy�kljmdlmjZ�ih^h[gZ�h^ghhkghfm�Zg�
lbn_jjhfZ]g_lbdm��<�h[jZapZo�k�:N�h[f_ghf�ihe_�gZkus_gby�HS�agZqbl_evgh�[hevr_��
q_f�HS�\�h[jZapZo�k�N�h[f_ghf��qlh�h[mkeh\e_gh�^hihegbl_evgufb�aZljZlZfb�wg_j]bb�
gZ�ij_h^he_gb_�Zglbn_jjhfZ]gblgh]h�h[f_gZ�f_`^m�fZ]gblgufb�kehyfb�� 
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Ke_^m_l�hlf_lblv��qlh�wdki_jbf_glZevgh�gZc^_gguc�i_jbh^�hkpbeeypbc���bf_�
_l�^hklZlhqgh�[hevrh_�agZq_gb_��Kh]eZkgh�kms_kl\mxsbf�ij_^klZ\e_gbyf��\�kemqZ_��
_keb� h[f_g� f_`^m� kehyfb� hkms_kl\ey_lky� q_j_a� RKKY-\aZbfh^_ckl\b_�� �� ^he`gh�
[ulv�ihjy^dZ����F (�F –�\hegh\hc�\_dlhj�N_jfb���dhlhjh_�^ey�[hevrbgkl\Z�f_lZeeh\�
jZ\gh�����–�����gf��<�gZr_f�kemqZ_��� [hevr_��q_f����F��Wlh�k\b^_l_evkl\mxl�h�lhf��qlh�
l_hj_lbq_kdb_�hp_gdb�wlh]h�iZjZf_ljZ�^he`gu�[ulv�\uiheg_gu�k�mq_lhf�d\Zglh\h]h�
jZaf_jgh]h�wnn_dlZ��lh�_klv�^he`gh�[ulv�ijbgylh�\h�\gbfZgb_�baf_g_gb_�we_dljhgghc�
kljmdlmju� mevljZlhgdh]h�fZ]gblgh]h� kehy� �ihy\e_gb_� lZd�gZau\Z_fuo�Quantum Well 
States (QWS’s���ih�kjZ\g_gbx�k�h[t_fguf�fZl_jbZehf� 

:gZeba�ki_dljZevguo�aZ\bkbfhkl_c�WWD��/�«&���ihemq_gguo�^ey�bamqZ_fuo�h[�
jZaph\� ihdZaZe�� qlh�nhjfZ� djb\uo� /�«&�� ijZdlbq_kdb� h^bgZdh\Zy�� gh� agZq_gby�WWD�
mf_gvrZxlky�k�m\_ebq_gb_f�lhesbgu�fheb[^_gh\h]h�kehy��Mf_gvr_gb_�WWD�k�jhklhf�
tFh�fh`gh�h[tykgblv�ihy\e_gb_f�[eZ]h^Zjy�^bnnmabb�\[ebab�Kh�Fh�bgl_jn_ckh\�kehy�
Kh-Fh�kieZ\Z��lhesbgZ�dhlhjh]h�m\_ebqb\Z_lky�k�jhklhf�fheb[^_gh\h]h�kehy� 

<�p_ehf�ihemq_ggu_� wdki_jbf_glZevgu_�^Zggu_�fh]ml�gZclb�ijbf_g_gb_�ijb�
jZajZ[hld_�fgh]hkehcguo�kbkl_f�^ey�kh\j_f_gguo�mkljhckl\�kibgh\hc�fbdjhwe_dljh�
gbdb� 

 
 

M>D�������� 

HKPBEEYPBB�F:=GBLGUO�I:J:F?LJH<�B�=B=:GLKDB?�
AG:Q?GBY�G:F:=GBQ?GGHKLB�<�K<?JOJ?R?LD:O�)(�%( 

DjZr_gbggbdh\�:�I���:glbih\�K�>���KfbjgbpdZy�=�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l� 

FZ]gblgu_� k\_joj_r_ldb� ij_^klZ\eyxl� kh[hc� h^bg� ba� gZb[he__� bamq_gguo� b�
\Z`guo� \� ijZdlbq_kdhf� hlghr_gbb� deZkkh\� gZghjZaf_jguo� ]_l_jhkljmdlmjguo� fZ]�
gblguo� kbkl_f�� K� lhqdb� aj_gby� ijbeh`_gbc� gZb[hevrbc� bgl_j_k� \uau\Z_l�� ij_`^_�
\k_]h� wnn_dl� ]b]Zglkdh]h� fZ]gblhkhijhlb\e_gby�� lh]^Z� dZd� \� hlghr_gbb� nmg^Zf_g�
lZevguo�bkke_^h\Zgbc�[hevrh_�\gbfZgb_�bkke_^h\Zl_e_c�[ueh�ijb\e_q_gh�gZebqb_f�
hkpbeeypbc�hkgh\guo�fZ]gblguo�iZjZf_ljh\�k�baf_g_gb_f�lhesbg�dhfihg_gl��\�fgh�
]hkehcguo�]_l_jhkljmdlmjZo�[ueZ�h[gZjm`_gZ�\hafh`ghklv�h[f_ggh]h�\aZbfh^_ckl\by�
f_`^m�n_jjhfZ]gblgufb�kehyfb�q_j_a�kibgh\mx�iheyjbaZpbx�we_dljhgh\�ijh\h^bfh�
klb�jZa^_eyxs_c�bo�g_fZ]gblghc�ijhkehcdb�>�@��AZ�kq_l�d\Zglh\h-bgl_jn_j_gpbhgguo�
wnn_dlh\� lbiZ� d\Zglh\uo� yf�beb� agZdhi_j_f_ggh]h�ih\_^_gby�bgl_]jZeZ� dhk\_ggh]h�
h[f_ggh]h�\aZbfh^_ckl\by�f_`^m�fZ]gblgufb�ZlhfZfb��\�^Zgghf�kemqZ_��kehyfb��dZd�
nmgdpbb� jZkklhygby� \� ijb[eb`_gbb� JDDB�� aZ\bkbfhklb� gZfZ]gbq_gghklb� b� ^jm]bo�
fZ]gblguo�iZjZf_ljh\�hl�lhesbgu�g_fZ]gblghc�ijhkehcdb�fh]ml�ijhy\eylv�hkpbeeb�
jmxsbc�oZjZdl_j� 

Djhf_�lh]h��l_hj_lbq_kdb�[ueh�ihdZaZgh�>�@��qlh�\�fZ]gblguo�k\_joj_r_ldZo�b�
fmevlbkehyo�\hafh`gu�agZqbl_evgu_�\ZjbZpbb�ehdZevguo�Zlhfguo�fZ]gblguo�fhf_g�
lh\�fZ]gblhZdlb\guo�bhgh\�b�k\_jolhgdbo�fZ]gblguo�ihe_c�gZ�y^jZo�wlbo�bhgh\��JZa�
ebqgu_�fmevlbkehb�ih�k\hckl\Zf�fh]ml�[ulv�[ebadb�d�kibgh\uf�\_glbeyf�beb�kibg-
lmgg_evguf�i_j_oh^Zf� 

G_evay� h[hclb� \gbfZgb_f� b� hlghkbl_evgh� g_^Z\gh� \uykg_ggu_� mgbdZevgu_�
k\hckl\Z�lhgdbo�b�mevljZlhgdbo�Zfhjnguo�ie_ghd�[_jbeeby��MevljZlhgdb_�ie_gdb�[_�
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jbeeby�\[ebab�nZah\h]h�i_j_oh^Z�k\_joijh\h^gbd-baheylhj�h[eZ^Zxl�ih�hlghr_gbx�d�
iehkdhklb� ie_gdb� g_[u\Zehc� Zgbahljhib_c� fZ]gblhkhijhlb\e_gby� >�@�� ^hklb]Zxs_c�
107

�\�fZ]gblguo�iheyo�^h���Le�b�bf_xs_c�qbklh�hj[blZevgmx�ijbjh^m� 
Ihemq_gb_�fZ]gblguo�k\_joj_r_lhd� )H�%H�ijh\h^behkv�gZ�mgbdZevghf�h[hjm�

^h\Zgbb�^ey�jZkiue_gby�\�jZajy^_�k�hkpbeebjmxsbfb�we_dljhgZfb�\�Zlfhkn_j_�djbi�
lhgZ�ih^�jmdh\h^kl\hf�^�l�g��=��<��Kfbjgbpdhc��Ki_pbZevgZy�dhgnb]mjZpby�we_dljbq_�
kdh]h�b�ijh^hevgh]h�fZ]gblgh]h�ihe_c�h[_ki_qb\Z_l�]hj_gb_�jZajy^Z�ijb�kdhev�m]h^gh�
gbadhf�^Z\e_gbb�a��–8–10–9

�Lhjj��GZiue_gb_�ie_ghd�\�^Zgghf�jZajy^_�ijhbkoh^bl�ijb�
[he__�gbadhf�^Z\e_gbb� hklZlhqguo� ]Zah\� �a��–7–10–8

�Lhjj��b�[he__�gbadhf�^Z\e_gbb�
jZ[hq_]h�bg_jlgh]h�]ZaZ��a��–5–10–6

�Lhjj���q_f�ijb�ihemq_gbb�ie_ghd�^jm]bfb�f_lh^Z�
fb��LZdbf�h[jZahf��\�khq_lZgbb�k�]_hf_ljb_c�jZkiheh`_gby�dZlh^h\-fbr_g_c��^ZggZy�
f_lh^bdZ�iha\hey_l�ihemqZlv�\ukhdhdZq_kl\_ggu_� kehbklu_�gZghkljmdlmju� k�gbadbf�
kh^_j`Zgb_f�hklZlhqguo�]Zah\� 

GZfb�[ue�ijh\_^_g�p_euc�dhfie_dk�bkke_^h\Zgbc��\i_j\u_�hkms_kl\e_g�kbgl_a�
b�djbklZeeh]jZnbq_kdZy�Zll_klZpby�lj_o�k_jbc�fZ]gblguo�k\_joj_r_lhd� )H�%H�k�lhe�
sbgZfb�dhfihg_gl�hl���Å ^h����Å, ba�dhlhjuo�^\_�oZjZdl_jbah\Zebkv�ihklhygghc�lhe�
sbghc�keh_\�Fe (5Å b���Å khhl\_lkl\_ggh���Z�lj_lvy�–�ihklhygghc�lhesbghc�ijhkeh_d�
Be (8Å); baf_j_gby�bo�fZ]gblguo�k\hckl\��l_fi_jZlmjguo� aZ\bkbfhkl_c�gZfZ]gbq_g�
ghklb��bamq_gb_�ehdZevguo�fZ]gblguo�khklhygbc��ehdZevguo�fZ]gblguo�fhf_glh\�bh�
gh\�b� oZjZdl_jZ� dhk\_ggh]h�h[f_ggh]h� \aZbfh^_ckl\by�fZ]gblhmihjy^hq_gguo� keh_\�
)H�q_j_a�g_fZ]gblgu_�ijhkehcdb�%H�� 

<�j_amevlZl_�j_gl]_ghkljmdlmjguo�bkke_^h\Zgbc�\uykg_gh��qlh�kehb�Be�\�FKJ�
)H�%H�y\eyxlky�iheghklvx�j_gl]_ghZfhjngufb��Z�fZ]gblgu_�kehb�)H�l_dklmjbjh\Zgu. 
JZaf_ju�h[eZkl_c�dh]_j_glgh]h�jZkk_ygby��hij_^_e_ggu_�ih�f_lh^m�K_eydh\Z-R_j_jZ��
khklZ\beb� ��–90 Å. <�k\yab�k� wlbf�[ueh�k^_eZgh� aZdexq_gb_�h�gZghdjbklZeebq_kdhc�
kljmdlmj_�keh_\�)H�\�k\_joj_r_ldZo�)H�%H� 

>ey�baf_j_gbc�hkgh\guo�fZ]gblguo�oZjZdl_jbklbd�FKJ�)H�%H�b�bo�aZ\bkbfh�
kl_c� hl� l_fi_jZlmju� bkihevah\Zeky� mgbdZevguc� \b[jZpbhggh-fZ]gblhf_ljbq_kdbc�
dhfie_dk��iha\heyxsbc�ijh\h^blv�baf_j_gby�k�lhqghklvx�^h��Â ��–7

�wf_�\�fZ]gblguo�
iheyo�^h���� dW��Z�lZd`_�kgbfZlv�l_fi_jZlmjgu_�aZ\bkbfhklb�gZfZ]gbq_gghklb�\�ih�
klhygghf�ihe_�\�bgl_j\ZeZo�l_fi_jZlmj���–����D�b����–1 ����D��DZeb[jh\dZ�fZ]gblh�
f_ljZ�ijh\h^beZkv�ih�hlh``_gguf�ieZklbgdZf�gbd_ey�lhc�`_�nhjfu��qlh�b�bkke_^m_�
fu_�h[jZapu�FKJ�)H�%H��b�lhqgh�ba\_klgh]h�h[t_fZ�� 

DZq_kl\_ggh�ih\_^_gb_�k\_joj_r_lhd�)H�%H�oZjZdl_jbam_lky�rbjhdbf�jZaghh[jZ�
ab_f�djb\uo�gZfZ]gbqb\Zgby��Jy^�FKJ�^_fhgkljbjmxl�[hevrmx�Zgbahljhibx�i_j_fZ]�
gbqb\Zgby�\�iehkdhklb�ie_gdb��bg^mpbjh\Zggmx�fZ]gblguf�ihe_f�\�ijhp_kk_�gZiue_�
gby��LZd`_�]bkl_j_abkgh_�ih\_^_gb_�gZ[ex^Zehkv�b�^ey�i_ji_g^bdmeyjghc�hjb_glZpbb�
gZfZ]gbq_gghklb�d�iehkdhklb�FKJ��Bamq_gb_�aZ\bkbfhkl_c�\_ebqbg�gZfZ]gbq_gghkl_c�
b� jy^Z� ^jm]bo� \Z`g_crbo� fZ]gblguo� oZjZdl_jbklbd� ihdZaZeh� gZebqb_� hkpbeeypbc� k�
lhesbghc�lhc�beb�bghc�dhfihg_glu�FKJ��K\_joj_r_ldb�k_jbb�)H�tFe)/Be(8Å), Z�lZd`_�
jy^�FKJ�)H��0Å)/Be(tBe���khhl\_lkl\mxsbo��dZd�ijZ\beh��fbgbfZevguf�agZq_gbyf�kihg�
lZgghc�gZfZ]gbq_gghklb��h[eZ^Zxl�h^ghgZijZ\e_gghc�Zgbahljhib_c�i_j_fZ]gbqb\Zgby�
lbiZ�h[f_ggh]h�kf_s_gby��oZjZdl_jbam_fh]h�k^\b]hf�i_leb�]bkl_j_abkZ��\�gZr_f�kemqZ_�
—�\�klhjhgm�iheh`bl_evguo�ihe_c�gZ�\_ebqbgm�\�ij_^_eZo��–15 W� 

GZb[he__�hq_\b^gZ� agZqbfhklv�^ey�nmg^Zf_glZevghc�gZmdb�b�ijbeh`_gbc�h[�
gZjm`_gguo�\�k\_joj_r_ldZo�)H�%H�]b]Zglkdbo�kihglZgguo�fZ]gblguo�fhf_glh\��ghj�
fbjh\Zgguo�gZ�kh^_j`Zgb_� )H��<�k_jbb�h[jZaph\� )H���Å)/Be(tBe��[hevrbgkl\h�k\_jo�
j_r_lhd�h[eZ^Z_l�kihglZgghc�gZfZ]gbq_gghklvx��ij_\urZxs_c�ZgZeh]bqgmx�\_ebqb�
gm� ^ey� qbklh]h� fZkkb\gh]h� )H� \� ���-�� jZaZ�� lh]^Z� dZd� ^ey�FKJ� >)H���Å)/Be(8Å)]100, 
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[Fe(10Å)/Be(17Å)]110�wlZ�\_ebqbgZ�^hklb]Z_l�� ����b�� ����=k��qlh�\ljh_�[hevr_��q_f�\�
qbklhf�`_e_a_��G_h[uqZcgh�\ukhdZ�kihglZggZy�gZfZ]gbq_gghklv�\�jy^_�k\_joj_r_lhd�
k_jbb�)H����Å)/Be(tBe���]^_�lhesbgZ�keh_\�)H�m`_�[ebadZ�d�]bihl_lbq_kdhc�]jZgbp_�bk�
q_agh\_gby� n_jjhfZ]g_lbafZ� \� lhgdbo� ie_gdZo�� GZijbf_j�� \� k\_joj_r_ldZo�
[Fe(4,9Å)/Be(7Å)]150, [Fe(4,9Å)/Be(15Å)]150�b� >)H����Å)/Be(20Å)]150�wlb� agZq_gby�^hklb�
]Zxl�� 100 =k��� 200 =k�b�� 500 =k�khhl\_lkl\_ggh� 

>ey�k_jbc�FKJ�)H�%H�k�i_j_f_gghc�lhesbghc�keh_\�%H�agZq_gby�hkgh\guo�iZ�
jZf_ljh\�� kihglZgghc� gZfZ]gbq_gghklb�� dhwjpblb\ghc� kbeu�� h[f_ggh]h� kf_s_gby� b�
wnn_dlb\gh]h�ihey�fZ]gblghc�Zgbahljhibb�bgl_jn_ckh\�bkiulu\Zxl�]em[hdb_�hkpbe�
eypbb�k�i_jbh^hf��–8Å \�aZ\bkbfhklb�hl�lhesbgu�keh_\�%H��Hkpbeeypbb�kihglZgghc�
gZfZ]gbq_gghklb�\�^Zgghf� kemqZ_��ih-\b^bfhfm��h[mkeh\e_gu�baf_g_gbyfb�bgl_]jZ�
eh\�dhk\_ggh]h�h[f_ggh]h�\aZbfh^_ckl\by�f_`^m�n_jjhfZ]gblgufb�kehyfb�)H��dhlh�
ju_�bkiulu\Zxl�hkpbeeypbb�k�jhklhf�lhesbg�%H��:^_d\Zlghc�l_hj_lbq_kdhc�fh^_evx�
^ey�ZgZebaZ�ih\_^_gby�kihglZgghc�gZfZ]gbq_gghklb�y\ey_lky�h[h[s_ggh_�ijb[eb`_�
gb_�JDDB�� 

:gZeh]bqgu_� aZ\bkbfhklb� fZ]gblguo� iZjZf_ljh\� ^ey� k_jbb� Fe(tFe)/Be(8Å) g_�
^_fhgkljbjmxl� y\gh� hkpbeeypbhgghc� aZ\bkbfhklb� \� ij_^klZ\e_gghf� ^bZiZahg_� lhe�
sbg�� Z� [hevrbgkl\h� h[jZaph\� h[eZ^Zxl� gZfZ]gbq_gghklvx�� ij_\urZxs_c� � ���� =k��
A^_kv��ih-\b^bfhfm��[hevrmx�jhev�b]jZxl�f_`kehcgu_�h[f_ggu_�\aZbfh^_ckl\by�Zg�
lbn_jjhfZ]gblgh]h�oZjZdl_jZ��qlh�ijhy\ey_lky�\�f_gvrbo�\_ebqbgZo�kihglZgghc�gZ�
fZ]gbq_gghklb� ih� kjZ\g_gbx� k� k_jb_c�� jZkkfhlj_gghc� \ur_�� b� gZebqbb� h[f_ggh]h�
kf_s_gby� 
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M>D�����������������2; 538.975 

<EBYGB?�HL@B=:�G:�F:=GBLGU? 
B�F:=GBLHHILBQ?KDB?�K<HCKL<:�NI�IE?GHD 

FmdZr_\Z�F�:���Dhaeh\kdbc�E�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ba\_klgh��qlh�lhgdb_�fZ]gblgu_�ie_gdb� �LFI��bf_xl�mgbdZevgu_�fZ]gblgu_��
fZ]gblhhilbq_kdb_��dbg_lbq_kdb_�b�^bgZfbq_kdb_�k\hckl\Z��<ke_^kl\b_�wlh]h�hgb�gZ�
oh^yl�rbjhdh_�ijbf_g_gb_�\�ijZdlbq_kdbo�ijbeh`_gbyo��:gZeba�kms_kl\mxsbo�^Zg�
guo�ihdZaZe��qlh�\�gZb[hevr_c�kl_i_gb�bamq_gu�nbabq_kdb_�k\hckl\Z�ie_ghd�Fe�b�Co��Z�
lZd�`_�ihemq_gguo�gZ�bo�hkgh\_�lhgdhie_ghqguo�kbkl_f��FZ]gblgu_�oZjZdl_jbklbdb�
Ni�ie_ghd�bamq_gu�g_�klhev�ih^jh[gh��Z�\ebygb_�hl`b]Z�gZ�bo�fZ]gblgu_�b�fZ]gblhhi�
lbq_kdb_�k\hckl\Z�g_�bkke_^h\Zehkv�\hh[s_��P_evx�^Zgghc�jZ[hlu�y\ey_lky�bkke_^h�
\Zgb_� fZ]gblguo� b� fZ]gblhhilbq_kdbo� k\hckl\� Ni� ie_ghd� \� bkoh^ghf� khklhygbb� b�
hlh``_gguo�ijb�l_fi_jZlmj_����������b�����hK� 

K_jbb�Ni�ie_ghd�[ueb�ihemq_gu�f_lh^hf�fZ]g_ljhggh]h�jZkiue_gby�k�bkihev�
ah\Zgb_f�k\_jo�\ukhdh\Zdmmfghc�mklZgh\db�MKM-���LhesbgZ�ie_ghd�\�dZ`^hc�k_jbb�
\Zjvbjh\ZeZkv�hl����^h�����gf��K_jbb�Ni�ie_ghd�k�mdZaZggufb�\ur_�lhesbgZfb�[ueb�
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hlh``_gu�ijb�l_fi_jZlmj_�Lann� ����������b�����
hK�\�l_q_gb_�h^gh]h�qZkZ�\�\Zdmmf_��

Bkke_^h\Zgb_�fbdjhkljmdlmju�bamqZ_fuo�h[jZaph\�[ueb�\uiheg_gu�k�ihfhsvx�j_gl�
]_gh\kdh]h�^bnjZdpbhggh]h�ZgZebaZlhjZ��XRD���H[t_fgu_�fZ]gblgu_�oZjZdl_jbklbdb�
gbd_e_\uo�ie_ghd�[ueb�baf_j_gu�gZ�\b[jZpbhgghf�fZ]g_lhf_lj_��BgnhjfZpby�h�ijb�
ih\_joghklguo�fZ]gblguo�oZjZdl_jbklbdZo�h[jZaph\�[ueZ�ihemq_gZ�k�ihfhsvx�fZ]�
gblhhilbq_kdh]h�fZ]g_lhf_ljZ��Baf_j_gb_�ijbih\_joghklguo�i_l_ev�]bkl_j_abkZ�[ueh�
\uiheg_gh�k�ihfhsvx�wd\ZlhjbZevgh]h�wnn_dlZ�D_jjZ��WWD���/��A^_kv�/� ��I – I0)/I0��]^_�
I�b�I0�bgl_gkb\ghklv�k\_lZ��hljZ`_ggh]h�hl�gZfZ]gbq_ggh]h�b�g_gZfZ]gbq_ggh]h�h[jZa�
pZ��khhl\_lkl\_ggh��<g_rg__�fZ]gblgh_�ihe_�[ueh�ijbeh`_gh�iZjZee_evgh�ih\_jogh�
klb�h[jZapZ�b�i_ji_g^bdmeyjgh�iehkdhklb�iZ^_gby�k\_lZ��Baf_j_gby�[ueb�\uiheg_gu�
ijb�^\mo�\aZbfgh-i_ji_g^bdmeyjguo�hjb_glZpbyo�\g_rg_]h�fZ]gblgh]h�ihey�G��ijb�
eh`_ggh]h�\�iehkdhklb�h[jZapZ��Ki_dljZevgu_�aZ\bkbfhklb�WWD�[ueb�baf_j_gu�\�h[�
eZklb�wg_j]bb�d\Zglh\�iZ^Zxs_]h�k\_lZ�������«&�����w<��M]he�iZ^_gby�k\_lZ�gZ�h[jZa_p�
[ue�jZ\_g��5h

��<k_�baf_j_gby�[ueb�\uiheg_gu�ijb�dhfgZlghc�l_fi_jZlmj_� 
J_amevlZlu�baf_j_gbc�h[t_fguo�b�ijbih\_joghklguo�i_l_ev� ]bkl_j_abkZ� k\b�

^_l_evkl\h\Zeb� h� aZ\bkbfhklb� fZ]gblguo� oZjZdl_jbklbd� �\� qZklghklb�� dhwjpblb\ghc�
kbeu�GK�b�ijb\_^_ggh]h�agZq_gby�hklZlhqghc�gZfZ]gbq_gghklb�FR/MS, MS —�gZfZ]gb�
q_gghklv�gZkus_gby��hl�lhesbgu�ie_ghd�b�h�kbevghf�\ebygbb�hl`b]Z�gZ�bamqZ_fu_�
k\hckl\Z��:gZeba�ihemq_gguo�^Zgguo�ihdZaZe�qlh��bkoh^gu_�b�hlh``_ggu_�ijb�����hK�
ie_gdb�gbd_ey�oZjZdl_jbamxlky�iehkdhklghc�fZ]gblghc�Zgbahljhib_c��dhlhjZy�mkbeb�
\Z_lky�\�ie_gdZo�lhesbghc���–���gf��Hjb_glZpby�hkb�e_]dh]h�gZfZ]gbqb\Zgby��HEG��
kh\iZ^Z_l�k�gZijZ\e_gb_f�\g_rg_]h�fZ]gblgh]h�ihey��G�a����W���ijbeh`_ggh]h�iZjZe�
e_evgh�ih^eh`d_�\�ijhp_kk_�gZiue_gby�ie_ghd��Hlh``_ggu_�ijb�����b�����hK�ie_gdb�
gbd_ey�bf_xl�ijZdlbq_kdb�b^_glbqgh_�ih\_^_gb_�fZ]gblguo�oZjZdl_jbklbd�k�baf_g_�
gb_f�bo�lhesbgu��Dhwjpblb\gZy�kbeZ�GK�\�fZ]gblghf�ihe_��ijbeh`_gghf�\^hev�HEG�
b�HLG��bf__l�h^bgZdh\u_�agZq_gby��K�m\_ebq_gb_f�lhesbgu�Ni�ie_ghd�dZd�ih\_jogh�
klgu_��lZd�b�h[t_fgu_�agZq_gby�GK�\hajZklZxl��Z�hklZlhqgZy�gZfZ]gbq_gghklv�FR/MS 
mf_gvrZ_lky��ijbq_f�h[t_fgu_�agZq_gby�FR/MS�\^hev�HEG�b�HLG�h^bgZdh\u_��Z�ih�
\_joghklgu_�jZaebqZxlky�� 

GZ[ex^Z_fh_�m\_ebq_gb_�dhwjpblb\ghc�kbeu�GK�ijb�m\_ebq_gbb�lhesbgu�tNi�b�
l_fi_jZlmju� hl`b]Z� [ueb� h[tykg_gu�fbdjhkljmdlmjgufb� hkh[_gghklyfb�Ni�ie_ghd��
;ueh�h[gZjm`_gh��qlh�\k_�bamqZ_fu_�ie_gdb�bf_xl�ihebdjbklZeebq_kdmx�kljmdlmjm�k�
jZaf_jhf�djbklZeeblh\��kjZ\gbfuf�k�lhesbghc�ie_gdb��Ba\_klgh��qlh�\�[he__�l_dklm�
jbjh\Zgguo�h[jZapZo�agZq_gb_�dhwjpblb\ghc�kbeu�m\_ebqb\Z_lky��Djhf_�lh]h��\�khhl�
\_lkl\b_�k�kms_kl\mxsbfb�^Zggufb�>����@�agZq_gb_�dhwjpblb\ghc�kbeu�m\_ebqb\Z_lky�
k�m\_ebq_gb_f�lhesbgu�fZ]gblguo�ie_ghd��qlh�[ueh�h[mkeh\e_gh�jhklhf�jZaf_jZ�djb�
klZeeblh\��nhjfbjmxsbo�h[t_f�ie_ghd��Fu�^_ckl\bl_evgh�gZ[ex^Zeb� lZdmx�dhjj_�
eypbx�f_`^m�fZ]gblgufb�b�fbdjhkljmdlmjgufb�k\hckl\Zfb�Ni�ie_ghd��Ijbih\_jogh�
klgu_�b�h[t_fgu_�agZq_gby�GK�b�FR/MS�jZaebqZxlky��ijbq_f�GK

Sur >�GK
Vol
�b�FR

Sur/MS > 
FR

Vol/MS��Ba\_klgh� >�@��qlh�lZdh_�khhlghr_gb_�ijbih\_joghklguo�b�h[t_fguo� agZq_�
gbc�GK�b�FR/MS�oZjZdl_jgh�^ey�fZ]gblguo�ie_ghd�lhesbghc���–����gf��Ih�ZgZeh]bb�k�
kms_kl\mxsbfb� ^Zggufb� >�@� wlhl� nZdl� fh`_l� [ulv� h[tykg_g� jZaebqghc� ^hf_gghc�
kljmdlmjhc�ijbih\_joghklgh]h�kehy�b�\gmlj_gg_]h�h[t_fZ�ie_gdb� 

Ki_dljZevgu_�aZ\bkbfhklb�WWD�hl�wg_j]bb�d\Zglh\�iZ^Zxs_]h�k\_lZ� «&��ihem�
q_ggu_�^ey�bamqZ_fuo�ie_ghd�gbd_ey�ihdZaZeb�qlh��^ey�\k_o�bamqZ_fuo�ie_ghd�nhjfZ�
ki_dljh\�WWD��/�«&���y\ey_lky�ijZdlbq_kdb�h^bgZdh\hc��>ey�ie_ghd�h^ghc�k_jbb�\_eb�
qbgZ�WWD�g_�aZ\bkbl�hl�lhesbgu�h[jZapZ��qlh�h[mkeh\e_gh�l_f��qlh�lhesbgZ�bamqZ_�
fuo�ie_ghd� tNi�[hevr_� ]em[bgu�ijhgbdgh\_gby� k\_lZ�\� kj_^m� tpen��jZ\ghc�^ey�n_jjh�
fZ]gblguo�f_lZeeh\����–����gf�\�h[eZklb�wg_j]bb�d\Zglh\�iZ^Zxs_]h�k\_lZ�������«& < 
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��w<��FZdkbfZevgh_�agZq_gb_�WWD��/max
��^ey�\k_o�h[jZaph\�gZ[ex^Z_lky�\�h[eZklb�«& = 

3.7 eV��AgZq_gby�/max
�jZ\gu� ���o��-3

�� ���o��-3, ���o��-3 b� ���o��-3 ^ey�bkoh^guo�b�hlh�
``_gguo�ijb����������b�����hK�ie_ghd�gbd_ey��khhl\_lkl\_ggh��K�jhklhf�l_fi_jZlmju�
hl`b]Z�\_ebqbgZ�WWD�mf_gvrZ_lky��qlh�fh`gh�h[tykgblv��bkihevamy�^Zggu_��ihemq_g�
gu_�k�ihfhsvx�\b[jZpbhggh]h�fZ]g_lhf_ljZ��k\b^_l_evkl\mxsb_�h�lhf��qlh�gZfZ]gb�
q_gghklv�gZkus_gby MS�hlh``_gguo�h[jZaph\�mf_gvrZ_lky��Ba\_klgh��qlh�fZ]gblhhi�
lbq_kdb_� wnn_dlu� \�i_j\hf�ijb[eb`_gbb�bf_xl�ebg_cgmx� aZ\bkbfhklv�hl�gZfZ]gb�
q_gghklb� �/�∝ M���LZdbf�h[jZahf��fh`gh�ij_^iheh`blv��qlh�mf_gvr_gb_�WWD�\�hlh�
``_gguo�h[jZapZo�h[mkeh\e_gh�MS. 

Ihemq_ggu_�wdki_jbf_glZevgu_�^Zggu_�fh]ml�gZclb�ijbf_g_gb_�ijb�jZajZ[hl�
d_�fgh]hkehcguo�kbkl_f�^ey�kh\j_f_gguo�mkljhckl\�kibgh\hc�fbdjhwe_dljhgbdb� 

Ebl_jZlmjZ 
1. Lin C.J., Gorman G.L., Lee C.H., Farrow R.F.C., Marinero E.E., Do H.V., Notarys H. J. 

Magn. Magn. Mat. 93, 194 (1991). 
2. Barnard J.A., Tan M., Waknis A., Haftek E. J. Appl. Phys. 69, 5298 (1991). 
3. Shalyguina E.E., Shin K.H. J. Magn. Magn. Mater. 220, 167 (2000). 
4. Djbgqbd� =�K�� NbabdZ� fZ]gblguo� y\e_gbc�� Ba-\h�Fhkdh\kdh]h� ]hkm^Zjkl\_ggh]h�

mgb\_jkbl_lZ������������� 
 
 

M>D�������� 

F:=GBLHJ?NJ:DLB<GUC WNN?DL 
<�F:=GBLHNHLHGGUO�DJBKL:EE:O 

∗∗;hjbkdbgZ�X�<���?jhobg�K�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Nhlhggu_� djbklZeeu� �ND�� ij_^klZ\eyxl� kh[hc� h^gh-�� ^\mo-� beb� lj_of_jgu_�
i_jbh^bq_kdb_�kljmdlmju�k�i_jbh^hf��kjZ\gbfuf�k�^ebghc�\hegu��<�ki_dljZo�hilbq_�
kdh]h� baemq_gby�� jZkijhkljZgyxs_]hky� \�ND�� kms_kl\mxl� aZij_s_ggu_� ahgu��Dh]^Z�
h^bg�beb�h[Z�ba�fZl_jbZeh\�� khklZ\eyxsbo�ND��y\eyxlky�fZ]gblgufb��eb[h�ND� kh�
^_j`bl�fZ]gblguc�kehc�\�dZq_kl\_�^_n_dlZ��lZdb_�kljmdlmju�gZau\Zxl�fZ]gblhnhlhg�
gufb�djbklZeeZfb��FND��>�@� EhdZebaZpby�k\_lZ�gZ�fZ]gblghf�^_n_dl_�\�FND�ijb\h�
^bl�d�agZqbl_evghfm�mkbe_gbx�fZ]gblhhilbq_kdbo�wnn_dlh\��qlh�gZreh�ijbf_g_gb_�\�
fZ]gblhhilbq_kdbo� fh^meylhjZo� k\_lZ� >��� �@�� Djhf_� lh]h�� bkihevah\Zgb_� fZ]gblguo�
fZl_jbZeh\� \�ND�iha\hey_l�gZ^_ylvky�gZ� \hafh`ghklv� mijZ\e_gby�fZ]gblguf�ihe_f�
k\hckl\Zfb�ND�� 

<� gZklhys_c� jZ[hl_� l_hj_lbq_kdb� bkke_^mxlky� \hafh`ghklb� bkihevah\Zgby 
fZ]g_lbdh\�� h[eZ^Zxsbo� fZ]gblhj_njZdlb\guf� wnn_dlhf� �FJW��� \� dZq_kl\_� dhgkl�
jmdpbhgguo�fZl_jbZeh\�FND��ijh\h^blky�hilbfbaZpby�kljmdlmj��kh^_j`Zsbo�\�dZq_�
kl\_�fZ]gblhhilbq_kdh]h�kehy�gZghdhfihabl��\uykgy_lky�f_oZgbaf�ehdZebaZpbb�k\_lZ�
b�mkbe_gby�fZ]gblhhilbq_kdh]h�hldebdZ�\�lZdbo�kbkl_fZo�� 

FJW� y\ey_lky� gh\uf�� q_lguf�� g_]bjhljhiguf� fZ]gblhhilbq_kdbf� wnn_dlhf��
khklhbl� \� baf_g_gbb� ih^� \ebygb_f� fZ]gblgh]h� ihey� ^bZ]hgZevghc� ^bwe_dljbq_kdhc�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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ijhgbpZ_fhklb��Z�ke_^h\Zl_evgh��b�\k_o�hilbq_kdbo�iZjZf_ljh\�fZ]gblgh]h�fZl_jbZeZ�
>�@��<�fZl_jbZeZo�k�]b]Zglkdbf��lmgg_evguf�beb�dhehkkZevguf�fZ]gblhkhijhlb\e_gb�
_f�FJW�y\ey_lky�qZklhlguf�ZgZeh]hf�FK�b�gZ[ex^Z_lky�dZd�\�BD��lZd�b�\�K<Q�^bZiZ�
ahg_� ki_dljZ��FZ]gblgu_� gZghdhfihablu� ´n_jjhfZ]gblguc� f_lZee-^bwe_dljbd´� ^ey�
khklZ\h\�\[ebab�ihjh]Z�i_jdheypbb�h[eZ^Zxl�lmgg_evguf�fZ]gblhkhijhlb\e_gb_f��^h�
������FJW� �^h�������b�hlghkbl_evghc�ijhajZqghklvx� >�@��qlh�iha\hey_l�bo�bkihevah�
\Zlv�\�FND�\�dZq_kl\_�fZ]gblgh]h�^_n_dlZ��Ijb�mkeh\byo�ehdZebaZpbb�k\_lZ�gZ�lZdhf�
^_n_dl_�\hafh`gh� agZqbl_evgh_�mkbe_gb_�FJW��JZkq_l�FJW�gZ�ijhoh`^_gbb�k\_lZ�\�
[eb`g_c�BD�h[eZklb�ki_dljZ�h^ghf_jgh]h�FND�k�\kljh_gguf�fZ]gblguf�^_n_dlhf�\�
\b^_� lhgdhc� ie_gdb� gZghdhfihablZ� &R-(Al-2�� \uiheg_g� ^ey� kljmdlmju�
(SiO2/Ta2O5)6/Co-(Al-O) /(Ta2O5/ SiO2)6��kh^_j`Zs_c�r_klv�i_jbh^h\�ND�ke_\Z�b�^\_gZ�
^pZlv�i_jbh^h\�ND�kijZ\Z�hl�fZ]gblgh]h�^_n_dlZ� 

>ey� ^hklb`_gby� fZdkbfZevghc�
^h[jhlghklb� ^Zggh]h� j_ahgZlhjZ� kgZqZeZ�
\Zjvbjh\Zebkv� lhesbgu� ^bwe_dljbq_kdbo�
a_jdZe�� Z� aZl_f�� bkihevamy� wdki_jbf_g�
lZevgu_�^Zggu_�hlghkbl_evgh�hilbq_kdbo�
iZjZf_ljh\� b� fZ]gblhkhijhlb\e_gby� gZ�
ghdhfihablZ� &R-(Al-2�� >�@�� hij_^_eyeky�
FJW� ijb� mf_gvr_gbb� lhesbgu� fZ]gbl�
ghc� ie_gdb� hl� ���� ^h� ��� gf��J_amevlZlu�
\uqbke_gbc�^ey�FND�k�^_n_dlhf�jZaghc�
lhesbgu�ij_^klZ\e_gu�gZ�jbkmgd_����<_�
ebqbgZ�wnn_dlZ�kjZ\gb\Z_lky�k�wnn_dlhf�
\�djbklZee_��\�dhlhjhf�ijb�lhc�`_�lhesb�
g_�^_n_dlZ�^\_gZ^pZlv�keh_\�ND�aZf_g_gu�
gZ�k_j_[jygmx�ih^eh`dm��J_amevlZlu�jZk�
q_lh\�ihdZau\Zxl��qlh�\_ebqbgZ�wnn_dlZ�\�
FND� gZ� g_kdhevdh� ihjy^dh\� ij_\urZ_l�
dZd�\_ebqbgm�wnn_dlZ�\�ie_gd_�n_jjhfZ]�
gblgh]h�f_lZe-^bwe_dljbdZ��lZd�b�\_ebqb�
gm�wnn_dlZ�\�ND�gZ�k_j_[jyghc�ih^eh`d_� 

Baf_g_gb_� ^bwe_dljbq_kdhc�
ijhgbpZ_fhklb� ijb� gZfZ]gbq-\Zgbb 
fZ]gblguo�gZghdhfih-ablh\�beb�fZ]gblguo�k\_joj_-r_lhd�g_�ij_\urZ_l�g_kdhevdbo�
ijhp_glh\�� AgZqbl_evgh� [he__� kbevgu_� fZ]gblhbg^mpbjh\Zg-gu_� baf_g_gby� ^bwe_d�
ljbq_kdhc� ijhgbpZ_fhklb�fh]ml� bf_lv�f_klh� \�K<Q� ^bZiZahg_� ^ey� dhfihabpbhgguo�
fZl_jbZeh\�� kh^_j`Zsbo� ^hklZlhqgh� djmigu_� n_jjhfZ]gblgu_� qZklbpu� >�@�� <� wlhf�
kemqZ_�fZ]gblgh_�ihe_�ijb\h^bl�d�baf_g_gbx�fZ]gblghc�ijhgbpZ_fhklb��b�dZd�ke_^kl�
\b_��d�baf_g_gbx�]em[bgu�kdbg-kehy��<�lZdbo�kbkl_fZo�FJW�y\ey_lky�ZgZeh]hf�wnn_d�
lZ�]b]Zglkdh]h�fZ]gblhbfi_^ZgkZ��<�jZ[hl_� >�@�ihdZaZgh��qlh�^Z`_�ijb�fZehf�h[t_f�
ghf� kh^_j`Zgbb� hlj_adh\� n_jjhfZ]gblguo� fbdjhijh\h^h\� \� dhfihabpbhgghf� fZl_�
jbZe_�^ey�K<Q�qZklhl�\�hdj_klghklb�ebgbb�NFJ�^bwe_dljbq_kdZy�ijhgbpZ_fhklv�ba�
f_gy_lky�[he__�q_f�\���jZaZ��Bkihevah\Zgb_�lZdbo�fZl_jbZeh\�iha\hey_l�kha^Zlv�mijZ\�
ey_fu_�ihe_f�ND��<�dZq_kl\_�ijbf_jZ�fu�jZkkqblZeb�ki_dlj�h^ghf_jgh]h�FND��kh�
klZ\e_ggh]h�ba�ijhajZqgh]h�g_fZ]gblgh]h�fZl_jbZeZ�b�fh^_evgh]h�fZ]gblgh]h�dhfih�
abpbhggh]h� fZl_jbZeZ�� h[eZ^Zxs_]h� ih]ehs_gb_f� b� mijZ\ey_fhc�fZ]gblguf� ihe_f�
^bwe_dljbq_kdhc�ijhgbpZ_fhklvx��GZ�hkgh\_�\uiheg_gguo�jZkq_lh\�knhjfmebjh\Zgu�
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Jbk�����AZ\bkbfhklv�fZ]gblhj_njZdlb\gh]h�wnn_d�
lZ�hl�^ebgu�we_dljhfZ]gblghc�\hegu��jZkijhkljZ�
gyxs_cky� \�fZ]gblhnhlhgguo� djbklZeeZo� k�fZ]�
gblguf�^_n_dlhf�jZaghc�lhesbgu 
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lj_[h\Zgby�d�dhfihabpbhgguf�fZl_jbZeZf��hkgh\guf�ba�dhlhjuo�y\ey_lky�fZeh_�ih�
]ehs_gb_� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�Jhkkbckdh]h�nhg^Z�nmg^Zf_glZevguo�bkke_^h\Zgbc� �]jZglu���
03-02-������b���-02-��������ijh]jZffu�Mgb\_jkbl_lu�Jhkkbb��nhg^Z�>bgZklby�b�FPNNF� 

Ebl_jZlmjZ 
1. Lyubchansky I.L. at al. J.Phys. D: Appl. Phys. 36 (2003) R277-R287 
2. Inoue M. at al. J.Appl.Phys. 85 (1999) 5988 
3. =jZgh\kdbc�:�;��b�^j��@WLN��������lhf������\ui����klj������-1265 
4. KlZjhkl_gdh� K�G��� JhaZgh\� D�G�� K[hjgbd� l_abkh\� �-hc� _`_]h^ghc� gZmqghc� dhg�

n_j_gpbb�BLIW�HB<L�J:G��Fhkd\Z��������k����� 
 
 

M>D���������� 

HKH;?GGHKLB�F:=GBLGUO�K<HCKL< 
F:=GBLGH-FY=DBO�IE,GHD�FE-ZR-N�B�FE-NI 

∗∗KZfkhgh\Z�<�<���R_\_j^y_\Z�I�F���I_jh\�G�K�� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bkke_^h\Zgu� fZ]gblgu_� k\hckl\Z� lhgdbo� iezghd� khklZ\Z Fe-Zr-N�� jZkkfZljb�
\Z_fuo�dZd�i_jki_dlb\gu_�fZ]gblgh-fy]db_�kieZ\u�^ey�aZibku\Zxsbo�\b^_h]heh\hd�
kbkl_f�\ukhdhiehlghc�\ukhdhqZklhlghc�fZ]gblghc�aZibkb� 

H[jZapu�ihemq_gu�f_lh^hf�jZ^bhqZklhlgh]h�fZ]g_ljhggh]h�jZkiue_gby�fbr_�
gb�khklZ\Z�Fe�����Zlhfg�������Zr����Zlhfg������JZkiue_gb_�fbr_gb�gZ�g_ijh\h^ysmx�
ih^eh`dm� �`Zjhijhqgh_�kl_deh��ijh\h^behkv�\�]Zah\hc�kf_kb�Ar+N2��H[s__�^Z\e_gb_�
]Zah\hc�kf_kb�khklZ\eyeh����-3

�ff�jl�kl��Kh^_j`Zgb_�ZahlZ�\�]Zah\hc�kf_kb��lhd�gZ�dZ�
lh^_��fbr_gv��\�ijhp_kk_�jZkiue_gby�b�lhesbgZ�ihemq_gguo�iezghd�baf_gyebkv�k�p_�
evx�hilbfbaZpbb�l_ogheh]bq_kdbo�iZjZf_ljh\� 

Baf_j_gby� ijh\h^bebkv� gZ� jZa�
ebqguo�h[jZapZo��iezgdZ�\�bkoh^ghf�kh�
klhygbb��iezgdb�ihke_�hl`b]Z�\�l_q_gb_�
��qZkZ�ijb����K�����K�����K��^\Z�h[jZapZ�
k� jZaebqgufb� mkeh\byfb� hoeZ`^_gby���
���K�� Bkke_^h\Zgb_� aZ\bkbfhklb� fZ]�
gblguo�k\hckl\�hl�lhesbgu�iezghd�ijh�
\h^behkv� gZ� h[jZapZo�� hlh``_gguo� ijb�
���K� 

Ijb� baf_g_gbb� l_fi_jZlmju� hl�
`b]Z� h[jZaph\� ijhbkoh^beh� baf_g_gb_�
dhwjpblb\ghc� kbeu�� gZfZ]gbq_gghklb�
gZkus_gby��ihey�kfudZgby��Z�lZd`_�Zgb�
ahljhibb�iezghd��GZ�jbk����ij_^klZ\e_gZ�
aZ\bkbfhklv� dhwjpblb\ghc� kbeu� hl� l_f�
i_jZlmju�hl`b]Z�  

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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GZfZ]gbq_gghklv� gZkus_gby� jZkkqblu\ZeZkv� ih� jZafZ]gbqb\Zxs_fm�nZdlhjm�
lhgdhc�iezgdb�k�mqzlhf�\_ebqbgu�ihey��gZkusZxs_]h�h[jZa_p�\�gZijZ\e_gbb�i_ji_g�
^bdmeyjghf�iehkdhklb� 

Ihke_�hl`b]Z�bkoh^gh]h�h[jZapZ�ijhbkoh^bl�j_adh_�mf_gvr_gb_�_]h�dhwjpblb\�
ghc�kbeu��hl�����^h����W���H^gZdh�ihke_�hl`b]Z�ijb����K��k�ghjfZevgufb�mkeh\byfb�
hoeZ`^_gby��dhwjpblb\gZy�kbeZ�b�ihe_�kfudZgby�kbevgh�jZklml�–�^h����W�b�����W��kh�
hl\_lkl\_ggh��lh]^Z�dZd�m�\lhjh]h�h[jZapZ��hlh``zggh]h�ijb����K��hlh``zg�ijb����K��
hoeZ`^zg��b�hlh``zg�ijb����K���dhwjpblb\gZy�kbeZ�b�ihe_�kfudZgby�aZf_lgh�g_�hleb�
qZxlky�hl�^jm]bo�hlh``zgguo�h[jZaph\��<_jhylgh�wlb�baf_g_gby�–�ke_^kl\by�ijhp_k�
kh\�djbklZeebaZpbb��dhlhju_�ijhbkoh^yl�ijb�wlbo�l_fi_jZlmjZo� 

<�h[jZapZo��hlh``zgguo�ijb����K�\�l_q_gb_�h^gh]h�qZkZ��k�mf_gvr_gb_f�lhe�
sbgu�iezgdb�dhwjpblb\gZy�kbeZ�m\_ebqb\Z_lky�k�����W������fdf�m�h[jZapZ����^h�����W�
�����fdf�m�h[jZapZ�����gZfZ]gbq_gghklv�gZkus_gby�mf_gvrZ_lky�hl������=k�^h�����=k��
ihe_�kfudZgb_�lh`_�mf_gvrZ_lky��hl������b������W�ih�^\mf�i_ji_g^bdmeyjguf�gZijZ\�
e_gbyf�^h������b����W��khhl\_lkl\_ggh���M�h[jZapZ�k�lhesbghc�iezgdb�����fdf�\�iehk�
dhklb� gZ[ex^ZeZkv� Zgbahljhiby� fZ]gblguo� k\hckl\�� dhwjpblb\gZy� kbeZ� ���� b� ����W��
nhjfZ�i_leb��gZdehg��g_fgh]h�hlebqZeZkv�ih�^\mf�gZijZ\e_gbyf� 

<�iezgdZo� khklZ\Z�Fe-Ni� ������ �� ������bkke_^h\ZeZkv� Zgbahljhiby�fZ]gblguo�
k\hckl\� 

Dhwjpblb\gZy�kbeZ�h[jZaph\�wlhc�k_jbb�hdZaZeZkv�kms_kl\_ggh�\ur_�h[jZaph\�
Fe-Zr-N��Gh� kms_kl\_ggh�gb`_��q_f�ihemq_ggu_�\�gZrbo�baf_j_gbyo�� agZq_gby�ihey�
fZ]gblhdjbklZeebq_kdhc� Zgbahljhibb��Baf_j_gby�ihdZaZeb��qlh�m�\k_o�h[jZaph\� _klv�
yjdh�\ujZ`_ggu_�hkb�ez]dh]h�b�ljm^gh]h�gZfZ]gbqb\Zgby��qlh�iha\hey_l�bkihevah\Zlv�
bo�dZd�i_jki_dlb\gu_�fZl_jbZeu�^ey�fZ]gblhj_abklb\guo�^Zlqbdh\. 

 
 

M>D�����������������1; 538.975 

HKH;?GGHKLB�F:=GBLGUO�K<HCKL<�=?L?JH=?GGUO�
�G:GHDJBKL:EEBQ?KDBO�:FHJNGUO��FE80.5NB7.5B12 KIE:<H< 

∗∗F_evgbdh\�<�:�1��FhehdZgh\�<�<�2 
1
F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

2
Bgklblml�f_lZeemj]bb�b�f_lZeeh\_^_gby�bf��:�:��;Zcdh\Z��J:G 

G_^Z\gh�gh\uc�deZkk�gZghdjbklZeebq_kdbo�fZ]gblguo�fZl_jbZeh\�[ue�ihemq_g�
f_lh^hf� djbklZeebaZpbb� Zfhjngh]h�ij_dmjkhjZ� >��� �@��Wlb�fZl_jbZeu� \ua\Zeb�[hev�
rhc�bgl_j_k�[eZ]h^Zjy�mgbdZevguf�fZ]gblguf��f_oZgbq_kdbf�b�dbg_lbq_kdbf�k\hckl�
\Zf��KieZ\u�FeMB�gZ�hkgh\_�`_e_aZ�k M: Zr, Ta,�0R�beb�1E��1:123(50��hdZaZebkv�gZb�
[he__� aZkem`b\Zxsbfb� \gbfZgby�� ihkdhevdm� hgb� bf_eb� ijhklhc� khklZ\� b� bkdexqbl_evgu_�
fZ]gblhfy]db_�k\hckl\Z�[2, 3]. ;ueh�h[gZjm`_gh��qlh�FeNbB�kieZ\u�ihke_�hl`b]Z�\�l_f�
i_jZlmjghc�h[eZklb�����-������D�\_^ml�k_[y�dZd�fZl_jbZeu�k�^\mfy��Zfhjnghc�b�gZghd�
jbklZeebq_kdhc��n_jjhfZ]gblgufb�nZaZfb��ijbq_f�h[t_f�gZghdjbklZeebq_kdhc�nZau�
aZ\bkbl�hl�kihkh[Z�b�l_fi_jZlmju�h[jZ[hldb�bkoh^gh]h�kieZ\Z� 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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P_evx� ^Zgghc� jZ[hlu� y\ey_lky� kjZ\gbl_evgh_� bamq_gb_� ijbih\_joghklguo� b�
h[t_fguo�fZ]gblguo�oZjZdl_jbklbd�]_l_jh]_gguo�Fe80.5Nb7.5B12 fZl_jbZeh\��oZjZdl_jb�
amxsboky�gZebqb_f�^\mo��Zfhjnghc�b�gZghdjbklZeebq_kdhc��fZ]gblguo�nZa� 

Fe80.5Nb7.5B12�ZfhjngZy�e_glZ�rbjbghc����ff�b�lhesbghc����fdf�[ueZ�ijb]hlh\�
e_gZ�f_lh^hf�aZdZedb�jZkieZ\Z�gZ�[ukljh�\jZsZxs_fky�[ZjZ[Zg_��Dmkdb�e_glu�[ueb�
hlh``_gu�\�Zlfhkn_j_�Zj]hgZ�\�l_q_gb_�h^gh]h�qZkZ�ijb�jZaebqguo�l_fi_jZlmjZo�Tann 

\�l_fi_jZlmjghf�bgl_j\Ze_�����- 650 ºK��FbdjhkljmdlmjZ�h[jZaph\�[ueZ�bamq_gZ�k�ih�
fhsvx� j_gl]_gh\kdh]h� ^bnjZdlhf_ljZ��:gZeba� j_gl]_gh\kdbo� ^bnjZdpbhgguo� ki_d�
ljh\�ihdZaZe��qlh�bkoh^gu_�h[jZapu�y\eyxlky�Zfhjngufb��Z�hlh``_ggu_�oZjZdl_jb�
amxlky�gZebqb_f�Zfhjnghc�b�gZghdjbklZeebq_kdhc�nZa��ijbq_f�h[t_f�ihy\eyxs_cky�
ihke_�hl`b]Z�gZghdjbklZeebq_kdhc�nZau�m\_ebqb\Z_lky�k�jhklhf�l_fi_jZlmju�hl`b]Z� 

Baf_j_gb_�ijbih\_joghklguo�fZ]gblguo�oZjZdl_jbklbd�bamqZ_fuo�e_gl�[ueh�
\uiheg_gh� gZ� fZ]gblhhilbq_kdhf� fbdjhfZ]gblhf_lj_�� LhesbgZ� bamqZ_fh]h� ijbih�
\_joghklgh]h�kehy�[ueZ�ihjy^dZ� ���gf��Baf_j_gb_�ijbih\_joghklguo�djb\uo�gZfZ]�
gbqb\Zgby�b�i_l_ev�]bkl_j_abkZ�gZ�dhglZdlghc�b�k\h[h^ghc�klhjhgZo�bamqZ_fuo�h[jZa�
ph\�[ueh�\uiheg_gh�k�ihfhsvx�wd\ZlhjbZevgh]h�wnn_dlZ�D_jjZ��WWD���/��A^_kv�/� ��I 
– I0)/I0��]^_� I�b� I0�bgl_gkb\ghklv�k\_lZ��hljZ`_ggh]h�hl�gZfZ]gbq_ggh]h�b�g_�gZfZ]gb�
q_ggh]h�h[jZapZ��khhl\_lkl\_ggh��:gbahljhiby�fZ]gblguo�k\hckl\�bamqZeZkv�ijb�\jZ�
s_gbb�h[jZapZ�\hdjm]�ghjfZeb�d�_]h�ih\_joghklb��M]he�f_`^m�gZijZ\e_gb_f��kh\iZ�
^Zxsbf�k�^ebghc�e_glu�\�ijhp_kk_�__�ba]hlh\e_gby��b�hjb_glZpb_c�fZ]gblgh]h�ihey�G 
h[hagZq_g�q_j_a�´.�Baf_j_gby�h[t_fguo�fZ]gblguo�oZjZdl_jbklbd�h[jZaph\�[ueb�\u�
iheg_gu�k�ihfhsvx�\b[jZpbhggh]h�fZ]gblhf_ljZ��<k_�ijb\_^_ggu_�gb`_�j_amevlZlu�
[ueb�ihemq_gu�gZ�h[jZapZo�djm]ehc�nhjfu�^bZf_ljhf� ���ff��qlh�iha\hebeh�bkdex�
qblv�\ebygb_�Zgbahljhibb�nhjfu�gZ�bamqZ_fu_�fZ]gblgu_�k\hckl\Z� 

;ueh� gZc^_gh�� qlh� hibkZggu_� \ur_� fbdjhkljmdlmjgu_� hlebqby� bkke_^m_fuo�
h[jZaph\�khijh\h`^Zxlky�aZf_lguf�jZaebqb_f�bo�fZ]gblguo�k\hckl\��>Zggu_��ihem�
q_ggu_�k�ihfhsvx�\b[jZpbhggh]h�fZ]gblhf_ljZ��k\b^_l_evkl\h\Zeb�h�lhf��qlh�bkoh^�
gu_�b�hlh``_ggu_�ijb�Tann = 380 - 600 ºK�h[jZapu�oZjZdl_jbamxlky�keZ[hc�iehkdhkl�
ghc� fZ]gblghc� Zgbahljhib_c� b� fZ]gblhfy]dbfb� k\hckl\Zfb�� ;ueh� mklZgh\e_gh�� qlh�
agZq_gby�dhwjpblb\ghc�kbeu HC

vol
�k�jhklhf�Tann�^h�����

hK�mf_gvrZxlky�hl�����^h�����W. 
<�khhl\_lkl\bb�k�fh^_evx�ijhba\hevghc�fZ]gblghc�Zgbahljhibb��h[h[s_gghc�^ey�kem�
qZy�^\monZaguo�kbkl_f�>�@��m\_ebq_gb_�h[t_fghc�njZdpbb�bcc-Fe�]jZgme�\�hlh``_gguo�
h[jZapZo� ijb\_eh� d� [he__� wnn_dlb\ghfm�f_`]jZgmeyjghfm� \aZbfh^_ckl\bx�� qlh� kh�
ijh\h`^Z_lky� mf_gvr_gb_f� dhwjpblb\ghc� kbeu��>ey� e_glu�� hlh``_gghc� ijb� Tann = 
650 hK��gZ[ex^Zehkv�j_adh_�m\_ebq_gb_� agZq_gby HC

vol
��qlh�h[mkeh\e_gh�iheghc�djb�

klZeebaZpb_c�h[jZapZ� 
;ueh�h[gZjm`_gh��qlh�ijbih\_joghklgu_�fZ]gblgu_�k\hckl\Z�kms_kl\_ggh�hl�

ebqZxlky�hl�h[t_fguo��<�qZklghklb��ijbih\_joghklgu_�agZq_gby�dhwjpblb\ghc�kbeu 
HC

Sur
�agZqbl_evgh�[hevr_�HC

vol
��ijbq_f�^ey�\k_o�hlh``_gguo�h[jZaph\�oZjZdl_jgh�gZ�

ebqb_�kbevghc�ih\_joghklghc�fZ]gblghc�Zgbahljhibb��Djhf_�lh]h��[ueh�mklZgh\e_gh��
qlh�hjb_glZpby�e_]dhc�hkb�gZfZ]gbqb\Zgby�b�jZkij_^_e_gby�gZfZ]gbq_gghklb�gZ�dhg�
lZdlghc�b�k\h[h^ghc�klhjhgZo�e_gl�jZaebqZxlky��Wlhl�nZdl�fh`_l�[ulv�h[tykg_g�gZ�
ebqb_f�fbdjhkljmdlmjguo�b�obfbq_kdbo�g_h^ghjh^ghkl_c�\�ijbih\_joghklguo�kehyo�
bamqZ_fuo� h[jZaph\�� mkbeb\Zxsboky� ihke_� bo� l_jfbq_kdhc� h[jZ[hldb�� qlh� y\ey_lky�
oZjZdl_jguf�^ey�fZl_jbZeh\��ijb]hlh\e_gguo�hibkZgguf�\ur_�kihkh[hf�>����@��GZeb�
qb_�jZaebqZxsboky�hklZlhqguo�gZijy`_gbc��kha^Z\Z_fuo�gZ�dhglZdlghc�b�k\h[h^ghc�
klhjhgZo�e_gl�\�ijhp_kk_�bo�ba]hlh\e_gby��Z�lZd`_�jZaebqgZy�fhjnheh]by�klhjhg�fh]ml�
[ulv�lZd`_�ijbqbgZfb�hibkZggh]h�\ur_�jZaebqby� 
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Hkh[h]h� \gbfZgby� aZkem`b\ZeZ� g_h[uqgZy� nhjfZ� ijbih\_joghklguo� i_l_ev�
]bkl_j_abkZ��;ueh�h[gZjm`_gh��qlh�\�hlh``_gguo�h[jZapZo�ijb�g_dhlhjuo�hjb_glZpb�
yo�´�iehkdhklgh]h�fZ]gblgh]h�ihey�ijyfZy�b�h[jZlgZy�\_l\b�ijbih\_joghklguo�i_l_ev�
]bkl_j_abkZ�f_gyxlky�f_klZfb��<�wlhf�kemqZ_�j_]bkljbjm_lky�hljbpZl_evgZy�hklZlhq�
gZy�gZfZ]gbq_gghklv�ijb�mf_gvr_gbb�iheh`bl_evgh]h�fZ]gblgh]h�ihey�^h�gmey��Z�i_�
j_fZ]gbqb\Zgb_� h[jZapZ� hkms_kl\ey_lky� ijb� iheh`bl_evghf� agZq_gbb� dhwjpblb\ghc�
kbeu�� lh� _klv�gZ[ex^Zxlky� lZd�gZau\Z_fu_�bg\_jlbjh\Zggu_�i_leb� ]bkl_j_abkZ��>_�
lZevgh_� bamq_gb_�fZ]gblguo� k\hckl\� dZd�nmgdpbb� m]eZ�´� ihdZaZeh�� qlh� kms_kl\m_l�
bgl_j\Ze�m]eh\�´��ijb�dhlhjuo�gZ[ex^Zxlky�iheghklvx�beb�qZklbqgh�bg\_jlbjh\Zg�
gu_� i_leb� ]bkl_j_abkZ�� Ihemq_ggu_� wdki_jbf_glZevgu_� ^Zggu_� fh`gh� dZq_kl\_ggh�
h[tykgblv� \� jZfdZo� ^\monZaghc�fh^_eb� k� ^\mfy� g_b^_glbqgufb�nZaZfb�� oZjZdl_jb�
amxsbfbky� h^ghhkghc� fZ]gblghc� Zgbahljhib_c� b� Zglbn_jjhfZ]gblguf� h[f_gguf�
\aZbfh^_ckl\b_f�f_`^m�gbfb� 
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BKKE?>H<:GB?�<EBYGBY�J:KIJ?>?E?GBY�IH�J:AF?JM 
G:�L?FI?J:LMJGUC�OH>�DJB<HC 

F:=GBLGHC�<HKIJBBFQB<HKLB�:GK:F;E?C�G:GHQ:KLBP 

;_ehmkh\Z�<�:���L_ggh\�<�:���I_jh\�G�K� 

F=M�bf��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZa\blb_�kh\j_f_gguo�gZghl_ogheh]bc�lj_[m_l�jZajZ[hldb�f_lh^h\�ijhba\h^kl�
\Z�b�dhgljhey�k\hckl\�gZghh[t_dlh\��dhlhju_�fh]ml�bkihevah\Zlvky�\�kbkl_fZo�aZibkb�
bgnhjfZpbb��\�fbdjhwe_dljhgbd_��kibgljhgbd_��<�k\yab�k�wlbf�ij_^klZ\ey_l�bgl_j_k�
dZd�bkke_^h\Zgb_�f_lh^h\�dhgljhey�k\hckl\�lZdbo�qZklbp��\�qZklghklb��fZ]gblguo���lZd�
b�l_ogheh]bb�bo�ihemq_gby�� 

Bkke_^h\Zebkv� h[jZapu� gZghqZklbp�� ihemq_ggu_� jZaebqgufb�f_lh^Zfb��H^bg�
h[jZa_p�[ue�ihemq_g�gZ�hkgh\_�l_jfhjZkrbj_ggh]h�]jZnblZ�b�Zp_lZlZ�dh[ZevlZ� �dhg�
p_gljZpby�dh[ZevlZ����\_k�����\lhjhc�–�gZ�hkgh\_�l_jfhjZkrbj_ggh]h�]jZnblZ�b�gbl�
jZlZ�dh[ZevlZ� �dhgp_gljZpby�dh[ZevlZ����\_k����?s_�^\Z�–�gZ�hkgh\_�l_jfhjZkrbj_g�
gh]h� ]jZnblZ� q_j_a� bgl_jdZebjh\Zgb_� _]h� dZeb_f� ^h�C8K� b� ihke_^mxs_c� h[jZ[hldb�
oehjb^hf�dh[ZevlZ�CoCl2, dhlhju_�jZaebqZebkv�f_`^m�kh[hc�dhgp_gljZpb_c�dh[ZevlZ�
����\_k���b���\_k���� 
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;ueb� jZkkfhlj_gu� l_fi_jZlmjgu_� aZ\bkbfhklb� fZ]gblghc� \hkijbbfqb\hklb�
�^bZiZahg�l_fi_jZlmj�����-���D���MklZgh\e_gh��qlh�fZ]gblgu_�k\hckl\Z�f_gyxlky�g_�
h[jZlbfuf�h[jZahf� 

Baf_j_gu�i_leb�]bkl_j_abkZ��>ey�dZ`^h]h�h[jZapZ�ba�i_leb�]bkl_j_abkZ�jZkq_l�
guf�iml_f�[ueZ�ihemq_gZ�nmgdpby�jZkij_^_e_gby�qZklbp�ih�jZaf_jm��Fh`gh�k^_eZlv�
ij_^iheh`_gb_��qlh�\b^�l_fi_jZlmjghc� aZ\bkbfhklb�fZ]gblghc�\hkijbbfqb\hklb�g_�
ihkj_^kl\_ggh�k\yaZg�k�oZjZdl_jhf�jZkij_^_e_gby�qZklbp�ih�jZaf_jm�� 

<�h[jZap_��]^_�^ey�\hkklZgh\e_gby�bkihevah\Zeky�oehjb^�dh[ZevlZ��Z�dhgp_gljZ�
pby�dh[ZevlZ�^hklb]ZeZ����\_k����jZkij_^_e_gb_�qZklbp�ih�jZaf_jm�ihdZau\Z_l�hlkml�
kl\b_� n_jjhfZ]gblghc� njZdpbb�� JZkij_^_e_gb_� kmi_jiZjZfZ]gblguo� qZklbp� bf__l�
fZdkbfmf�ijb�������Å. NZah\u_�i_j_oh^u��gZ[ex^Z_fu_�\�oh^_�l_fi_jZlmjghc�djb\hc�
fZ]gblghc�\hkijbbfqb\hklb��k\yaZgu�k�jhklhf�jZaf_jZ�qZklbp��kh�ki_dZgb_f�qZklbp���
>ey�h[jZapZ��dhlhjuc�hlebqZ_lky�hl�wlh]h�ebrv�dhgp_gljZpb_c�dh[ZevlZ����\_k�����ih�
emq_gZ�^jm]Zy�jZaf_jgZy�aZ\bkbfhklv�–�ijbkmlkl\m_l�n_jjhfZ]gblgZy�njZdpby��ijbq_f�
jZkij_^_e_gb_�n_jjhfZ]gblguo�qZklbp�ih�jZaf_jm�^hklb]Z_l�fZdkbfmfZ�ijb�������Å, 
kmi_jiZjZfZ]gblguo�–�ijb������Å. M�h[jZapZ�gZ�hkgh\_�gbljZlZ�dh[ZevlZ�n_jjhfZ]gbl�
guo�qZklbp�[hevr_��NZah\u_�i_j_oh^u�hlkmlkl\mxl��oh^� l_fi_jZlmjghc�djb\hc�fZ]�
gblghc� \hkijbbfqb\hklb� kbevgh� hlebqZ_lky�� JZkij_^_e_gb_� n_jjhfZ]gblguo� qZklbp�
ih�jZaf_jm�^hklb]Z_l�fZdkbfmfZ�ijb� ������Å, kmi_jiZjZfZ]gblguo�–�ijb� ��,68 Å. M�
h[jZapZ�gZ�hkgh\_�Zp_lZlZ�dh[ZevlZ��dhgp_gljZpby�dhlhjh]h�^hklb]Z_l���\_k����\u^_ey�
_lky� kmi_jiZjZfZ]gblgZy� njZdpby� �jZkij_^_e_gb_� ^hklb]Z_l� fZdkbfmfZ� ijb� ��� Å), 
n_jjhfZ]gblgu_�qZklbpu�lZd`_�ijbkmlkl\mxl��fZdkbfmf�ijb������Å).  

>ey� \k_o� h[jZaph\� h[gZjm`_gu� g_h[jZlbfu_� baf_g_gby�fZ]gblguo� k\hckl\� \�
l_fi_jZlmjghf�oh^_�djb\hc�fZ]gblghc�\hkijbbfqb\hklb�� 

<� aZ\bkbfhklb� hl� kheb�� dhlhjZy� bkihevam_lky� ^ey� \hkklZgh\e_gby� dh[ZevlZ�� b�
dhgp_gljZpbb�dh[ZevlZ��fh`gh�f_gylv�khhlghr_gb_�kmi_jiZjZfZ]gblguo�b�n_jjhfZ]�
gblguo�qZklbp��<b^�l_fi_jZlmjghc�aZ\bkbfhklb�fZ]gblghc�\hkijbbfqb\hklb�f_gy_lky�
ijb�baf_g_gbb�oZjZdl_jZ�jZkij_^_e_gby�qZklbp�ih�jZaf_jm�� 

JZkij_^_e_gby�qZklbp�ih�jZaf_jm�ihemq_gu�^h�gZ]j_\Z�h[jZaph\��;ueh�[u�bgl_�
j_kgh�ihemqblv�lZdb_�jZkij_^_e_gby�ihke_�\ha^_ckl\by�gZ�h[jZapu� 

 
 

M>D���������� 

BKKE?>H<:GB?�F:=GBLHD:EHJBQ?KDH=H�WNN?DL: 
<�KH?>BG?GBYO�GdXLa1-XMNSi 

PoZ^Z^a_�=�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Bkke_^h\Zgb_� fZ]gblhdZehjbq_kdh]h� wnn_dlZ� �FDW�� ij_^klZ\ey_l� agZqbl_ev�
guc�bgl_j_k��l��d��iha\hey_l�ihemqblv�k\_^_gby�h�oZjZdl_j_�fZ]gblguo�kljmdlmj��fZ]�
gblguo� nZah\uo� i_j_oh^Zo�� h[f_gguo� \aZbfh^_ckl\byo�� Djhf_� lh]h�� _]h� bamq_gb_�
\Z`gh� b� ^ey� jZajZ[hldb� fZ]gblguo� oheh^bevguo� mkljhckl\� >��� �@�� <� ^Zgghc� jZ[hl_�
\i_j\u_�ijh\_^_gu�baf_j_gby�FDW�\�kh_^bg_gbyo�GdMnSi�b�Gd0,5La0,5MnSi. 

Kh_^bg_gby� �GdLa)MnSi�djbklZeebamxlky�k�h[jZah\Zgb_f�l_ljZ]hgZevghc�djb�
klZeebq_kdhc�kljmdlmju�lbiZ�CeFeSi�b�ij_^klZ\eyxl�kh[hc�fZ]g_lbdb�k�^\mfy�fZ]gbl�
gufb� ih^j_rzldZfb� j_^dhc� a_feb� �R�� b� fZj]ZgpZ�� Zlhfu� dhlhjuo� jZkiheh]Zxlky� \�
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bahebjh\Zgguo�kehyo�k�q_j_^h\Zgb_f�R-Si-Mn2-Si-R��Baf_j_gby�gZfZ]gbq_gghklb�kh�
_^bg_gbc�GdxLa1-xMnSi�ijh\_^_gu�\�jZ[hl_�>�@��L_fi_jZlmjgu_�b�ihe_\u_�aZ\bkbfhklb�
gZfZ]gbq_gghklb� kh_^bg_gby�GdMnSi�mdZau\Zxl�gZ�n_jjhfZ]gblguc� lbi�mihjy^hq_�
gby�\�j_^dha_f_evghc�ih^j_rzld_��\�lh�\j_fy�dZd�\\_^_gb_�eZglZgZ�ijb\h^bl�d�ihy\e_�
gbx� Zglbn_jjhfZ]gblgh]h� mihjy^hq_gby� \� kh_^bg_gbyo� k� 6.0≤x �� <� ^Zgghc� jZ[hl_�
ijh\_^_gu�baf_j_gby�fZ]gblhdZehjbq_kdh]h�wnn_dlZ�^\mo�khklZ\h\��GdMnSi�m�dhlhjh�
]h�bf__l�f_klh�h^bg�nZah\uc�i_j_oh^� �-]h�jh^Z�ba�n_jjhfZ]gblghc�nZau�\�iZjZfZ]�
gblgmx�k� KTC 314= ; Gd0,5La0,5MnSi��m�dhlhjh]h�ijb�l_fi_jZlmjZo�gb`_� KTt 103= �\ha�

gbdZ_l�Zglbn_jjhfZ]gblgh_�mihjy^hq_gb_�b�bf_xl�f_klh�^\Z�nZah\uo�i_j_oh^Z���-]h�
jh^Z� ba� Zglbn_jjhfZ]gblghc�nZau� \�n_jjhfZ]gblgmx� ijb� KTt 103= � b� �-]h� jh^Z� ba�

n_jjhfZ]gblghc�nZau�\�iZjZfZ]gblgmx�ijb� KTC 185= . 

L_fi_jZlmjgZy�aZ\bkbfhklv�FDW�\�ihe_� dWH 4.7≈ �kh_^bg_gby�Gd0,5La0,5MnSi 
ij_^klZ\e_gZ�gZ�jbk�����Ihe_\u_�aZ\bkbfhklb�FDW�\�h[eZklb�nZah\h]h�i_j_oh^Z�ba�Zg�
lbn_jjhfZ]gblghc�nZau�\�n_jjhfZ]gblgmx�ijb� tTT ≈ �ij_^klZ\e_gu�gZ�\klZ\d_�d�jb�

kmgdm��<�bgl_j\Ze_�l_fi_jZlmj�����–����D�FDW�hljbpZl_evguc��fZdkbfZevgh_�agZq_�
gb_������D�ijb�∆H� �����dW�^hklb]Z_lky�ijb� KT 110= ��dhlhjh_�[ebadh�d�l_fi_jZlmj_�
i_j_oh^Z� Zglbn_jjhfZ]g_lbaf� –� iZjZfZ]g_lbaf�� ihemq_gghc� ih� fZ]gblguf� ^Zgguf��
FZdkbfZevgh_�iheh`bl_evgh_�agZq_gb_�FDW�gZ[ex^Z_lky�ijb� CT �b�khklZ\ey_l������D. 

<�kh_^bg_gbb�GdMnSi�gZ�l_fi_jZlmjghc�aZ\bkbfhklb�fZ]gblhdZehjbq_kdh]h�wn�
n_dlZ�h[gZjm`_gh�^\Z�fZdkbfmfZ��kf��jbk�����H^bg�hdheh�����D�� KT 29.0=∆ , dWH 4.7=∆ ), 

 
 
 
 
 
 
 

Jbk�� ��� L_fi_jZlmjgZy� aZ\bkb�
fhklv� fZ]gblhdZehjbq_kdh]h�
wnn_dlZ� \� kh_^bg_gbb�
Gd0.5La0.5MnSi, ∆H�  � ���� dW��GZ�
\klZ\d_�� aZ\bkbfhklv�fZ]gblhdZ�
ehjbq_kdh]h� wnn_dlZ� wlh]h� kh�
klZ\Z�hl�\g_rg_]h�ihey�\�h[eZk�
lb�i_j_oh^Z 
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Jbk�� ��� L_fi_jZlmjgZy� aZ\bkb�
fhklv� fZ]gblhdZehjbq_kdh]h� wn�
n_dlZ�\�kh_^bg_gbb�GdMnSi, ∆H = 
����dW 
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^jm]hc�hdheh� ����D� � KT 17.0=∆ , dWH 4.7=∆ ���Wlb�fZdkbfmfu�fh]ml�khhl\_lkl\h\Zlv�
l_fi_jZlmjZf�fZ]gblgh]h�mihjy^hq_gby�ih^j_rzlhd�Mn�b�Gd. 

 
JZ[hlZ� ih^^_j`ZgZ� ]jZglZfb� JNNB� �� ��-02-������ b� ]jZglhf� \_^ms_c� gZmqghc� rdheu� GR-
205.2003.2. 

Ebl_jZlmjZ 
1. ;_eh\� D�I�� FZ]gblhl_ieh\u_� y\e_gby� \� j_^dha_f_evguo� fZ]g_lbdZo�� Fhkd\Z 

©GZmdZª������� 
2. Tishin A.M., Spichkin Y.I. The Magnetocaloric Effect and its Applications. Series in Con-

densed Matter Physics. IOP Publishing, 2003 
3. Gbdblbg�K.:., G_djZkh\Z�H.<., B\Zgh\Z�L.B., Ihih\�X.N., Lhjqbgh\Z�J.K. NbabdZ�

l\zj^h]h�l_eZ�����������������640. 
 
 

M>D���������� 

F:=GBLHD:EHJBQ?KDBC�WNN?DL�<�:GLBN?JJHF:=GBLGUO�
F:L?JB:E:O�<�HDJ?KLGHKLB 

F?L:F:=GBLGH=H�N:AH<H=H�I?J?OH>:�I?J<H=H�JH>: 

Am[dh\�B�G���Bevbg�F�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� jZ[hl_� ij_^klZ\e_gu� j_amevlZlu� jZkq_lZ� \_ebqbgu� kdZqdZ� wgljhibb�� \hagb�
dZxs_]h�\�Zglbn_jjhfZ]gblguo�fZl_jbZeZo�ijb�f_lZfZ]gblghf�nZah\hf�i_j_oh^_�i_j�
\h]h�jh^Z��<uqbke_gby�ijh\_^_gu�gZ�hkgh\_�ijhklhc�l_jfh^bgZfbq_kdhc�fh^_eb��mqb�
lu\Zxs_c�wg_j]bx�Zgbahljhibb��\aZbfh^_ckl\b_�fZ]gblguo�ih^j_r_lhd�b�ihl_gpbZev�
gmx� wg_j]bx� h[jZapZ� \� fZ]gblghf� ihe_��IhdZaZgh�� qlh� bkihevam_fh_� \ujZ`_gb_� ^ey�
l_jfh^bgZfbq_kdh]h�ihl_gpbZeZ�iha\hey_l�ihemqblv�agZq_gb_�baf_g_gby�wgljhibb��kh�
]eZkmxs__ky�k�j_amevlZlZfb��ke_^mxsbfb�ba�mjZ\g_gby�DeZci_jhgZ�–�DeZmabmkZ�� 

FZ]gblhdZehjbq_kdbc� wnn_dl� –� ohjhrh� ba\_klgh_� k\hckl\h� fZ]gblguo� fZl_�
jbZeh\�k\yaZggh_�k�baf_g_gb_f�bo�wgljhibb�b�l_fi_jZlmju�ih^�^_ckl\b_f�fZ]gblgh]h�
ihey��<�aZ\bkbfhklb�hl�mkeh\bc��\�dhlhjuo�ijhba\h^blky�\dexq_gb_�fZ]gblgh]h�ihey��
\hafh`gu�jZaebqgu_�\ZjbZglu�baf_g_gby�l_jfh^bgZfbq_kdh]h�khklhygby�fZl_jbZeh\��
H^gZdh�qZs_�\k_]h�ih^�fZ]gblhdZehjbq_kdbf�wnn_dlhf�ihgbfZxl�Z^bZ[Zlbq_kdh_�ba�
f_g_gb_�l_fi_jZlmju�beb�bahl_jfbq_kdh_�baf_g_gb_�wgljhibb�h[jZapZ�� 

Hldjuluc� \� dhgp_� ^_\ylgZ^pZlh]h� \_dZ�� fZ]gblhdZehjbq_kdbc� wnn_dl� gZqZe�
ijbf_gylvky�\�mklZgh\dZo�^ey�kha^Zgby�k\_jogbadbo�l_fi_jZlmj�m`_�\�gZqZe_�^\Z^pZ�
lh]h�\_dZ��HdZaZehkv��qlh�Z^bZ[Zlbq_kdh_�jZafZ]gbqb\Zgb_�iZjZfZ]gblguo�khe_c�g_dh�
lhjuo�f_lZeeh\� iha\hey_l� kha^Z\Zlv� l_fi_jZlmju� gb`_� l_fi_jZlmju�`b^dh]h� ]_eby��
AgZqbl_evgh�iha`_�[ueh�ihdZaZgh��qlh�mkljhckl\Z��hkgh\Zggu_�gZ�bkihevah\Zgbb�fZ]�
gblhdZehjbq_kdh]h� wnn_dlZ��fh]ml�[ulv�bkihevah\Zgu�\�dZq_kl\_� aZf_gu� ljZ^bpbhg�
guo�]Zah\uo�oheh^bevguo�fZrbg�b�ijb�dhfgZlguo�l_fi_jZlmjZo��<������]��[ueb�ijh�
^_fhgkljbjh\Zgu�ijhlhlbiu�oheh^bevgbdh\��jZa\b\Zxsbo�fhsghklv� ���–����\l�ijb�
bkihevah\Zgbb� fZ]gblguo� ihe_c� ��� dW�� kha^Zxsbo� jZaghklv� l_fi_jZlmj� ��–��� D� b�
bf_xsbo�di^���–�����di^�mkljhckl\Z��jZ[hlZxs_]h�ih�pbdem�DZjgh�>�@� 

Hldju\rb_ky� i_jki_dlb\u� rbjhdh]h� l_ogbq_kdh]h� ijbf_g_gby� oheh^bevguo�
fZrbg�� hkgh\Zgguo� gZ� bkihevah\Zgbb� fZ]gblhdZehjbq_kdh]h� wnn_dlZ�� klbfmebjh\Zeb�
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bgl_j_k�d�ihbkdm�fZl_jbZeh\��dhlhju_�fh]eb�[u�kem`blv�\�dZq_kl\_�jZ[hq_]h�l_eZ�lZdbo 
mklZgh\hd�� Ih^jh[guc� h[ahj� [hevrh]h� dhebq_kl\Z� jZ[hl�� ihy\b\rboky� \� ihke_^g__�
\j_fy�^Zg�\�dgb]_� >�@��<�qZklghklb�[ueh�ihdZaZgh��qlh�i_jki_dlb\gufb�fZl_jbZeZfb�
y\eyxlky�kh_^bg_gby��\�dhlhjuo�ih^�^_ckl\b_f�fZ]gblgh]h�ihey�ijhbkoh^bl�nZah\uc�
i_j_oh^�i_j\h]h�jh^Z�>����@��H^gZdh�bamq_gb_�fZ]gblhdZehjbq_kdh]h�wnn_dlZ�\�hdj_kl�
ghklyo�nZah\h]h�i_j_oh^Z�i_j\h]h�jh^Z�khijy`_gh�k�jy^hf�ljm^ghkl_c��Ijyfu_�baf_�
j_gby� \_ebqbgu� Z^bZ[Zlbq_kdh]h� baf_g_gby� l_fi_jZlmju� ljm^h_fdb� b� ijh\h^ylky�
ebrv�\�g_[hevrhf�dhebq_kl\_�eZ[hjZlhjbc��Baf_j_gby�\_ebqbgu�bahl_jfbq_kdh]h�ba�
f_g_gby�wgljhibb�g_\hafh`gu��ihwlhfm�hgZ�jZkkqblu\Z_lky�gZ�hkgh\_�baf_j_gby�^jm�
]bo�iZjZf_ljh\�fZl_jbZeZ��Ijhs_�\k_]h�ihemqblv�baf_g_gb_�wgljhibb��bgl_]jbjmy�ba�
\_klgh_�khhlghr_gb_�FZdk\_eeZ� 

H

M
S dH

T

∂ ∆ =  ∂ ∫        

Gh�\�hdj_klghklb�nZah\h]h�i_j_oh^Z�i_j\h]h�jh^Z�wlh�\ujZ`_gb_�g_�\uihegy_l�
ky��ihwlhfm�ZdlmZevghc�y\ey_lky�aZ^ZqZ�\uqbke_gby�kdZqdZ�wgljhibb��k\yaZggh]h�k�\u�
^_e_gb_f�kdjulhc�l_iehlu�i_j_oh^Z��LZdb_�jZkq_lu�fh`gh�ijh\_klb�^ey�f_lZfZ]gbl�
gh]h�i_j_oh^Z�\� Zglbn_jjhfZ]g_lbd_�–�y\e_gby�� khklhys_]h�\�hijhdb^u\Zgbb�ih^j_�
r_lhd�fZ]gblguf�ihe_f� 

Ba\_klgh�� qlh� hkgh\gu_� hkh[_gghklb� ih\_^_gby� Zglbn_jjhfZ]g_lbdZ� fh`gh�
hibkZlv��bkihevamy�l_jfh^bgZfbq_kdbc�ihl_gpbZe�\b^Z�>�@� 

F = EA + EH = − KU cos2Θ − (½)χ H2 = − KU cos2Θ − (½)(χ||cos2Θ + χ⊥sin2Θ) H2 
=^_�KU –�dhgklZglZ�Zgbahljhibb��χ||�b�χ⊥ –�ijh^hevgZy�b�ihi_j_qgZy�\hkijbbfqb\hklb��
khhl\_lkl\_ggh��Fbgbfmfm� wg_j]bb� khhl\_lkl\m_l�hjb_glZpby�ih^j_r_lhd�\^hev�beb�
ihi_j_d�gZijZ\e_gby�\_dlhjZ�gZijy`_gghklb�fZ]gblgh]h�ihey��Djblbq_kdh_�ihe_��ijb�
dhlhjhf�ijhbkoh^bl�jZa\hjhl�ih^j_r_lhd��jZ\gy_lky� 

2 K U   Hcr
||χ χ

=
−⊥

       

Wgljhiby�h[jZapZ�hij_^_ey_lky�\ujZ`_gb_f��S = −(∂F/∂T���Lh]^Z�kdZq_d�wgljh�
ibb�ijb�i_j_oh^_�[m^_l�jZ\_g�jZaghklb�wgljhibb�^\mo�nZa� 

||2 21/ 2 1/ 2 u
CR CR

k
S H H

T T T

χχ⊥ ∂  ∂∂ ∆ = − −  ∂ ∂ ∂   
      

Bkihevamy�\b^� aZ\bkbfhklb�djblbq_kdh]h�ihey�b�gZfZ]gbq_gghklb�e_]dh�ihdZ�
aZlv��qlh� 

||2 2

||

1/ 2 1/ 2 u
CR CR

CR

CR CR

k
H H

T T T HS

I H H T

χχ

χ χ

⊥

⊥

∂  ∂∂  − −   ∂ ∂ ∂ ∂∆    = = −
∆ − ∂

      

LZdbf� h[jZahf�� \u[jZggZy� fh^_ev� hdZau\Z_lky� kh]eZkh\Zgghc� k� mjZ\g_gb_f�
DeZci_jhgZ–DeZmabmkZ�� 

 
JZ[hlZ�ih^^_j`ZgZ�]jZglhf�JNNB�04-02-16709-Z. 

Ebl_jZlmjZ 
1. Gschneidner K.A. Jr, Pecharsky V.K. Journ. Appl. Phys. 85 (1999), 5365. 
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2. Tishin A.M., Spichkin Y.I. The magnetocaloric effect and its applications, IOP Publishing 
Ltd, 2003. 

3. Pecharsky V.K., Gschneidner K.A. Jr, Phys. Rev. Lett. 78 (1997), 4494. 
4. Tegus O., Bruck E., Buschow K.H.J., F.R. de Boer, Nature 415 (2002), 150. 
5. Chikazumi S. Physics of ferromagnetism, Claredon Press, Oxford, 1997. 

  
 

M>D����������� 

H;G:JM@?GB?�<�F:G=:GBL:O�=B=:GLKDHC�H;T?FGHC�
F:=GBLHKLJBDPBB�IJB�DHFG:LGHC�L?FI?J:LMJ?� 

>_fbg�J�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

>h�gZklhys_c�jZ[hlu�bgl_j_k�d�fZg]ZgblZf�[ue�k\yaZg�k�dhehkkZevguf�fZ]gb�
lhkhijhlb\e_gb_f��DFK���dhlhjh_�gZ[ex^Zehkv�\�g_dhlhjuo�khklZ\Zo�ijb�dhfgZlghc�
l_fi_jZlmj_��<�^Zgghc�jZ[hl_�\�^\mo�kbkl_fZo�fZg]Zgblh\�La1-xSrxMnH3 (0.1 ≤ x ≤ 0.3) 
b�La1-xBaxMnH3 (0.05 ≤ x ≤� ����� djhf_�DFK� [ueZ� h[gZjm`_gZ� ]b]ZglkdZy� h[t_fgZy�
fZ]gblhkljbdpby��ih\_^_gb_�dhlhjhc�\�aZ\bkbfhklb�hl�l_fi_jZlmju�L�b�fZ]gblgh]h�
ihey�G� [ueh� ih^h[gh� ih\_^_gbx�DFK� hl� L� b�G��Baf_j_gby� ebg_cgh]h� l_ieh\h]h�
jZkrbj_gby�∆l/l��ijh^hevghc� �λ||��b�i_ji_g^bdmeyjghc� �λ⊥��ih�hlghr_gbx�d�fZ]gbl�
ghfm�ihex�fZ]gblhkljbdpbb�ijhba\h^bebkv�k�ihfhsvx� l_gah^Zlqbdh\��AZl_f�[ueb�
jZkkqblZgu�h[t_fgZy�fZ]gblhkljbdpby�ω = λ|| + 2λ⊥�b�ZgbahljhigZy�fZ]gblhkljbdpby�
λt = λ|| - λt��GZ� l_o�`_�fhghdjbklZeeZo�� ihemq_gguo�f_lh^hf� [_klb]_evghc� ahgghc�
ieZ\db�� [ueb� bamq_gu� m^_evgh_� we_dljhkhijhlb\e_gb_� ρ� b� fZ]gblhkhijhlb\e_gb_�
∆ρ/ρ = (ρG - ρG �)/ρH=0.  

GZ� jbk�� �Z�b� ihdZaZgZ� l_fi_jZlmjgZy� aZ\bkbfhklv� ω� b� ∆ρ/ρ� khklZ\Z� La 

0..7<Z0.3MnH3�\�jZchg_�lhqdb�Dxjb�LK  �����D�\�jZaguo�fZ]gblguo�iheyo��Z�gZ�jbk��
2a,b –�bahl_jfu�ω�b�∆ρ/ρ�\�lhf�`_�L-jZchg_��Ba�jbk���Z�b��Z�\b^gh��qlh�h[t_fgZy�fZ]�
gblhkljbdpby�hljbpZl_evgZ��b�__�Z[khexlgZy�\_ebqbgZ�^hklb]Z_l�fZdkbfmfZ�\[ebab�
LK��FZdkbfZevgZy�\_ebqbgZ�_ω| = 4 × 10-4

�ijb�G� �����dW��<�lhf�`_�ihe_�ijb�dhfgZl�
ghc�l_fi_jZlmj_� _ω| = 2.54 × 10-4

��Wlh�]b]Zglkdh_�agZq_gb_�h[t_fghc�fZ]gblhkljbd�
pbb��qlh�\Z`gh�^ey�ijZdlbq_kdbo�ijbf_g_-�gbc�\�fZ]g_lhf_oZgbq_kdbo�mkljhckl\Zo��
DZd�\b^gh�ba�jbk���Z��djb\u_�_ω|(G��g_�gZkusZ�xlky�\�fZdkbfZevghf�ihe_�baf_j_gby�
����dW��lZd�qlh�ijbf_g_gb_�[óevrbo�ihe_c�fh`_l�ih\ukblv�_ω_��Ba�kjZ\g_gby�jbk���Z 
b��b, 2Z�b��b \b^gh��qlh�ih\_^_gb_�ω�b�∆ρ/ρ�ih^h[gh�\[ebab�LK��LZd��ω�b�∆ρ/ρ�hljbpZ�
l_evgu��bo�bahl_jfu�g_�gZkusZxlky�\iehlv�^h�fZdkbfZ�evguo�ihe_c�baf_j_gby�����
dW��djb\u_�_ω|(L��b�_∆ρ/ρ|(L��bf_xl�fZdkbfmfu��\�dhlhjuo�^hklb]Zxl�agZq_gbc���× 10-

4
�b�������khhl\_lkl\_ggh��Ih^h[gh_�ih\_^_gb_ ω�b�∆ρ/ρ�gZ[-�ex^Zehkv�b�\�^jm]bo�i_�
j_qbke_gguo�\ur_�fhghdjbklZeebq_kdbo�khklZ\Zo��gh�ijb�L�� 300 K��<ke_^kl\b_�wlh�
]h�fh`gh�ij_^iheh`blv��qlh�hkh[_gghklb�ω�b�∆ρ/ρ�\[ebab�LK�h[tykgyxlky�h^ghc�b�
lhc�`_� ijbqbghc�� Z� bf_ggh�� ijbkmlkl\b_f� \� h[jZap_�fZ]gblgh-^\monZagh]h�n_jjh- 
Zglbn_jjhfZ]gblgh]h��:NF��khklhygby��ij_^eh`_ggh]h�GZ]Z_\uf�>�@�� 
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KhklZ\u� La1-x:xMnH3 (A = Sr, Ba�� ij_^klZ\eyxl� kh[hc� Zglbn_jjhfZ]g_lbd�

LaMnH3��e_]bjh\Zgguc�bhgZfb�:
2+
��dhlhju_�y\eyxlky�Zdp_ilhjZfb��Ba-aZ�\ub]jurZ�\�

wg_j]bb��s-d)/(d-d��h[f_gZ�ghkbl_eb�aZjy^Z�jZkiheZ]Zxlky�\�n_jjhfZ]gblghc��NF��qZk�
lb�h[jZapZ�b�hlkmlkl\mxl�\�:NF��<�jZ[hl_�>�@�DFK�fZg]Zgblh\�h[tykgy_lky�ijbkmlkl�
\b_f�\�gbo�mdZaZggh]h�fZ]gblgh-^\monZagh]h�khklhygby��F>NK���<�jZ[hl_�YgZa_�b�DZ�
kmy�>�@�ihdZaZgh��qlh�\�NF�qZklb�h[jZapZ��gZoh^ys_]hky�\�F>NK��ihklhyggu_�j_r_ldb�
mf_gvr_gu��Hlkx^Z�ke_^m_l��qlh�ijb�L ≥ LK��^he`gh�gZ[ex^Zlvky�baebrg__��ih�kjZ\�
g_gbx�k�ebg_cguf�ih�L��l_ieh\h_�jZkrbj_gb_��\ua\Zggh_�jZajmr_gb_f�F>NK��dhlh�
jh_� b� gZ[ex^Zehkv� \� ^Zgghc� jZ[hl_� \h� \k_o� bkke_^h\Zgguo� h[jZapZo��� GZeh`_gb_�
\g_rg_]h�fZ]gblgh]h�ihey�\�wlhc�L-h[eZklb�^he`gh�m\_ebqb\Zlv�kl_i_gv�NF�ihjy^dZ�
\�hdj_klghklb�ijbf_k_c�kbevg__��q_f�\�kj_^g_f�ih�djbklZeem��lZd�dZd�_]h�^_ckl\b_�mkb�
eb\Z_lky� s-d� h[f_ghf�� >jm]bfb� keh\Zfb�� fZ]gblgh_� ihe_� [m^_l� \hkklZgZ\eb\Zlv�
F>NK��jZajmr_ggh_�gZ]j_\Zgb_f��b�ijbkms__�_fm�k`Zlb_�j_r_ldb��Wlh�b�_klv�]b]Zgl�
kdZy� h[t_fgZy� fZ]gblhkljbdpby�� H^gZdh� mdZaZgguc� \ur_� ijhp_kk� \hkklZgh\e_gby�
F>NK�fZ]gblguf�ihe_f�bf__l�f_klh�\�h]jZgbq_gghf�L-bgl_j\Ze_�g_fgh]h�\ur_�LK. 
Ihwlhfm�djb\u_�_ω|(L��bf_xl�fZdkbfmf�\[ebab�LK��b�[ukljh�kiZ^Zxl�ijb�^Zevg_cr_f�
ih\ur_gbb�L. 

 
WlZ�jZ[hlZ�[ueZ�\uiheg_gZ�ijb�ih^^_j`d_�JNNB��ijh_dlu�N 03-02-������b���-02-17810). 

Ebl_jZlmjZ 
1. GZ]Z_\�W�E��MNG���66 (1996) 833; Phys. Rep., 346 (2001) 387. 
2. Yanase A., Kasuya T. J. Phys. Soc. Japan, 25 (1968) 1025. 

 
 

Jbk�����L_fi_jZlmjgZy�aZ\bkbfhklv�h[t_f�
ghc� fZ]gblhkljbdpbb� ω (a�� b� fZ]gblhkh�
ijhlb\e_gby�∆ρ/ρ (b) 

Jbk�����Bahl_jfu�h[t_fghc�fZ]gblhkl�
jbdpbb�ω (a��b�fZ]gblhkhijhlb\e_gby�
∆ρ/ρ (b��\�jZchg_�lhqdb�Dxjb 
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M>D��������  

MKBE?GB?�WNN?DL:�N:J:>?Y�G:�DJ:X�NHLHGGHC�
A:IJ?S?GGHC�AHGU�<�F:=GBLHNHLHGGUO�DJBKL:EE:O 

G:�HKGH<?�=J:G:LH< 

∗@^Zgh\�:�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Nhlhggu_�djbklZeeu�iha\heyxl�wnn_dlb\gh�mijZ\eylv�jZkijhkljZg_gb_f�k\_lZ�
[eZ]h^Zjy� gZebqbx� \� gbo�nhlhgghc� aZij_s_gghc� ahgu� �NAA��� aZij_sZxs_c� jZkijh�
kljZg_gb_� k\_lZ� k�hij_^_e_ggufb�\hegh\ufb�\_dlhjZfb��Hkh[_ggh�bgl_j_kghc�ij_^�
klZ\ey_lky�\hafh`ghklv�kha^Zgby�fZ]gblhnhlhgguo�djbklZeeh\��FND���l�_��nhlhgguo�
djbklZeeh\��k^_eZgguo�ba�fZ]gblguo�fZl_jbZeh\��<�lZdbo�kljmdlmjZo�[eZ]h^Zjy�fZ]gb�
lhhilbq_kdbf� wnn_dlZf�fh`gh�mijZ\eylv�jZkijhkljZg_gb_f� k\_lZ��ijbdeZ^u\Zy�fZ]�
gblgh_�ihe_��;eZ]h^Zjy�k\h_c�dhfiZdlghklb��fZ]gblhnhlhggu_�djbklZeeu�fh]ml�gZclb�
ijbf_g_gb_�\�p_ehf�jy^_�kh\j_f_gguo�mkljhckl\� 

<�jZ[hl_�jZkkfhlj_gh�mkbe_gb_�nZjZ^__\kdh]h�\jZs_gby�gZ�djZx�NAA�\�h^gh�
f_jguo�FND��khklhysbo�ba�q_j_^mxsboky�fZ]gblguo�b�g_fZ]gblguo�keh_\��JZkq_l��
ijh\_^_gguc�k�ihfhsvx�f_lh^Z�fZljbp��o���ihdZaZe��qlh�gZ�djZx�NAA�\hafh`gh�gZ�
[ex^_gb_�mkbe_gb_�wnn_dlZ�NZjZ^_y��ijhy\eyxs_]hky�\�agZqbl_evghf�m\_ebq_gbb�m]�
eZ� ih\hjhlZ� iehkdhklb� iheyjbaZpbb� jZkijhkljZgyxs_]hky� baemq_gby��IhdZaZgh�� qlh�
wlh� mkbe_gb_� aZ\bkbl� hl�^bki_jkbhgguo� k\hckl\�FND�� aZ^Z\Z_fuo�qbkehf� keh_\��bo�
lhesbgZfb�b�ihdZaZl_eyfb�ij_ehfe_gby� 

Mkbe_gb_�wnn_dlZ�NZjZ^_y�[ueh�ih^l\_j`^_gh�wdki_jbf_glZevgh�gZ�FND��kh�
klhysbo�ba�g_kdhevdbo��hl���^h����iZj�q_l\_jlv\hegh\uo�keh_\�hdkb^Z�dj_fgby�b�`_e_�
ahblljb_\h]h�]jZgZlZ��^hibjh\Zggh]h�\bkfmlhf��GZ�wdki_jbf_glZevguo�ki_dljZo�m]eZ�
ih\hjhlZ� iehkdhklb� iheyjbaZpbb� gZ[ex^Z_lky� kbevgh_� ih^Z\e_gb_� wnn_dlZ�NZjZ^_y�
\gmljb�NAA�b�mkbe_gb_�gZ�^ebggh\hegh\hf�djZx������gf���^hklb]Zxs__�-����]jZ^��qlh�
khhl\_lkl\m_l�m^_evghfm�\jZs_gbx�-����]jZ^�fdf� 

 
 

M>D�- 532 

<EBYGB?�<HA;M@>?GGUO�MJH<G?C�E:G>:M�G:�;HA?-
WCGRL?CGH<KDMX�DHG>?GK:PBX��D�F:=GBLHWDKBLHGH< 

>mfZgh\�?�<� 

Bgklblml�ijbdeZ^ghc�nbabdb��:dZ^_fby�GZmd�j_kim[ebdb�Fhe^h\Z 

JZ[hlZ� ihk\ys_gZ� bamq_gbx� \ebygby� \ha[m`^_gguo� mjh\g_c�EZg^Zm� we_dljh�
gh\�H��b�^ujhd�K��gZ�dhee_dlb\gu_� k\hckl\Z�fZ]gblhwdkblhgh\��gZoh^ysboky�\�ihem�
ijh\h^gbdh\hc� �'� kljmdlmj_��FZ]gblhwdkblhg� nhjfbjm_lky� _keb� jZkklhygb_� f_`^m�
wg_j]_lbq_kdbfb�mjh\gyfb�EZg^Zm�ij_\urZ_l�bhgbaZpbhgguc�ihl_gpbZe��'�wdkblhgZ��

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb 
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Z�fZ]gblgZy�^ebgZ� l �f_gvr_�q_f�_]h�[hjh\kdbc�jZ^bmk�
2 2( )D D
ex exa l a< �\�hlkml\bb�fZ]gbl�

gh]h�ihey� 
Hkgh\guf� \hijhkhf� y\ey_lky� \ebygb_� \ha[m`^_guo� mjh\g_c�EZg^Zm�<ME�� gZ�

dhk\_ggh_� \aZbfh^_ckl\b_� f_`^m� qZklbpZfb�� e_`Zsbfb� gZ� gb`Zcrbo� mjh\gyo�EZg�
^Zm�GME���Wlh�dhk\_ggh_�\aZbfh^_ckl\b_�ihy\ey_lky�\�j_amevlZl_�h^gh\j_f_gguo�\bj�
lmZevguo�d\Zglh\uo�i_j_oh^h\�H�b�K�k�gme_\uo�gZ�\ha[m`^_ggu_�mjh\gb�EZg^Zm�b�h[�
jZlgh�� 

Bkoh^y�ba�ihemq_gguo�j_amevlZlh\�fh`gh� kdZaZlv��qlh� k�jhklhf�ghf_jZ�mjh\gy�
EZg^Zm� \ebygb_�<MEh\� gZ� obfbq_kdbc� ihl_gpbZe�� gZ� iheh`_gb_� fZ]gblhwdkblhggh]h�
mjh\gy� gZ� wg_j]_lbq_kdhc�rdZe_�� Z� lZd`_�gZ� mklhcqb\hklv�;ha_–Wcgrl_cgh\kdhc� dhg�

^_gkZpbb� gZ� h^ghqZklbqghf� khklhygbb� k� \hegh\uf� \_dlhjhf� k
&

� mf_gvrZ_lky� [uklj__�
q_f�ij_^iheh]Zeb� Z\lhju�ij_^u^msbo�jZ[hl��LZd�gZ�ijbf_j��_keb�\�jZ[hl_�E_jg_jZ�b�
Ehah\bdZ� >�@�@WLN�������ij_^iheh]Zehkv��qlh�kmffZjgh_�\ebygb_�\k_o�<ME�gZ�agZq_�
gby� µ �\�q_luj_�jZaZ�[hevr_��q_f�\ebygb_�i_j\h]h�<MEZ��lh�fu�ihdZaZeb��qlh�gZ�kZfhf�

^_e_� wlh�kmffZjgh_�\ebygb_�gZfgh]h�f_gvr_��Hgh�ihjy^dZ� 3/ 2� �\f_klh� ����<Z`gh�lh��
qlh� \ebygb_� <MEh\�� klZ[bebabjm_l� ;ha_-Wcgrl_cgh\kdmx� dhg^_gkZpbx� k� 0k = ��Hgh�
m\_ebqb\Z_l� wg_j]bx� k\yab� wdkblhgZ�b�h^gh\j_f_ggh�ijb\h^bl�d�hllZedb\Zgbx�f_`^m�
wdkblhgZfb�� Obfbq_kdbc� ihl_gpbZe� jZkl_l� k� jhklhf� dhgp_gljZpbb� wdkblh�
gh\�k`bfZ_fhklv�iheh`bl_evgZ���K�jhklhf�\hegh\h]h�\_dlhjZ�dhg^_gkZlZ�\ebygb_�<ME�

[ukljh�iZ^Z_l��LZdbf�h[jZahf��<ME�hij_^_eyxl�klZ[bevghklv�;WD-lZ�lhevdh�ijb� 0k = .  

Ebl_jZlmjZ 
1. Lerner I.V. and Lozovik Yn.E. Zh. Eksp. Teor. Fiz. 80, 1488 (1981) [Sov. Phys.-JETP 53, 

763(1981)] 
2. Moskalenko S.A., Dumanov E.V., Podlesny Ig.V. and Shmiglyuk M.I. Mold. Jour. Phys. 

SciHQFHV��0-36��YRO������3-4, p. 336-352 (2003) 
3. 0RVNDOHQNR�6�$���'XPDQRY�(�9���3RGOHVQ\�,J�9��0-36�9RO�����������������Dccepted)  

 
 

M>D 539.2: 537.622  

F:=GBLG:Y�B�DJBKL:EEBQ?KD:Y�KLJMDLMJ:�LaCo0.5Fe0.5O3 

DZjibgkdbc�>�<���Ljhygqmd�B�H� 

Bgklblml�nbabdb�l\_j^h]h�l_eZ�b�ihemijh\h^gbdh\�G:G�;_eZjmkb 

J_^dha_f_evgu_� hdkb^u� kh� kljmdlmjhc� i_jh\kdblZ� La1-xAxMeO3 �]^_�A=Ba, Sr, 
Ca; Me -�i_j_oh^ghc�f_lZee��bgl_gkb\gh�bamqZxlky�gZ�ijhly`_gbb�[he__�iylb^_kylb�
e_l� \\b^m� bo� mgbdZevguo�fZ]gblguo�� we_dljbq_kdbo� b� ljZgkihjlguo� k\hckl\� >�-�@� Z�
lZd`_�\ukhdhc�dZlZeblbq_kdhc�Zdlb\ghklb� >�@��G_^Z\g__�hldjulb_�]b]Zglkdh]h�fZ]gb�
lhkhijhlb\e_gby�\�^ujhqgh-^hibjh\Zgghf�LaMnO3�>�@�ihkem`beh�ih\h^hf�^ey�bgl_g�
kbnbdZpbb�gZmqguo�bkke_^h\Zgbc�\�^Zgghf�gZijZ\e_gbb��<�lh`_�\j_fy�Ca, Sr�b�Ba�^h�
ibjh\Zggu_� dh[Zevlblu� lZd`_� h[eZ^Zxl�gZ[hjhf�bgl_j_kguo� k\hckl\��qlh�^_eZ_l�bo�
ijb\e_dZl_evgufb�fZl_jbZeZfb�^ey�bkihevah\Zgby�\�dZq_kl\_�dZlZebaZlhjh\��l\_j^uo�
we_dljheblh\�� dbkehjh^guo�f_f[jZg�� we_dljh^h\� lhieb\guo� yq__d�b� l�i�� >�@��H^gZdh��
dh[Zevlblu�ij_^klZ\eyxl� agZqbl_evguc�bgl_j_k�g_�lhevdh�\\b^m�bgl_j_kguo�dZlZeb�
lbq_kdbo��gh�b�fZ]gblguo�k\hckl\��LZd��agZqbl_evgh_�qbkeh�gZmqguo�im[ebdZpbc�m^_�
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e_gh�fZ]gblguf� k\hckl\Zf�jy^Z� l\_j^uo�jZkl\hjh\�LnCo1-xFexO3� �]^_�Ln – La0.7Sr0.3), 
h^gZdh�^_lZevgh]h�bkke_^h\Zgby� l\_j^uo�jZkl\hjh\�LaCo1-xFexO3�ijh\_^_gh�g_�[ueh��
GZfb�[ueZ�ij_^ijbgylZ�ihiuldZ�\hkihegblv�g_^hklZlhd�k\_^_gbc�h�fZ]gblguo�b�djb�
klZeehkljmdlmjguo�^Zgguo�\ur_mihfygmlh]h�jy^Z�l\_j^uo�jZkl\hjh\�� 

H[jZapu�La(Co1-xFex)O3-d�[ueb�ihemq_gu�gZ�\ha^mo_�ih�h[uqghc�d_jZfbq_kdhc�
l_ogheh]bb�ba�kf_kb�q^Z�hdkb^h\�La2O3, Co3O4�b�Fe2O3��L_fi_jZlmjZ�kbgl_aZ�\Zjvbjh�
\ZeZkv�hl������^h����� D��J_gl]_gh\kdb_�baf_j_gby�[ueb�\uiheg_gu�gZ�^bnjZdlhf_lj_�
>JHG-�F�\�Cu-K.�baemq_gbb��JZkq_l�djbklZeebq_kdhc�kljmdlmju�\uiheg_g�k�bkihev�
ah\Zgb_f� ijh]jZffu� FullProf�� FZ]gblgu_� baf_j_gby� \uiheg_gu� gZ� dhff_jq_kdhf�
\b[jZpbhgghf�fZ]gblhf_lj_�OI-�����Z�lZd`_�k�ihfhsvx�KD<B>�fZ]gblhf_ljZ�fZjdb�
FJFS-5 (Quantum Design). 

H[jZapu��ihemq_ggu_�ijb�l_fi_jZlmj_����� D�gZ�\ha^mo_��[ueb�mki_rgh�jZkkqb�

lZgu�dZd�djbklZeehkljmdlmjgh-h^ghnZagu_��ijhkljZgkl\_ggZy�]jmiiZ�R3k��_keb�o�������
khklhysb_� ba� kf_kb� jhf[hw^jbq_kdhc�b� hjlhjhf[bq_kdhc� �ijhklj�� ]jmiiZ� - Pnma��nZa�
ijb�����o�����b�h^ghnZagu_�hjlhjhf[bq_kdb_��_keb�o������ijhklj�]jmiiZ�Pnma���Ih\u�
r_gb_�l_fi_jZlmju�kbgl_aZ�^h����� D�ijb\_eh�d�j_adhfm�mf_gvr_gbx�djbklZeehkljmd�
lmjghc�g_h^ghjh^ghklb��Ijb]hlh\e_ggu_�ijb�wlhc�l_fi_jZlmj_�h[jZapu�[ueb�mki_rgh�
jZkkqblZgu�dZd�jhf[hw^jbq_kdb_�_keb�x�����b�hjlhjhf[bq_kdb_�x������ 

<k_�h[jZapu�k�kh^_j`Zgb_f�`_e_aZ� �x������oZjZdl_jbamxlky�gZebqb_f�g_[hev�
rh]h�kihglZggh]h�fZ]gblgh]h�fhf_glZ��<hafh`gh�\�h[jZap_�x ����j_Zebam_lky�^Zevgbc�
fZ]gblguc�ihjy^hd� k� l_fi_jZlmjhc�i_j_oh^Z� \�iZjZfZ]gblgh_� khklhygb_�T=120 K��K�
m\_ebq_gb_f�kh^_j`Zgby�`_e_aZ�^h�x ����l_fi_jZlmjZ�fZ]gblgh]h�mihjy^hq_gby�j_adh�
m\_ebqbeZkv�^h���� K��AZ\bkbfhklb�gZfZ]gbq_gghklb�hl�ihey�k\b^_l_evkl\mxl�h�lhf��
qlh�kihglZggZy�gZfZ]gbq_gghklv�g_\_ebdZ��qlh�oZjZdl_jgh�^ey�keZ[uo�n_jjhfZ]g_lb�
dh\��kf��jbk������>ey�h[jZapZ�LaFe0.5Co0.5O3�[ueb�ijh\_^_gu�^hihegbl_evgu_�bkke_^h�
\Zgby�djbklZeebq_kdhc�b�fZ]gblghc�kljmdlmju�f_lh^hf�^bnjZdpbb�g_cljhgh\� �^ebgZ�
\hegu��������Ö��^bnjZdlhf_lj�E9, BENSC��;_jebg��ijh\_^_ggu_�ijb�l_fi_jZlmjZo�� K 
b���� K��GZ�jbk����hlh[jZ`_gZ�g_cljhgh]jZffZ�aZibkZggZy�ijb���� K��gZ�\klZ\d_�hlh�
[jZ`_gZ�jZaghklv�^bnjZdpbhgguo�dZjlbg��kgyluo�ijb�� K� �imklhc�djm]��b�ijb���� K, 
lj_m]hevgbdZfb� ihdZaZg� fZ]gblguc� \deZ^��FZ]gblgu_� k\hckl\Z� LaCo0.5Fe0.5O3� j_adh�
hlebqZxlky�hl�djZcgbo�qe_gh\�l\_j^uo�jZkl\hjh\�LaCoO3�b�LaFeO3��Ohjhrh�ba\_klgh��
qlh�LaFeO3�y\ey_lky�keZ[uf�n_jjhfZ]g_lbdhf� �n_jjhfZ]gblgZy�dhfihg_glZ�h[mkeh\�
e_gZ�Zglbkbff_ljbqguf�h[f_ghf�>ayehrbgkdh]h-Fhjby��k�l_fi_jZlmjhc�G__ey���� D�
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>�@��<_jhylgh� keZ[hn_jjhfZ]gblgZy� dhfihg_glZ�h[jZapZ�LaCo0.5Fe0.5O3� lZd`_�hij_^_�
e_gZ�Zglbkbff_ljbqguf�h[f_ghf�lbiZ�>ayehrbgkdh]h-Fhjby��K�ihfhsvx�ijh\_^_g�
guo�g_cljhgh]jZnbq_kdbo�bkke_^h\Zgbc� m^Zehkv� \uykgblv�� qlh�^Zgguc� khklZ\�bkiu�
lu\Z_l�djbklZeehkljmdlmjguc�i_j_oh^�jhf[hw^j�–�hjlhjhf[�ijb�ihgb`_gbb�l_fi_jZ�
lmju��LZdbf�h[jZahf��j_amevlZlu�ijh\_^_gguo�gZfb�bkke_^h\Zgbc�iha\heyxl�kms_kl�
\_ggh� jZkrbjblv� bf_xsb_ky� k\_^_gby� h� fZ]gblghc� b� djbklZeebq_kdhc� kljmdlmj_�
LaCo0.5Fe0.5O3. 

Ebl_jZlmjZ 
1. Raccah P.M., Goodenough J.B. // J. Appl. Phys. 1968, 39, p.1209-1210. 
2. Itoh M., Natori I., Kubota S. et al. // J. Phys. Soc. Jpn. 1994, 63, p.1486-1493. 
3. Asai K., Yokokura O., Nishimori N. et al. // Phys. Rev. B 1994, 50, p.3025-3032. 
4. Bedel L., Roger A.C., Estournes C. et al. // Catalysis Today 2003, 85 p.207-218 
5. Cambley R. E., Stamps R.L. // J. Phys.: Condens. Matter. 1993, 5, p.3727-3786 
6. Koehler W.C., Wollan E.O., Wilkinson M.K. // Phys. Rev. 1960, 118, p. 58-70. 

 
 

M>D������ 

FH>?EBJH<:GB?�DE:KL?JHH;J:AH<:GBY 
B�F:=GBLGHC�<HKIJBBFQB<HKLB�FGH=HDHFIHG?GLGUO�

G?MIHJY>HQ?GGUO�F:=G?LBDH<�LBI:� CrSCdIn :42  

J_^bg�<�<� 

DZem`kdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l 
bf��D�W��Pbhedh\kdh]h 

<\_^_gb_�fZ]gblguo�ijbf_k_c�� kemqZcgh� jZkij_^_eyxsboky� \� maeZo� mihjy^h�
q_gghc�djbklZeebq_kdhc�j_r_ldb��ijb\h^bl�d�\hagbdgh\_gbx�dhfihabpbhggh]h�[_kih�
jy^dZ� b�� dZd� ke_^kl\b_�� –� d� gh\uf� jZaghh[jZaguf� \b^Zf� fZ]gblgh]h� mihjy^hq_gby��
\dexqZy�kibgh\u_�b�deZkl_jgu_�kl_deZ�� 

<�jZ[hl_�ijh\_^_gh�bkke_^h\Zgb_�ijhp_kkh\�deZkl_jhh[jZah\Zgby��k\yaZgguo�k�
\\_^_gb_f� fZ]gblghc� ijbf_kb� ojhfZ� \� ]jZg_p_gljbjh\Zggmx� dm[bq_kdmx� j_r_ldm�
�=PD��ribg_eb�CdIn2S4��JZkq_lu�ijh\h^bebkv�k�ihfhsvx�dhfivxl_jgh]h�fZl_fZlbq_�
kdh]h�iZd_lZ�Maple 8.  

?keb�kqblZlv�dZlbhggu_�maeu�\�fZljbp_�djbklZeeZ�jZkij_^_e_ggufb�ih�hij_^_�
e_gguf�©h[hehqdZfª�jZ^bmkh\�Ri (i  �������«���lh�\_jhylghklv�gZclb� 

[eb`Zcrbc� d� aZ^Zgghfm� fZ]gblguc� Zlhf� gZ� i-c� h[hehqd_� jZ\gZ�
ii nn

i xxP )1()1( 1 −−−= − �� ]^_�ni –�qbkeh�dZlbhgguo�<-maeh\�\gmljb� i-c�h[hehqdb��jZ\gh_�

∑=
=

i

k
ki Nn

1
�ijb�wlhf�Nk –�qbkeh�maeh\�gZ�k-c�h[hehqd_��� 

GZ�jbk����b�jbk����ijb\_^_gu�dhgp_gljZpbhggu_�aZ\bkbfhklb�\_jhylghkl_c�h[�
jZah\Zgby� b� qbkeZ� deZkl_jh\� jZaebqguo� jZaf_jh\�� jZkkqblZggu_� \� ij_^iheh`_gbb�
\aZbfh^_ckl\by�k�[eb`Zcrbfb�b�kh�ke_^mxsbfb�aZ�[eb`Zcrbfb�fZ]gblgufb�khk_^y�
fb�� 
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Jbk�� ��� Dhgp_gljZpbhggu_�
aZ\bkbfhklb� \_jhylghklb�
gZoh`^_gby� ijbf_kgh]h�
fZ]gblgh]h�ZlhfZ�\�=PD�j_�
r_ld_� \� bahebjh\Zgghf� kh�
klhygbb�� \� khklZ\_� deZkl_jZ�
ba�^\mo�beb�lj_o�Zlhfh\ 

 
Ijb�fh^_ebjh\Zgbb� jZkkfZljb\Zebkv� deZkl_j� -�h^bghqguc� Zlhf� �6���g_�bf_x�

sbc�[eb`Zcrbo�khk_^_c��deZkl_j�ba�^\mo�\aZbfh^_ckl\mxsbo�Zlhfh\��'���b�deZkl_ju�
ba� lj_o� Zlhfh\��hldjulu_�� lh�_klv�h[jZamxsb_�p_ihqdm�� ]^_�ebrv�h^bg�Zlhf�ba� lj_o�
bf__l�^\mo�[eb`Zcrbo�khk_^_c��7R���b�aZdjulu_�–�h[jZamxsb_�lj_m]hevgbd�ba�Zlhfh\��
dZ`^uc�ba�dhlhjuo�\aZbfh^_ckl\m_l�k�^\mfy�[eb`Zcrbfb�khk_^yfb��7F���G_h[oh^bfh�
lZd`_�mlhqgblv��qlh�\_jogb_�bg^_dku�\�h[hagZq_gbyo�lbiZ� XD b� XYZT �ih^jZamf_\Zxl�
dhgdj_lgu_�Zlhfu�deZkl_jZ�� 

Ihemq_ggu_� j_amevlZlu� ihdZau\Zxl�� qlh� dhgp_gljZpbhgguc� fZdkbfmf� qbkeZ�
deZkl_jh\�dhgdj_lgh]h�lbiZ�mf_gvrZ_lky�b�k^\b]Z_lky�\�klhjhgm�m\_ebq_gby�kh^_j`Z�
gby�fZ]gblghc�ijbf_kb��dhgp_gljZpbb��k�jhklhf�qbkeZ�Zlhfh\�\�deZkl_j_�� 

<deZ^�dhgdj_lgh]h�deZkl_jZ�\�fZ]gblgmx�\hkijbbfqb\hklv�>�@� 
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]^_�Es –�wg_j]by�KU�\�hkgh\ghf�khklhygbb��S –�kibgh\h_�d\Zglh\h_�qbkeh��H –�gZijy�
`_gghklv�fZ]gblgh]h�ihey��?keb�g_�mqblu\Zlv�\_jhylghklv�\aZbfh^_ckl\by�f_`^m�deZ�
kl_jZfb� >�@�� lh� h[sZy�fZ]gblgZy� \hkijbbfqb\hklv� djbklZeeZ� hij_^_eblky� dZd� kmffZ�

\hkijbbfqb\hkl_c�hl^_evguo�deZkl_jh\�� ∑ χ=χ iiN  [2]  
GZ�jbk�� ��ij_^klZ\e_gu�jZkkqblZggu_�dhgp_gljZpbhggu_� aZ\bkbfhklb�fZ]gbl�

ghc�\hkijbbfqb\hklb�&U-aZf_s_ggh]h�&G,Q2S4��Z�lZd`_�hl^_evguo�\deZ^h\�\�g__�deZ�
kl_jh\�S, D�b�L�lbiZ��>Zggu_��ihemq_ggu_�^ey�dhgp_gljZpbc�&U�\ur_�§������gm`^Zxlky�
\�kms_kl\_gghc�dhjj_dpbb��g_h[oh^bfh�mqblu\Zlv�\aZbfh^_ckl\b_�deZkl_jh\�� 

Ebl_jZlmjZ 
1. AZcfZg�>`��Fh^_eb�[_kihjy^dZ��–�F���Fbj��������–�����k� 
2. Ozj^�D�F�����MNG��������L�����������K�����-365 
3. IhemfZ]gblgu_�ihemijh\h^gbdb���J_^��Nmj^ugZ�Y��b�Dhkml�Y��–�F���Fbj��������–�����k� 
4. Gbdbnhjh\�D�=��Fgh]hdhfihg_glgu_�fZ]gblgu_�ihemijh\h^gbdb��–�DZem]Z��Ba^-\h�

D=IM��������–�����k�� 

Jbk�� ��� Dhgp_gljZpbhggu_�
aZ\bkbfhklb� fZ]gblghc�
\hkijbbfqb\hklb� ^ey� deZ�
kl_jh\� jZagh]h� lbiZ�� Z� lZd�
`_� kmffZjghc� fZ]gblghc�
\hkijbbfqb\hklb��Σ ) 

Jbk�� ��� Dhgp_gljZpbhggu_�
aZ\bkbfhklb� qbkeZ� deZkl_�
jh\� �S��lbiZ�� �D��lbiZ�� �To) 
lbiZ� b� �Tc�� lbiZ�� k� mq_lhf�
\aZbfh^_ckl\bc� k� [eb`Zc�
rbfb� b� ke_^mxsbfb� aZ�
[eb`Zcrbfb�khk_^yfb 
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L?FI?J:LMJG:Y�A:<BKBFHKLV�F:=GBLHJ?ABKLB<GH=H�
WNN?DL:�<�F:J=:G?P�PBGDH<UO�N?JJBL:O 

∗∗Ohjvydh\�:�:� 

>hg_pdbc�gZpbhgZevguc�mgb\_jkbl_l��MdjZbgZ 

<�jZ[hl_�>�@�ij_^eh`_gh�bkihevah\Zgb_�lhjhb^Zevguo�fZj]Zg_p�pbgdh\uo�n_j�
jblh\�\�dZq_kl\_�\ukhdhqm\kl\bl_evguo�fZ]gblhj_abklhjh\��fZ]gblhj_abklb\gZy�qm\�
kl\bl_evghklv�dhlhjuo�ij_\urZ_l�gZ�ihjy^hd�__�j_dhj^gh_�agZq_gb_�ie_ghqguo�fZg�
]Zgbl�eZglZgh\uo�i_jh\kdblh\� 

K�p_evx�bamq_gby�ijbjh^u�\ukhdhc�fZ]gblhj_abklb\ghc�qm\kl\bl_evghklb�baf_�
j_gu� fZ]gblhj_abklb\guc� wnn_dl�� fZ]gblgZy� bg^mdpby�� ^bnn_j_gpbZevgZy� fZ]gblgZy�
ijhgbpZ_fhklv� b� l_fi_jZlmjZ� Dxjb� lhjhb^Zevguo� n_jjblh\uo� h[jZaph\�
Mn0.65Zn0.3Fe2.05O4�jZaebqghc�]_hf_ljbb�\�bgl_j\Ze_�l_fi_jZlmj�����–����D��Wdki_jbf_g�
lZevgh�hij_^_e_g�hljbpZl_evguc�agZd�fZ]gblhj_abklb\gh]h�wnn_dlZ��:[khexlgh_�agZq_�
gb_�û5/R0�\�i_j_f_gghf�ihe_����:�f�m\_ebqb\Z_lky�k�ihgb`_gb_f�l_fi_jZlmju�hl�������
ijb�����.�^h�������ijb�����D��\�lh�\j_fy�dZd�bg^mdpby�\hajZklZ_l�g_�[he__�q_f�gZ������ 

Ijh\_^_ggu_�bkke_^h\Zgby�ihdZau\Zxl��qlh�fZ]gblhj_abklb\guc�wnn_dl�\�lhjhb�
^Zevguo�fZj]Zg_p�pbgdh\uo�n_jjblZo�\�keZ[uo�i_j_f_gguo��^h���d=p��fZ]gblguo�iheyo��
gZijy`_gghklvx�lh�����:�f�h[mkeh\e_g�fZ]gblghc�bg^mdpb_c�\�lhjhb^Zo��§����L���Z�\_eb�
qbgZ�wnn_dlZ�hij_^_ey_lky�fZ]gblhaZ\bkbfhc�qZklvx�we_dljhkhijhlb\e_gby�dZ`^h]h�h[�
jZapZ��aZ\bkys_c�hl�jZkk_ygby�ghkbl_e_c�aZjy^Z�gZ�fZ]gblguo�g_h^ghjh^ghklyo��dZdbfb�
y\eyxlky�^hf_ggu_� ]jZgbpu��>hf_ggZy�kljmdlmjZ� aZ\bkbl�dZd�hl�fZ]gblghc�djbklZeeh�
]jZnbq_kdhc�Zgbahljhibb��aZ\bkys_c�hl�l_fi_jZlmju��lZd�b�hl�kljmdlmjguo�iZjZf_ljh\��
lZdbo�dZd�jZaf_j�djbklZeeblh\��g_fZ]gblgu_�\dexq_gby��^bkehdZpbb��\ZdZgkbb�b�^j���jZk�
ij_^_e_gb_�dhlhjuo�y\ey_lky�bg^b\b^mZevghc�oZjZdl_jbklbdhc�h[jZapZ� 

Ebl_jZlmjZ 
1. IZs_gdh� <�I��� GhkZgh\�F�B���R_fydh\� H�:��� Ijhdhi_gdh� <�D�� <bkhdhqmleb\bc�

fZ]g�lhj_abklhj��>_deZjZp�cgbc�iZl_gl�gZ�\bgZo�^�8$�������:��;xe������ 
 
 

M>D�537.632.5 

WNN?DL�F:=GBLHIJHIMKD:GBY�<�IE?GD:O�F:G=:GBLH<�
E:GL:G:��H;E:>:XSBO�DHEHKK:EVGUF�

F:=GBLHKHIJHLB<E?GB?F 

L_e_]bg�:�<���Kmohjmdh\�X�I���DZmev�:�J� 

Bgklblml�nbabdb�f_lZeeh\�MjH�J:G��?dZl_jbg[mj] 
F=M�bf�F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� k\yab� k� ZdlmZevgufb� ijh[e_fZfb� fbdjh-� b� hilhwe_dljhgbdb� agZqbl_evguc�
bgl_j_k� bkke_^h\Zl_e_c� gZijZ\e_g� gZ� ihbkd� gh\uo� nmgdpbhgZevguo� fZl_jbZeh\��
ljZgkihjlgufb� b� hilbq_kdbfb� k\hckl\Zfb� dhlhjuo� fh`gh� mijZ\eylv� l_fi_jZlmjhc��
fZ]gblguf�b�beb�we_dljbq_kdbf�ihe_f��D�lZdbf�fZl_jbZeZf�hlghkylky�fZg]Zgblu�eZg�
lZgZ��<[ebab�LK�\�e_]bjh\Zgguo�fZg]ZgblZo�bf__l�f_klh�wnn_dl�]b]Zglkdh]h�hljbpZ�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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l_evgh]h�fZ]gblhijhimkdZgby� �FL��� dhlhjuc� y\ey_lky� hilbq_kdbf� ZgZeh]hf� hljbpZ�
l_evgh]h� dhehkkZevgh]h� fZ]gblhkhijhlb\e_gby� �DFK�� >�@�� Wnn_dl�FL�� lZd`_� dZd� b�
DFK��gZ[ex^Z_lky�ijb�i_j_oh^_�f_lZee-baheylhj�b�^hklb]Z_l�fZdkbfZevguo�agZq_gbc�
\�g_kdhevdh�^_kyldh\�ijhp_glh\�\�rbjhdhf�BD-�^bZiZahg_�hl�����^h����fdf�\�iheyo�^h�
��L��Wnn_dl�FL�gZ[ex^Z_lky�dZd�\�fhghdjbklZeeZo��lZd�b�\�lhgdbo�ie_gdZo�fZg]Zgb�
lh\��Hlf_lbf��qlh�wdki_jbf_glZevgu_�jZ[hlu�ih�bkke_^h\Zgbx�fZ]gblhijhimkdZgby�\�
fZg]ZgblZo�k�DFK�ijh\h^blky�lhevdh�Z\lhjZfb�^hdeZ^Z� 

<� lhgdbo� ie_gdZo� fZg]Zgblh\� k� DFK� \_ebqbgZ� fZ]gblhijhimkdZgby�� hilbq_�
kdb_�� fZ]gblhhilbq_kdb_� b� we_dljbq_kdb_� k\hckl\Z� aZ\bkyl� hl� kl_obhf_ljbb�� lbiZ� b�
mjh\gy� e_]bjh\Zgby�� gZijy`_gbc� \� ie_gd_� b� \b^Z� ih^eh`db�� Bkke_^h\Zgb_� wlbo�
k\hckl\� \� ie_gdZo� kbkl_fu� �/D1-xPrx)0.7Ca0.3MnO3� ���[���� ihdZaZeh�� qlh� bah\Ze_glgh_�
aZf_s_gb_�La�bhgZfb�Pr�^h�o ����ijZdlbq_kdb�g_�f_gy_l�\_ebqbgm�FL��qlh�k\yaZgh�kh�
keZ[uf�baf_g_gb_f�hlghr_gby�bhgh\�Mn3+/Mn4+

��<f_kl_�k�l_f��mf_gvr_gb_�LK�hl�����
^h� ����D�b�l_fi_jZlmj�fZdkbfmfh\�FL�b�DFK�\�ie_gdZo�h[mkeh\e_gh�mf_gvr_gb_f�
kj_^g_]h�jZ^bmkZ�dZlbhgZ��Ua!�ih�f_j_�jhklZ�dhgp_gljZpbb�3U�>�@��G_bah\Ze_glgh_�aZ�
f_s_gb_�La3+

�bhgZfb�Ca+2,Sr+2,Na+1,Ag+1 ijb\h^bl�d�m\_ebq_gbx�LK�^h�l_fi_jZlmj�\u�
r_�dhfgZlghc�b�d�[hevrbf�ih�agZq_gbx�wnn_dlZf�DFK∼����b�FL∼����>�����@��GZeb�
qb_�\�ie_gd_�La0.82Na0.18MnO3 FL∼���ijb�L ����D�iha\hebeh�gZf�ba]hlh\blv�hjb]b�
gZevguc� fZd_l� fh^meylhjZ� BD-baemq_gby�� jZ[hlZxsbc� ijb� dhfgZlghc� l_fi_jZlmj_�
>�@��<�wiblZdkbZevghc�ie_gd_�La0.8Ag0.1MnO3+δk�\ZjbZglghc�kljmdlmjhc��\ujZs_gghc�gZ�
ih^eh`d_� ZrO2(Y2O3��� [ueh� ihdZaZgh� gZebqb_� ^hihegbl_evgh]h� \deZ^Z� \� fZ]gblhkh�
ijhlb\e_gb_��h[mkeh\e_ggh]h�lmgg_ebjh\Zgb_f�kibg-iheyjbah\Zgguo�ghkbl_e_c�aZjy�
^Z� q_j_a� \ukhdhm]eh\u_� ]jZgbpu� kljmdlmjguo� ^hf_gh\� \�ie_gd_� >�@��KjZ\gbl_evguc�
ZgZeba� ^Zgguo� fZ]gblhkhijhlb\e_gby� b� fZ]gblhijhimkdZgby�BD-baemq_gby� ie_gdhc�
La0.8Ag0.1MnO3+δ iha\hebe�jZa^_eblv�\deZ^u�\�fZ]gblhkhijhlb\e_gb_��k\yaZggu_�k�dh�
ehkkZevguf�b�lmgg_evguf�fZ]gblhkhijhlb\e_gb_f��Z�lZd`_�mklZgh\blv�nmgdpbx�l_f�
i_jZlmjghc� aZ\bkbfhklb� lmgg_evgh]h�fZ]gblhkhijhlb\e_gby�∆ρ/ρ~(a+b/√T) b�hij_^_�
eblv�\_ebqbgm�kibg-iheyjbaZpbb�ghkbl_e_c�aZjy^Z�Ja����� 

Dhfie_dkgh_� bkke_^h\Zgb_� hilbq_kdbo�� fZ]gblhhilbq_kdbo� b� we_dljbq_kdbo�
k\hckl\�ie_ghd�fZg]Zgblh\�ihdZaZeh��qlh�\_ebqbgu�FK��FL�b�baf_g_gby�ijhimkdZgby�
\[ebab�LK�l_f�[hevr_��q_f�f_gvr_�kj_^gbc�jZ^bmk�e_]bjmxs_]h�dZlbhgZ��GZb[hevrbc�
wnn_dl�FL�^hklb]Z_lky�\�fZg]ZgblZo�hilbfZevgh]h�khklZ\Z�k�fZdkbfZevguf�h[t_fhf�
h^ghk\yaghc�n_jjhfZ]gblghc�\ukhdhijh\h^ys_c�nZau��k�[hevrhc�\_ebqbghc�baf_g_�
gby� ijhimkdZgby� \[ebab� LK� b� k� ihemijh\h^gbdh\uf� oh^hf� we_dljhkhijhlb\e_gby� b�
ijhimkdZgby�BD-baemq_gby�\�iZjZfZ]gblghc�h[eZklb��J_amevlZlu�bkke_^h\Zgbc�fZg]Z�
gblh\�fh]ml�kem`blv�hkgh\hc�^ey�kha^Zgby�hilhwe_dljhgguo�mkljhckl\ BD-^bZiZahgZ�
gZ�wnn_dl_�FL�b�l_fi_jZlmjgh]h�baf_g_gby�ijhimkdZgby�k\_lZ��GZijbf_j��lZdbo�dZd��
hilbq_kdbc� aZl\hj�� hkeZ[bl_ev� BD-baemq_gby�� ^bklZgpbhgguc� ^Zlqbd� l_fi_jZlmju�
b�beb�fZ]gblgh]h�ihey��fh^meylhj�BD-baemq_gby� 

JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�Ijh]jZffu�HNG�J:G� ©Gh\u_�fZl_jbZeu�b�
kljmdlmjuª��NPGLI��=D���������������������JNNB��=jZgl�����-02-16630).  

Ebl_jZlmjZ 
1. Kmohjmdh\� X�I��� EhrdZj_\Z� G�G��� =ZgvrbgZ� ?�:��� DZmev� :�J��� =hj[_gdh� H�X���

NZl__\Z�D�:�����IbkvfZ�\�@LN��������l�����1����K����� 
2. Kmohjmdh\� X�I��� EhrdZj_\Z� G�G��� =ZgvrbgZ� ?�:��� DZmev� :�J��� =hj[_gdh� H�X���

Fhklh\sbdh\Z�?�<���L_e_]bg�:�<���<bgh]jZ^h\�:�G���Jh^bg�B�D�����NLL��������l�����
N7, C.1203-1213. 

3. Kmohjmdh\�X�I���Ghkh\�:�I���EhrdZj_\Z�G�G���Fhklh\sbdh\Z�?�<���L_e_]bg�:�<��b�
^j�����Ijbgylh�\�i_q��\�-RXUQDO�$SSO��3K\VLFV����-5���-2117. 

4. Kmohjmdh\� X�I��� EhrdZj_\Z� G�G��� L_e_]bg� :�<���Fhklh\rbdh\Z� ?�<��� Dmag_ph\�
<�:���DZmev�:�J���=hj[_gdh�H�X�����I@LN��������9�����1����3���-61. 
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5. Kmohjmdh\� X�I��� L_e_]bg� :�<��� =ZgvrbgZ� ?�:��� EhrdZj_\Z� G�G��� DZmev� :�J���
=hj[_gdh�H�X���Fhklh\sbdh\Z�?�<���F_evgbdh\�H�<���<bgh]jZ^h\�:�G�����Ijbgylh�\�
i_q��\�I@LN�  

 
 

M>D������ 

BKKE?>H<:GB?�HKH;?GGHKL?C�DJBLBQ?KDBO�Y<E?GBC 
<�KBEVGH�G?MIHJY>HQ?GGUO�F:=G?LBD:O�F?LH>:FB�

<UQBKEBL?EVGHC�NBABDB 

;Z[Z_\�:�;�1��:agZmjh\Z�=�2 

1
Bgklblml�nbabdb�>Z]GP�J:G, 

2
>Z]_klZgkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�ihke_^g__�\j_fy�fgh]h� l_hj_lbq_kdbo�b� wdki_jbf_glZevguo�jZ[hl�[ueh�ih�
k\ys_gh�bkke_^h\Zgbx� \ebygby� \fhjh`_ggh]h�[_kihjy^dZ�gZ� djblbq_kdh_�ih\_^_gb_�
g_mihjy^hq_gguo�kibgh\uo�kbkl_f��kf��kkuedb�\�>�@���<�[hevrbgkl\_�jZ[hl�bkke_^h\Z�
gb_�h]jZgbqb\Z_lky�jZkkfhlj_gb_f� \ebygby� keZ[h]h�[_kihjy^dZ�\g_k_ggh]h�[hevrbf�
dZghgbq_kdbf�kihkh[hf��<�lh�`_�\j_fy�agZqbl_evgh�f_g__�bkke_^h\Zgu�kbevgh�g_mih�
jy^hq_ggu_�kbkl_fu��\�dhlhjuo�[_kihjy^hd�j_Zebah\Zg�dZghgbq_kdbf�kihkh[hf��nbd�
kZpb_c�^heb�fZ]gblguo�maeh\���Djbl_jbc�OZjjbkZ�>�@�iha\hey_l�gZ�dZq_kl\_gghf�mjh\�
g_�ij_^kdZaZlv��\�dZdbo�kemqZyo�ijbf_kb�kms_kl\_ggu�^ey�djblbq_kdh]h�ih\_^_gby��Z�\�
dZdbo�g_l��>Zgghfm�djbl_jbx�m^h\e_l\hjyxl�lhevdh�kbkl_fu��wnn_dlb\guc�]Zfbevlh�
gbZg�dhlhjuo�\[ebab�djblbq_kdhc�lhqdb�ih^h[_g�fh^_eb�Babg]Z� 

<�^Zgghc�jZ[hl_�gZ�hkgh\_�h^ghdeZkl_jgh]h�Ze]hjblfZ�<hevnZ�gZfb�\uiheg_gu�
\ukhdhlhqgu_� bkke_^h\Zgby� djblbq_kdbo� k\hckl\� �D� fh^_eb� Babg]Z� kh^_j`Zs_c�
[hevrh_� dhebq_kl\h� \fhjh`_gguo� ijbf_k_c�� Ijbf_kb� j_Zebah\Zgu� dZghgbq_kdbf�
kihkh[hf��Bkke_^h\Zgb_�ijh\h^behkv�^ey�kbkl_f�dm[bq_kdhc�nhjfhc�k�i_jbh^bq_kdb�
fb�]jZgbqgufb�mkeh\byfb�b�ebg_cgufb�jZaf_jZfb�L=20÷60.�Ij_^\Zjbl_evgh�wlZ�fh�
^_ev�ijb�dhgp_gljZpbb�fZ]gblguo�maeh\�p �������������������������gZfb�bamq_gZ�\�jZ[hl_�
>�@��>hihegbl_evgh�^ey�dhgp_gljZpbc�p ����������������gZfb�ihemq_gu�l_fi_jZlmjgu_�
aZ\bkbfhklb�l_jfh^bgZfbq_kdbo�iZjZf_ljh\��lZdbo�dZd�gZfZ]gbq_gghklv�m��l_ieh_f�
dhklv�C,�\hkijbbfqb\hklv�χ�b�hij_^_e_ggu�^ey�gbo�khhl\_lkl\mxsb_�bg^_dku�gZ�hk�
gh\_�l_hjbb�dhg_qgh-jZaf_jgh]h�kd_cebg]Z� 

 
JZ[hlZ� ih^^_j`ZgZ� ]jZglhf� JNNB� �ijh_dl��� ��-02-�������� gZmqghc�rdheu� �GR-2253.2003.2), 
NPI�³Bgl_]jZpby´����B������b�]jZglhf�Nhg^Z�kh^_ckl\by�hl_q_kl\_gghc�gZmd_��:�D��FmjlZaZ_\�� 

Ebl_jZlmjZ 
1. Nhevd�J���=heh\Zq�X���Y\hjkdbc�L��Djblbq_kdb_�ihdZaZl_eb�lj_of_jghc�keZ[h�jZa�

[Z\e_gghc�aZfhjh`_gghc�fh^_eb�Babg]Z����MNG�����������K�����-200. 
2. >hp_gdh�<�K��Djblbq_kdb_� y\e_gby� \� kibgh\uo� kbkl_fZo� k� [_kihjy^dhf� ���MNG��

199�������K�����-528. 
3. FmjlZaZ_\�:�D���DZfbeh\�B�D���;Z[Z_\�:�;��Djblbq_kdh_�ih\_^_gb_�lj_of_jghc�fh�

^_eb�Babg]Z�k�\fhjh`_gguf�[_kihjy^dhf�gZ�dm[bq_kdhc�j_r_ld_� ���@WLN�� ������
�����K�����-1383. 
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F:=GBLGU?�B�DJBLBQ?KDB?�K<HCKL<:�FH>?E?C 
F:=GBLGUO�K<?JOJ?R?LHD�K�I?J?F?GGUF�F?@KEHCGUF�

H;F?GGUF�<A:BFH>?CKL<B?F 

Obajb_\�D�R� 

Bgklblml�nbabdb�>Z]_klZgkdh]h�gZmqgh]h�p_gljZ�J:G 

Kha^Z\Z_fu_�fbdjh-�b�gZghfZkrlZ[Z�fZl_jbZeu�hldju\Zxl�i_j_^�bkke_^h\Zl_�
eyfb�gh\u_�l_ogheh]bq_kdb_�i_jki_dlb\u��Ba\_klguf�ijbf_jhf��dhlhjuc�[ukljh�gZ�
oh^bl�imlv�b� \�nZdlbq_kdh_�ijbf_g_gb_�� y\eyxlky�fZ]gblgu_� k\_joj_r_ldb�� khklhy�
sb_�ba�fgh`_kl\Z�q_j_^mxsboky�Zlhfguo�keh_\�fZ]gblguo�b�g_fZ]gblguo�f_lZeeh\��
H]jhfguc�bgl_j_k�d�wlbf�bkdmkkl\_gguf�fZ]gblguf�fZl_jbZeZf�k\yaZg�k�bo�\hafh`�
guf�ijbf_g_gb_f�\�fbdjhwe_dljhgbd_�b�l_ogbd_��Hgb�bf_xl�gZghjZaf_ju�b�h[eZ^Zxl�
jy^hf�mgbdZevguo�k\hckl\��dhlhju_�fh]ml�aZ\bk_lv�hl�jZaf_jh\��GZijbf_j��ijb�ihfh�
sb�Z^khj[pbb�\h^hjh^Z�fh`gh�mijZ\eylv�h[f_gguf�\aZbfh^_ckl\b_f�f_`^m�fZ]gbl�
gufb�kehyfb��k\_joj_r_ldb�fh]ml�h[eZ^Zlv�]b]Zglkdbf�fZ]gblhkhijhlb\e_gb_f�b�^j��
GZ�bo�hkgh\_�fh`gh�ZgZebabjh\Zlv�b�bamqZlv�ih\_joghklguc� �]jZgbqguc��fZ]g_lbaf��
bf__lky�\hafh`ghklv�kha^Z\Zlv�mgbdZevgu_�fZ]gblgu_�fZl_jbZeu�k�gZi_j_^�aZ^Zggu�
fb�fZ]gblgufb�k\hckl\Z��Hkgh\gZy�ijh[e_fZ�k\yaZgZ�g_�lhevdh�k�ijh[e_fhc�ihemq_�
gby�\_s_kl\�gZghjZaf_jh\�k� lhqghklvx�f_g__�h^gh]h�fhghkehy��gh�b�bo�wdki_jbf_g�
lZevguf�bkke_^h\Zgb_f��A^_kv�wdki_jbf_glZevgu_�f_lh^u�bkke_^h\Zgby�lZdbo�kbkl_f�
klZedb\Zxlky�k�k_jv_agufb�b�ljm^gh�ij_h^hebfufb�ijh[e_fZfb��Wnn_dlb\gufb�f_�
lh^Zfb�bkke_^h\Zgby� lZdbo�kbkl_f�y\eyxlky�ohjhrh�Zijh[bjh\Zggu_�f_lh^u�\uqbk�
ebl_evghc�nbabdb��f_lh^u�Fhgl_-DZjeh�b�fhe_dmeyjghc�^bgZfbdb�� 

>ey�hibkZgby�djblbq_kdh]h�ih\_^_gby�fgh]hkehcguo�kbkl_f�gZfb�ij_^eh`_gZ�
b� bkke_^h\ZgZ� f_lh^hf�Fhgl_-DZjeh� fh^_ev� k\_joj_r_ldb� Fe/V�� mqblu\ZxsZy� \k_�
djbklZeeh]jZnbq_kdb_�hkh[_gghklb�b�h[f_ggu_�\aZbfh^_ckl\by��oZjZdl_jgu_�^ey�j_�
Zevguo�h[jZaph\��=ZfbevlhgbZg�bkke_^m_fhc�fh^_eb�[ue�ij_^klZ\e_g�\�\b^_ 
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]^_� i_j\Zy� kmffZ� mqblu\Z_l� h[f_ggh_� \aZbfh^_ckl\b_� dZ`^h]h� bhgZfb� Fe� kh� \k_fb�
[eb`Zcrbfb� khk_^yfb� \gmljb� kehy� k�h[f_gguf� \aZbfh^_ckl\b_f�J||� �\gmljbkehcguc�
h[f_g��� Z� \lhjZy� kmffZ� –� \deZ^� \� ]ZfbevlhgbZg� \aZbfh^_ckl\by� bhgh\�`_e_aZ� q_j_a�
kehb�\ZgZ^by�k�iZjZf_ljhf�\aZbfh^_ckl\by�J⊥��f_`kehcguc�h[f_g���S –�fZ]gblgu_�fh�
f_glu��kibgu��Zlhfh\�Fe��Khhlghr_gb_�f_`kehcgh]h�b�\gmljbkehcgh]h�h[f_gh\�baf_�
gyehkv�\�rbjhdbo�ij_^_eZo��qlh�iha\hebeh�hibkZlv�ih\_^_gb_�kbkl_fu�ijb�jZaebqghc�
dhgp_gljZpbb� Z^khj[bjh\Zggh]h� \h^hjh^Z��Ihemq_gu� aZ\bkbfhklb� kZfhijhba\hevghc�
gZfZ]gbq_gghklb��\hkijbbfqb\hklb�b�l_ieh_fdhklb�hl�l_fi_jZlmju�b�hl�khhlghr_gby�
f_`kehcgh]h�b�\gmljbkehcgh]h�h[f_gZ��jZkkqblZgu�djblbq_kdb_�l_fi_jZlmju��<uihe�
g_g�ZgZeba�Fhgl_-DZjeh�^Zgguo�gZ�hkgh\_�ij_^klZ\e_gbc�l_hjbb�dhg_qgh-jZaf_jgh]h�
kd_cebg]Z�� jZkkqblZgu� klZlbq_kdb_� djblbq_kdb_� bg^_dku�� ihkljh_gu� nZah\u_� ^bZ�
]jZffu��Bamq_gh�\ebygb_�khhlghr_gby�f_`kehcgh]h�b�\gmljbkehcgh]h�h[f_gZ�gZ�djb�
lbq_kdb_�iZjZf_lju�fh^_eb�k\_joj_r_ldb� 

JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�ijh]jZffu� ³Nhg^Z�kh^_ckl\by�hl_q_kl\_gghc�gZm�
d_´��]jZglZ�JNNB������-02-�������b�]jZglZ�\_^ms_c�gZmqghc�rdheu����GR-2253.2003.2). 
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M>D���������� 

<UKHDHKDHJHKLGHC�F:=GBLH-BFIMEVKGUC�IJB<H> 

Dhaeh\�K�:���=jb]hjv_\�:�K���Debf_gdh\�X�K� 

<eZ^bfbjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Khh[s_gb_�l\_j^uf�l_eZf�\ukhdbo�kdhjhkl_c�ij_^klZ\ey_l�agZqbl_evguc�ijZd�
lbq_kdbc�b�gZmqguc�bgl_j_k��F_lh^�fZ]gblh-bfimevkgh]h�mkdhj_gby�ijh\h^ysbo�l_e�
hibku\Z_lky� aZdhghf� ;bh-KZ\ZjZ-EZieZkZ� b� aZdexqZ_lky� \� \hagbdgh\_gbb�f_oZgbq_�
kdh]h�mkdhj_gby�ijh\h^ys_]h�l_eZ�\ke_^kl\b_�\aZbfh^_ckl\by�h[jZah\Zggh]h�bg^mdlh�
jhf�bfimevkgh]h�fZ]gblgh]h�ihey�k�gZ\_^_gguf�bf�\�ijh\h^gbd_�\boj_\uf�lhdhf�>�@��
GZ� hkgh\_� \ukhdhkdhjhklgh]h� fZ]gblh-bfimevkgh]h� ijb\h^Z� \hafh`gh� ihkljh_gb_�
fZ]gblh-bfimevkguo�mklZgh\hd��ijb]h^guo�^ey�j_r_gby�aZ^Zq�\�kZfuo�jZaebqguo�h[�
eZklyo�gZmdb�b�l_ogbdb�� 

>ey�ijh\_^_gby�wdki_jbf_glZevguo�bkke_^h\Zgbc�jZajZ[hlZg�hiulguc�h[jZa_p�
fZ]gblh-bfimevkghc�mklZgh\db��<�_]h�khklZ\�\oh^yl�_fdhklguc�gZdhibl_ev��dhffmlb�
jmxs__� mkljhckl\h�� bg^mdlhj�� imevl� ^bklZgpbhggh]h� mijZ\e_gby�� pbnjh\hc� baf_jb�
l_ev�kdhjhklb�f_lZgby�b�hlk_dZl_ev��Ijb�hiulghc�wdkiemZlZpbb�ih^l\_j`^_gu�hkgh\�
gu_�^hklhbgkl\Z�fZ]gblh-bfimevkgh]h�kihkh[Z�f_lZgby��Z�bf_ggh�\ukhdZy�ijhba\h^b�
l_evghklv�bkiulZgbc��\hkijhba\h^bfhklv�bkiulZgbc��[_krmfghklv�jZ[hlu��hlkmlkl\b_�
ijh^mdlh\�]hj_gby�b�\aju\Z�\�ahg_�bkiulZgbc��m^h[kl\h�b�[_ahiZkghklv�wdkiemZlZpbb��
rbjhdZy�ghf_gdeZlmjZ�f_lZ_fuo�ba^_ebc��fZeuc�imlv�jZa]hgZ�f_lZ_fh]h�l_eZ�^h�fZd�
kbfZevghc� kdhjhklb�� >ey� l_hj_lbq_kdhc� hp_gdb� \hafh`ghkl_c� f_lh^Z� fZ]gblh-
bfimevkgh]h�f_lZgby� jZajZ[hlZgZ�fZl_fZlbq_kdZy�fh^_ev�� hkgh\hc� dhlhjhc� y\ey_lky�
mjZ\g_gb_�^\b`_gby�ijh\h^ys_]h�l_eZ�ih^�^_ckl\b_f�we_dljhfZ]gblguo�kbe�>�@��:gZ�
eba�ihemq_gghc�fZl_fZlbq_kdhc�fh^_eb�iha\hey_l�hij_^_eblv� \k_�iZjZf_lju�^\b`_�
gby�ijh\h^gbdZ�b��ke_^h\Zl_evgh��hilbfZevguc�imlv�jZa]hgZ�b�fZkkm�ijh\h^gbdZ�ijb�
aZ^Zgguo�iZjZf_ljZo�mklZgh\db��>ey�ZgZebaZ�fZl_fZlbq_kdhc�fh^_eb�jZajZ[hlZgZ�ijh�
]jZffZ��Z^Zilbjh\ZggZy�ih^�ihevah\Zl_ey-dhgkljmdlhjZ� 

Ebl_jZlmjZ 
1. NbabdZ�\ukhdbo�iehlghkl_c�wg_j]bb���Ih^�j_^��I��DZev^bjheu�b�=��Dghin_ey��i_j��

k�Zg]e��H�G��DjhobgZ��–�F���������–�k����–187. 
2. ;hg^Ze_lh\�<�G���B\Zgh\�?�G���DZebofZg�K�:���Ibqm]bg�X�I��F_lZgb_�ijh\h^gbdh\�

\� k\_jokbevghf� bfimevkghf� fZ]gblghf� ihe_� ��� <� dg��� K\_jokbevgu_� fZ]gblgu_�
ihey��NbabdZ��L_ogbdZ��Ijbf_g_gb_��–�F���������–�k�����–238. 

 
 

M>D�������4 

H;�MF?GVR?GBB�<?EBQBGU�IHEY�KL:JL:�B�?=H�NEMDLM:PBC�
<�:FHJNGHF�F:=GBLGHF�FBDJHIJH<H>? 

<�KL?DEYGHC�H;HEHQD?  

DZjbfh\Z�=�<� 

B`_\kdbc�]hkm^Zjkl\_gguc�l_ogbq_kdbc�mgb\_jkbl_l 

MgbdZevgu_� fZ]gblgu_� k\hckl\Z� Zfhjngh]h� fbdjhijh\h^Z� \� kl_deygghc� h[h�
ehqd_� �:FKH��\uau\Z_l�ih\ur_gguc�bgl_j_k�kh�klhjhgu�nbabdh\��H^gh�ba�ijhy\e_�
gbc�mgbdZevghklb�–�[bklZ[bevghklv��HgZ�ijhy\ey_lky�\�\b^_��-o�beb��-o�[hevrbo�kdZq�
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dh\�;Zjd]Zma_gZ�aZ�pbde�i_j_fZ]gbqb\Zgby� >����@��P_ev�jZ[hlu�–�ihbkd�ijbqbg�g_klZ�
[bevghklb�ihey�klZjlZ�b�bamq_gb_�hkh[_gghkl_c�jZg__�h[gZjm`_gguo�^\mo�f_oZgbafh\�
i_j_dexq_gby�-�j_eZdkZpbhggh]h�b�Zdk_e_jZpbhggh]h�>�@�� 

H[jZapu��:FKH�ba�kieZ\Z��kh^_j`Zs_]h��������Fe, 9,3 % Mn, 1,8 % B, 6 % Si, 
1,3 %C��k�\g_rgbf�^bZf_ljhf����fdf�b�^bZf_ljhf�f_lZeebq_kdhc�`beu����fdf��jZa�
ebqghc�^ebgu��BamqZehkv�\ebygb_�jZaf_jh\�h[jZaph\�b�nhjfu�bo�lhjp_\��JZg__�[ueh�
h[gZjm`_gh��qlh�nhjfZ�lhjpZ�hdZau\Z_l�kms_kl\_ggh_�\ebygb_�gZ�ijhp_kk�i_j_dexq_�
gby��ihwlhfm�hkgh\gh_�\gbfZgb_�m^_eyehkv�bkke_^h\Zgbx�lhjph\��H[jZapu�h[jZ[Zlu�
\Zebkv�nlhjh\h^hjh^ghc�dbkehlhc��Zahlghc�dbkehlhc�b�ojhfibdhf�� 

J_amevlZlu��Ijb�kljZ\eb\Zgbb�lhjph\�ihe_�klZjlZ�b�nemdlmZpbb�mf_gvrbebkv�\�
��b�[he__�jZa��Z�kljZ\eb\Zgb_�kl_deygghc�h[hehqdb�\�p_gljZevghc�h[eZklb�h[jZapZ�ijb�
\_eh�d�i_j_oh^m�ba��-klZ[bevgh]h�khklhygby�\��-klZ[bevgh_��<�hkgh\m�h[tykg_gby�f_�
oZgbafh\�i_j_dexq_gby�iheh`_gu�l_hjbb�ihey�klZjlZ�b�aZjh^ur_h[jZah\Zgby� 

LZdbf� h[jZahf��fh`gh� ml\_j`^Zlv�� qlh� \kdjulu_�ijbqbgu�ih\ur_gghc� \_eb�
qbgu�nemdlmZpbc� ihey� klZjlZ� ihke_� bo� mkljZg_gb_� iml_f� khhl\_lkl\mxs_c� obfbq_�
kdhc� h[jZ[hldb� f_kl� aZjh^ur_h[jZah\Zgby�� lh� _klv� lhjph\� fbdjhijh\h^Z�� ijb\h^yl�
fgh]hdjZlghfm�bo�mf_gvr_gbx� 

IjZdlbq_kdh_� agZq_gb_� ihemq_gguo� j_amevlZlh\� –� mf_gvr_gb_� \_ebqbgu� b�
nemdlmZpbc�ihey�klZjlZ�–�qj_a\uqZcgh�\Z`gh�\�mklhckl\Zo��]^_�k_j^_qgbdb�ba�fbdjh�
ijh\h^Z�bkihevamxlky�\�dZq_kl\_�dhfiZjZlhjh\�fZ]gblgh]h�ihey��LZd�ijb�fh^_gbaZpbb�
fZ]gblhf_ljZ�ih]j_rghklv�baf_j_gby�m^Zehkv�mf_gvrblv�\�^\Z�jZaZ� 

Ebl_jZlmjZ 
1. EhfZ_\�=�<���F_jaeydh\�X�F��Wnn_dl�;Zjd]Zma_gZ�-B`_\kd��Ba^-\h�B`=LM�������-

����k� 
2. Lomaev G.V., Karimova G.V. The converters of the magnetic field on base 2- and 4- sta-

ble amorphous mikrowire//32nd International Conference and NDT Technique Exposition 
Defectoskopy 2002. November 19-21, 2002, Liberec, Czech Republic. p. 107-113.  

3. Jm^yd�<�F��OZjblhgh\�X�G��H�gZebqbb�^\mo�kZfhklhyl_evguo�f_oZgbafh\�kdZqdZ�
;Zjd]Zma_gZ�\�n_jjhfZ]g_lbdZo���>hde�:G�KKKJ��– 1968.-L�����-����-K����-333. 

 
 

M>D������ 

HKH;?GGHKLB�>BG:FBDB�IH<?JOGHKLGUO�IHEYJBLHGH<�
E?=DHHKGH=H�:GLBN?JJHF:=G?LBD: 
<H�<G?RG?F�WE?DLJBQ?KDHF�IHE? 

KZ\q_gdh�:�K��LZjZk_gdh�K�<� 

>hg_pdbc�nbabdh�-�l_ogbq_kdbc�bgklblml�G:G�MdjZbgu 

H^ghc� ba� ZdlmZevguo� aZ^Zq�nbabdb� dhfihablguo�fZl_jbZeh\� y\ey_lky� ZgZeba�
mkeh\bc�jZkijhkljZg_gby�we_dljhfZ]gblguo�\heg�\�kljmdlmjZo�khq_lZxsbo�\�k_[_�dZd�
fZ]gblgu_��lZd�b�k_]g_lhwe_dljbq_kdb_�dhfihg_glu��Ijb�wlhf�kms_kl\_ggh_�\ebygb_�
gZ�mkeh\by�ehdZebaZpbb�b�ijhoh`^_gby�h[t_fghc�we_dljhfZ]gblghc�\hegu��iZ^Zxs_c�
gZ�]jZgbpm�jZa^_eZ�^bihevghZdlb\ghc��fZ]gblghc��k_]g_lhwe_dljbq_kdhc��b�^bihevgh�
g_Zdlb\ghc�kj_^�fh]ml�hdZau\Zlv�ih\_joghklgu_�iheyjblhgu�g_�lhevdh�i_j\h]h�lbiZ��
gh�b�\bjlmZevgu_�ih\_joghklgu_�iheyjblhgu��ih\_joghklgu_�iheyjblhgu�\lhjh]h�lb�
iZ��>�@��<�ih^Z\eyxs_f�qbke_�l_hj_lbq_kdbo�jZ[hl��ihk\ys_gguo�ZgZebam�iheyjblhg�
ghc� ^bgZfbdb� ihemh]jZgbq_ggh]h� Zglbn_jjhfZ]g_lbdZ� �:NF��� jZkq_l� ijh\h^beky� \�
ij_g_[j_`_gbb�wnn_dlhf�ijhkljZgkl\_gghc�^bki_jkbb�fZ]gblghc�kj_^u��kms_kl\h\Z�
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gb_�dhlhjh]h��\�i_j\mx�hq_j_^v��h[mkeh\e_gh�g_h^ghjh^guf�h[f_gguf�\aZbfh^_ckl�
\b_f� >�@��<� jZfdZo� wlh]h�ih^oh^Z� \� qZklghklb�[ueh�ihdZaZgh�� qlh�gZ� ]jZgbp_� �:NF�
djbklZee� -�\Zdmmf��\�hlkmlkl\b_�wnn_dlh\�]bjhljhibb�\hafh`gh�kms_kl\h\Zgb_�^\mo�
hkgh\guo� lbih\� ih\_joghklguo� h^ghiZjpbZevguo�fZ]gblguo� 7( − iheyjblhgh\��Qlh�
`_�dZkZ_lky�mkeh\bc�nhjfbjh\Zgby�ih\_joghklgh]h�fZ]gblgh]h�LF�iheyjblhgZ�\�ih�
emh]jZgbq_gghf�Zglbn_jjhfZ]g_lbd_��lh�^h�kbo�ihj�kqblZehkv��qlh�\�^\moih^j_r_lhq�
ghc�fh^_eb�:NF� djbklZeeZ�nhjfbjh\Zgb_� \hegu� lZdh]h� lbiZ� \hafh`gh� lhevdh�ijb�
\uiheg_gbb�hij_^_e_gguo�kbff_ljbcguo�djbl_jb_\�>�@� 

H^gZdh�^h�kbo�ihj�g_�jZkkfZljb\ZeZkv�ih\_joghklgZy�iheyjblhggZy�^bgZfbdZ�e_]�
dhhkgh]h�:NF�\h�\g_rg_f�ihklhygghf�we_dljbq_kdhf�ihe_��<f_kl_�k�l_f�ohjhrh�ba\_kl�
gh��qlh�h^ghc�ba�hkh[_gghkl_c�jZkijhkljZg_gby�we_dljhfZ]gblghc�\hegu�m`_�\�[_kdhg_q�
ghf�Zglbn_jjhfZ]gblghf�djbklZee_�y\ey_lky�kms_kl\h\Zgb_�d\Z^jZlbqguo�fZ]gblhhilb�
q_kdbo�wnn_dlh\�ijb�ex[hc�djbklZeebq_kdhc�kbff_ljbb�fZ]gblgh]h�djbklZeeZ�>�@�� 

<� k\yab� k� wlbf�p_ev� ^Zgghc� jZ[hlu� khklhbl� \� ZgZeba_� \ebygby� d\Z^jZlbqgh]h�
fZ]gblhhilbq_kdh]h� \aZbfh^_ckl\by�� gZ� mkeh\by� nhjfbjh\Zgby� ih\_joghklguo� fZ]�
gblguo�iheyjblhgh\��\�ihem[_kdhg_qghf�Zglbn_jjhfZ]g_lbd_�\�ijbkmlkl\bb�ihklhyg�
gh]h�we_dljbq_kdh]h�ihey��ghjfZevgh]h�d�]jZgbp_�jZa^_eZ�kj_^� 

Ijh\_^_gguc�\�gZklhys_c�jZ[hl_�ZgZeba�iheyjblhggh]h�ki_dljZ�ihemh]jZgbq_ggh]h�
e_]dhhkgh]h�:NF�� gZoh^ys_]hky� \h� \g_rg_f� we_dljbq_kdhf� ihe_�� iZjZee_evghf� e_]dhc�
hkb��\�qZklghklb��ihdZaZe��qlh�mq_l�d\Z^jZlbqgh]h�fZ]gblhhilbq_kdh]h�\aZbfh^_ckl\by�ijb�
\h^bl�d�p_ehfm�jy^m�jZg__�g_ba\_klguo�ZghfZebc�\�^bki_jkbhgguo�k\hckl\Zo�b�mkeh\byo�
ehdZebaZpbb�iheyjblhgghc�\hegu��[_]ms_c�\^hev�ih\_joghklb�Zglbn_jjhfZ]g_lbdZ� 

���gZ�]jZgbp_��:NF�-�b^_Zevguc�f_lZee��\hafh`gh�nhjfbjh\Zgb_�h^ghiZjpb�
Zevgh]h�ih\_joghklgh]h�fZ]gblgh]h�70- iheyjblhgZ�mkeh\by�kms_kl\h\Zgby�dhlhjh]h�
aZ\bkyl�g_�lhevdh�hl�\_ebqbgu��gh�b�hl�agZdZ�ijh_dpbb�\g_rg_]h�we_dljbq_kdh]h�ihey�
E�gZ�gZijZ\e_gb_�ghjfZeb�n�d�]jZgbp_�jZa^_eZ�kj_^��ijb�wlhf�ki_dlj�^Zggh]h�lbiZ�ih�
\_joghklghc� iheyjblhgghc� 70-� \hegu� g_� bf__l� dhjhldh\hegh\hc� lhqdb� hdhgqZgby�
�ih\_joghklguc�iheyjblhg�i_j\h]h�lbiZ�� 

���\�kemqZ_�]jZgbpu�jZa^_eZ� �:NF� -�\Zdmmf��^bki_jkbhggZy�djb\Zy�ih\_jogh�
klgh]h�fZ]gblgh]h�70-�iheyjblhgZ�h[eZ^Z_l�dhjhldh\hegh\hc�lhqdhc�hdhgqZgby� �ih�
eyjblhg�\lhjh]h�lbiZ���Z�mkeh\by�_z�ehdZebaZpbb�\[ebab�ih\_joghklb�fZ]g_lbdZ�lZd�`_�
kms_kl\_ggh�aZ\bkyl�hl�hlghkbl_evghc�hjb_glZpbb�\_dlhjh\�E�b�n; 

Ebl_jZlmjZ 
1. Ih\_joghklgu_� iheyjblhgu� �ih^� j_^��:]jZgh\bqZ� <�F���FbeekZ� >�<��F���GZmdZ��

����������k� 
2. $EUDKD�.��7LOOH\�'�5����6XUI�6FL�5HS��������9�����������3�����−222. 
3. ;mq_evgbdh\�<�>���RZ\jh\�<�=�����@WLN��������L������� ���K����−716. 
4. Djbgqbd�=�K��NbabdZ�fZ]gblguo�y\e_gbc��F���F=M������������k� 

 
 

BKKE?>H<:GB?�L?FI?J:LMJGUO�A:<BKBFHKL?C�KI?DLJH<�
F:=GBLGHC�IJHGBP:?FHKLB�=?DK:N?JJBL:�COZNW�G:�K<Q 

>hp_gdh�H�:� 

Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Kh\j_f_ggZy� ZiiZjZlmjZ�� \� dhlhjhc� lj_[m_lky� [ukljh^_ckl\b_� �i_jkhgZevgu_�
dhfivxl_ju�� pbnjh\Zy� \b^_h-� b�nhlhZiiZjZlmjZ� b� ^j���� Z� lZd`_� kbkl_fu� k\yab� �fh�
[bevgu_�l_e_nhgu��dhfivxl_jgu_�k_lb��bkihevam_l�fbdjh\hegh\hc�^bZiZahg�we_dljh�
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fZ]gblgh]h�baemq_gby��<�k\yab�k�wlbf�\hagbdeZ�ihlj_[ghklv�\�gh\uo�jZ^bhfZl_jbZeZo��
kihkh[guo�jZ[hlZlv�gZ�\ukhdbo�qZklhlZo��<�qZklghklb��bkihevah\Zgb_�fZ]gblguo�fZ�
l_jbZeh\�iha\hey_l�kgbablv�jZaf_ju��mf_gvrblv�\_k�jZ^bhmkljhckl\�b�wg_j]hihlj_[�
e_gb_��Hgb�g_h[oh^bfu�\�dZq_kl\_�fZ]gblguo�k_j^_qgbdh\��Z�lZd`_�^ey�h[_ki_q_gby�
we_dljhfZ]gblghc�kh\f_klbfhklb�hl^_evguo�maeh\�jZ^bhZiiZjZlmju�� 

Kj_^b�ba\_klguo�fZ]gblguo�fZl_jbZeh\�\u^_eyxlky�n_jjblu�k�]_dkZ]hgZevghc�
kljmdlmjhc� �]_dkZn_jjblu���dhlhju_�hlebqZxlky�[he__�\ukhdbfb�agZq_gbyfb�^bki_j�
kbhgguo�qZklhl��\h�fgh]h�jZa�ij_\hkoh^ysbfb�rbjhdh�bkihevam_fu_�\�gbadhqZklhl�
ghc�h[eZklb�n_jjblu�kh�kljmdlmjZfb�ribg_eb�b�]jZgZlZ�� 

Iheh`_gb_f�h[eZklb�^bki_jkbb��hij_^_ey_fhc�_kl_kl\_gguf�n_jjhfZ]gblguf�
j_ahgZgkhf��?NFJ���lh�_klv�kh\iZ^_gb_f�qZklhlu�we_dljhfZ]gblgh]h�baemq_gby�k�qZk�
lhlhc�ij_p_kkbb�fZ]gblgh]h�fhf_glZ�\�ihe_�Zgbahljhibb��fh`gh�mijZ\eylv��baf_gyy�
obfbq_kdbc�khklZ\��<�qZklghklb��\�]_dkZn_jjblZo�kbkl_fu�Kh2-OZnOW�aZf_gZ�fZ]gbl�
guo�bhgh\�dh[ZevlZ�g_fZ]gblgufb�bhgZfb�pbgdZ�ijb\h^bl�d�jhklm�gZfZ]gbq_gghklb�
gZkus_gby�b�baf_gy_l�dhgklZglu�fZ]gblghc�djbklZeeh]jZnbq_kdhc�Zgbahljhibb��qlh�
ijb\h^bl�d�kf_s_gbx�h[eZklb�[hevrbo�ihl_jv�ih�rdZe_�qZklhl�\�rbjhdbo�ij_^_eZo�
>�@��Ba\_klgh�lZd`_��qlh�dhgklZglu�Zgbahljhibb�l_fi_jZlmjghaZ\bkbfu� 

Ij_^klZ\ey_l�bgl_j_k�bkke_^h\Zlv�ih\_^_gb_�ki_dljh\�fZ]gblghc�ijhgbpZ_fh�
klb� ]_dkZn_jjblh\�\�^bZiZahg_� l_fi_jZlmj��ihkdhevdm�^Zggu_�h[� wlhf�iha\heyxl�ijh�
]ghabjh\Zlv� ij_^_eu� mklhcqb\hc� jZ[hlu� jZ^bhwe_dljhgguo� kj_^kl\� ijb� baf_g_gbb�
\g_rgbo� mkeh\bc��Bamq_gb_� l_fi_jZlmjghc� aZ\bkbfhklb� dhfie_dkghc�fZ]gblghc� ijh�
gbpZ_fhklb�� �¶– i�´�ijhba\h^behkv�gZ�Z\lhfZlbabjh\Zgghf�dhfie_dk_�>�@��Fbdjh\he�
gh\hc�ljZdl�khklZ\e_g�ba�klZg^Zjlgh]h�baf_jbl_ey�dhwnnbpb_glZ�klhyq_c�\hegu�ih�gZ�
ijy`_gbx��DK<g��\�dhZdkbZevghf�bkiheg_gbb��L_fi_jZlmjZ�mklZgZ\eb\ZeZkv�bkiZj_gb�
_f�`b^dh]h�ZahlZ�b�j_]mebjh\ZeZkv�gZ]j_\Zl_evgufb�we_f_glZfb��Baf_j_gb_�l_fi_jZlm�
ju�hkms_kl\eyeZkv�l_jfhj_abklhjhf�ihkj_^kl\hf�baf_j_gby�_]h�khijhlb\e_gby�baf_jb�
l_evguf�fhklhf�?�-���GZ�klud_�f_lh^h\�k�jZkij_^_e_ggufb�b�khkj_^hlhq_ggufb�iZjZ�
f_ljZfb�\�dZq_kl\_�baf_jbl_evghc�yq_cdb�bkihevah\Zeky�g_j_]meyjguc�fbdjhihehkdh�
\uc�j_ahgZlhj��\�\ha^mrgmx�ihehklv�dhlhjh]h�ihf_sZeky�h[jZa_p�ba�]_dkZn_jjblZ��aZ�
ihegyxsbc�\_kv�h[t_f�ihehklb��Baf_j_gby�ijh\h^bebkv�gZ�g_q_lguo�fh^Zo�dhe_[Zgby��
dh]^Z�\�\ha^mrghc�ihehklb�jZkiheZ]ZeZkv�imqghklv�fZ]gblgh]h�ihey�b�ma_e�we_dljbq_�
kdh]h��>hklh\_jghklv�baf_j_gbc�dhgljhebjh\ZeZkv�kjZ\g_gb_f�j_amevlZlh\��ihemq_gguo�
\hegh\h^guf�f_lh^hf��]jZnbd�©Refª�gZ�jbk������ijb�dhfgZlghc�l_fi_jZlmj_�� 

Rbjhdhihehkghklv� baf_j_�
gbc�^hklb]Z_lky�ijbf_g_gb_f�gZ[h�
jZ� g_j_]meyjguo� fbdjhihehkdh\uo�
j_ahgZlhjh\�� jZ[hlZxsbo� \� fgh]h�
fh^h\hf�j_`bf_��lh�_klv�ijbf_gy_l�
ky�f_lh^�\ZjbZpbb�qZklhlu��Khq_lZ�
gb_� wlbo�^\mo� kihkh[h\�m\_ebq_gby�
iehlghklb� qZklhlghc� k_ldb� �gZ[hj�
j_ahgZlhjh\� b� fgh]hfh^h\hklv�� ih�
a\hey_l� ijh\h^blv� baf_j_gby� \� ����
^bkdj_lguo�qZklhlguo�lhqdZo� 
Ijh\_^_ggh_�bkke_^h\Zgb_�ihdZaZ�
eh�� qlh� \� ]_dkZn_jjbl_� Kh=Q:� \�
\u[jZgghc�h[eZklb� l_fi_jZlmj�hl�
f_qZxlky� agZqbl_evgu_� baf_g_gby�
dZd� ^_ckl\bl_evghc�� lZd� b�fgbfhc�
khklZ\eyxsbo� fZ]gblghc� ijhgb�
pZ_fhklb�� 

 
Jbk�� ��� L_fi_jZlmjgu_� ki_dlju� fZ]gblghc� ijhgbpZ_�
fhklb�]_dkZn_jjblZ�CoZnW/ 
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Ebl_jZlmjZ 
1. @mjZ\e_\� <�:��� Kmkey_\� <�B��� GZc^_g� ?�I��� Jy[p_\� =�B��� Dbjbq_gdh� <�B��

³Hkh[_gghklb� ki_dljh\� fZ]gblghc� ijhgbpZ_fhklb� ]_dkZn_jjblh\� Kh�-[=Q[:� \�
h[eZklb� kibg-i_j_hjb_glZpbhggh]h� nZah\h]h� i_j_oh^Z´� ��� Ba\_klby� \ukrbo�
mq_[guo�aZ\_^_gbc�KKKJ��NbabdZ��������l�����������K�����-109. 

2. Kmkey_\�<�B���@mjZ\e_\�<�:���Dhq_ldh\Z�L�>���Km^Zdh\�K�<��:\lhfZlbabjh\ZggZy�
mklZgh\dZ�^ey�bkke_^h\Zgby�l_fi_jZlmjghc�aZ\bkbfhklb�ki_dljh\�^bwe_dljbq_kdhc�
ijhgbpZ_fhklb�iheyjguo�`b^dhkl_c�\�^bZiZahg_����–�����==p����Ijb[hju�b�l_ogbdZ�
wdki_jbf_glZ�������������K���-5. 

 
 

>HF?GG:Y�KLJMDLMJ:�B�:GBAHLJHIBY 
FGH=HKEHCGUO�IE?GHD�K�DHK<?GGHC�H;F?GGHC�K<YAVX 

H]g_\�:�<� 

>Zevg_\hklhqguc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Wnn_dl� ]b]Zglkdh]h�fZ]gblhkhijhlb\e_gby� �=FK���hldjuluc�[he__� ���e_l�gZ�
aZ^��iha\hebe�^hklbqv�agZqbl_evguo�mki_oh\�\�h[eZklb�aZibkb�b�ojZg_gby�bgnhjfZpbb�
gZ�fZ]gblguo�ghkbl_eyo��GZb[he__�bgl_gkb\gu_�bkke_^h\Zgby��gZijZ\e_ggu_�gZ�dhf�
f_jq_kdh_�bkihevah\Zgb_�wlh]h�y\e_gby��[ueb�ijh\_^_gu�\�KR:�b�Yihgbb��H^gZdh��\�
ihke_^gb_�]h^u�hkgh\gh_�\gbfZgb_�mq_guo�knhdmkbjh\Zgh�gZ�bamq_gb_�nmg^Zf_glZev�
guo�k\hckl\�kljmdlmj�k�wnn_dlhf�=FK��<�gZklhys_c�jZ[hl_�jZkkfZljb\Zxlky�fZ]gbl�
gu_�k\hckl\Z�fgh]hkehcguo�ie_ghd�Kh�Ku�Kh��Z�bf_ggh�fZ]gblgZy�Zgbahljhiby�b�^h�
f_ggZy�kljmdlmjZ� 

Bkke_^h\Zgu� f_edha_jgbklu_�� ihebdjbklZeebq_kdb_� lj_okehcgu_� ie_gdb�
&R�&X�&R��ihemq_ggu_�f_lh^hf�fZ]g_ljhggh]h�jZkiue_gby�\�Zlfhkn_j_�$U��JAr = 5×10-

3
�Lhjj��gZ�fhghdjbklZeeu� 6L�������LhesbgZ� keh_\�Kh� G&h�= 6 gf�[ueZ�ihklhygghc�� Z�
f_^ghc�ijhkehcdb�\Zjvbjh\ZeZkv�GCu = (0 ÷ 2.4 gf��� 

;ueh�mklZgh\e_gh��qlh�\�gZghdjbklZeebq_kdbo�lj_okehcguo�ie_gdZo�k�^\mf_j�
ghc�miZdh\dhc�a_j_g�kj_^gyy�Zgbahljhiby�n_jjhfZ]gblgh]h�[ehdZ� aK ��n_jjhfZ]gbl�

guc�dhjj_eypbhgguc�jZ^bmk� fR �hkpbeebjmxl�ijb�m\_ebq_gb_�dCu��IhdZaZgh��qlh�^ey�
fgh]hkehcguo�ie_ghd�k�dhk\_gghc�h[f_gghc�k\yavx�f_`^m�n_jjhfZ]gblgufb�kehyfb�

\_ebqbgZ� kj_^g_c� ehdZevghc� Zgbahljhibb�� jZ\gZ� 2
wn

2
u

2

a EKKK ±+= �� ]^_� wnE - 

wg_j]by�dhk\_gghc�h[f_gghc�k\yab��AgZd���–��khhl\_lkl\m_l�kemqZx�:NF��NF��mihjy�
^hq_gby�fZ]gblguo�fhf_glh\�\�khk_^gbo�n_jjhfZ]gblguo�kehyo� 

Ijh^_fhgkljbjh\ZgZ�dhjj_eypby�f_`^m�ihe_f�kemqZcghc�fZ]gblghc�Zgbahljh�
ibb� aH �b�dhwjpblb\ghc�kbeu��Wlh�^hdZau\Z_l��qlh� cH �\�bkke_^m_fuo�ie_gdZo�hij_�

^_ey_lky�ehdZevgufb�oZjZdl_jbklbdZfb�fbdjhkljmdlmju� 
<u^_e_gu� ih\_joghklgZy� b� h[t_fgZy� dhfihg_glu� fZ]gblghc� Zgbahljhibb. 

Ijh\_^_gu�hp_gdb�dhfihg_gl�fZ]gblghc�Zgbahljhibb��h[mkeh\e_gguo�kljmdlmjgufb�
g_h^ghjh^ghklyf�� >ey� hp_gdb� iZjZf_ljh\� kljmdlmjguo� g_h^ghjh^ghkl_c� ijh\h^beb�
ki_dljZevguc� Nmjv_-ZgZeba� we_dljhggh-fbdjhkdhibq_kdbo� bah[jZ`_gbc�� JZkkqblZg�
gu_�dhfihg_glu�fZ]gblghc�Zgbahljhibb�ie_ghd�ihke_�hkZ`^_gby�b�ihke_�hl`b]Z�kh�
]eZkmxlky�k�wdki_jbf_glZevgh�baf_j_ggufb� 
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<� ie_gdZo� k� dhk\_gghc� Zglbn_jjhfZ]gblghc� k\yavx� h[gZjm`_gZ� fgh]hhkgZy�
fZ]gblgZy� Zgbahljhiby�� Z� lZd`_� keh`gZy� ^hf_ggZy� kljmdlmjZ�� h[jZah\ZggZy� ���0

� ^h�
f_ggufb� kl_gdZfb�� <� wlbo� ie_gdZo� ijhbkoh^bl� agZqbl_evgh_� mf_gvr_gb_� jZaf_jh\�
^hf_gh\��Z�lZd`_�gZ[ex^Z_lky�m\_ebq_gb_�dhwjpblb\ghc�kbeu��Ke_^m_l�hlf_lblv��qlh�
ihemq_gb_�fZ]gblguo�gZgh]_l_jhkljmdlmj�k�jZaf_jhf�^hf_gh\�a����gf�b�^_lZevgh_�bk�
ke_^h\Zgb_�ijbqbg�mf_gvr_gby�^hf_gh\�ij_^klZ\ey_l�bgl_j_k�g_�lhevdh�k�lhqdb�aj_�
gby�nmg^Zf_glZevghc�gZmdb��gh�b�\�ijZdlbq_kdhf�Zki_dl_��ihkdhevdm�lZdb_�gZgh]_l_�
jhkljmdlmju�fh]ml�klZlv�i_jki_dlb\gufb�fZ]gblgufb�kj_^Zfb�^ey�aZibkb�b�ojZg_gby�
bgnhjfZpbb� 

 
 

M>D�- 532 

WG?J=?LBQ?KDBC�KI?DLJ�><MF?JGUO�F:=GBLGUO�
WDKBLHGH< 

Ih^e_kguc�B�<� 

Bgklblml�ijbdeZ^ghc�nbabdb��:dZ^_fby�GZmd�j_kim[ebdb�Fhe^h\Z 

AZ^Zq_c� jZ[hlu� [ueh� gZoh`^_gb_ wg_j]_lbq_kdh]h� ki_dljZ� ^_\ylb� gb`Zcrbo�
wdkblhgguo� mjh\g_c�� oZjZdl_jbamxsboky� dhf[bgZpbyfb� qbk_e� ( , )e hn n : (0,0); (1,0); 

(0,1); (1,1)�� ������� ������� ������� ������� ������b�mq_l�ih�l_hjbb�\hafms_gbc�\ebygby�^jm]bo�
mjh\g_c�EZg^Zm� gZ� ^Zgguc� wdkblhgguc� mjh\_gv� ^ey� q_luj_o� ba� ^_\ylb� dhf[bgZpbc�
d\Zglh\uo�qbk_e�wdkblhgZ�� 

Bamq_gu� khklhygby� wdkblhgh\�gZ�ih\_joghklb�b^_Zevgh�–� kbff_ljbqgh]h�^\m�
f_jgh]h� kehy� \� kbevghf� i_ji_g^bdmeyjghf�fZ]gblghf� ihe_� ijb� mq_l_� lj_o� mjh\g_c�
d\Zglh\Zgby�EZg^Zm� 0,1,2n = �^ey�we_dljhgh\�b�^ujhd���'�fZ]gblhwdkblhgu�h[jZah\Z�
gu�we_dljhggh–^ujhqgufb��_-K��iZjZfb��Ij_^iheZ]Z_lky��qlh�dmehgh\kdh_�\aZbfh^_c�
kl\b_��y\ey_lky�f_gvrbf�jZkklhygby� ceω! �b� chω! �f_`^m�mjh\gyfb�EZg^Zm��H[km`^_g�

]eZ\guc�fhf_gl��dZkZxsbcky��'�fZ]gblhwdkblhgh\�–�wlh�wg_j]_lbq_kdbc�ki_dlj�wdkb�
lhgguo�mjh\g_c��Bo�\hegh\u_�nmgdpbb�hij_^_e_gu�\�i_j\hf�ihjy^d_�l_hjbb�\hafms_�
gbc��Z�bo�wg_j]_lbq_kdbc�ki_dlj�–�\h-\lhjhf�ihjy^d_�l_hjbb�\hafms_gbc��<�dZq_kl\_�
\hafms_gby�jZkkfZljb\Zxlky�\k_�g_^bZ]hgZevgu_�we_f_glu�dmehgh\kdh]h�\aZbfh^_c�
kl\by�djhf_�i_j\uo�^\mo�lh]h�`_�ihjy^dZ��qlh�b�^bZ]hgZevgu_�fZljbqgu_�we_f_glu� 

Ebl_jZlmjZ 
1. Lerner I.V. and Lozovik Yn.E. Zh. Eksp. Teor. Fiz. 80, 1488 (1981) [Sov. Phys.-JETP 53, 

763(1981)] 
2. Moskalenko S.A., Dumanov E.V., Podlesny Ig.V. and Shmiglyuk M.I. Mold. Jour. Phys. 

SciHQFHV��0-36��YRO��������-4, p. 336-352 (2003) 
3. 0RVNDOHQNR�6�$���'XPDQRY�(�9���3RGOHVQ\�,J�9��0-36�9RO����������������DFFHSWHG�� 
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M>D�����������������, 539.19 

=EH;MEU�:FNBNBEVGUO�F:DJHFHE?DME 

∗∗MrZdh\Z�:�K� 

F=M�bf�F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

JZkkfZljb\Z_lky�l_hj_lbq_kdZy�fh^_ev�]eh[meu��h[jZah\Zgghc�fZdjhfhe_dmehc�
k� Zfnbnbevgufb� a\_gvyfb��DZ`^h_� a\_gh� khklhbl�ba� ]b^jhnh[ghc� qZklb� \� hkgh\ghc�
p_ib�fZdjhfhe_dmeu�b�]b^jhnbevguo�]jmii�\�[hdh\hc�ih^\_kd_��jbk������
<�jZkl\hjbl_e_�fhe_dmeZ�fh`_l�ijbgbfZlv�]eh[meyjgmx�dhgnhjfZpbx�
aZ�kq_l�ijbly`_gby�a\_gv_\�^jm]�d�^jm]m��Iheyjgu_�qZklb�a\_gv_\�klj_�
fylky�\uclb�gZ�ih\_joghklv�]eh[meu�ba-aZ�ijbly`_gby�d�fhe_dmeZf�jZk�
l\hjbl_ey��b�ijb�wlhf�\�ih\_joghklghf�keh_�ijhbkoh^bl�hjb_glZpby�Zf�
nbnbevguo�a\_gv_\�� 

<�dZq_kl\_�wg_j]_lbq_kdbo�iZjZf_ljh\�hibkZgby�fZdjhfhe_dmeu�
\u[jZgu��wg_j]by�\aZbfh^_ckl\by�]b^jhnh[guo�]jmii�εHH�����b�wg_j]by�
ijbly`_gby�iheyjguo�ih^\_khd�d�jZkl\hjbl_ex�εPs< ���K\h[h^gZy�wg_j�
]by� ]eh[meu� \� ijb[eb`_gbb� kZfhkh]eZkh\Zggh]h� ihey� y\ey_lky� nmgd�
pbhgZehf�iehlghklb�b�nmgdpbb�hjb_glZpbhggh]h�jZkij_^_e_gby�a\_gv�
_\��Wg_j]by�\aZbfh^_ckl\by� a\_gv_\�hibku\Z_lky�\�jZfdZo�j_r_lhqghc�
fh^_eb� 

<�h[t_fghf�ijb[eb`_gbb�jZkkqblZgu�jZ\gh\_kgZy�iehlghklv� a\_gv_\ \� lhes_�
]eh[meu�b�obfbq_kdbc�ihl_gpbZe�a\_gZ��Iml_f�fbgbfbaZpbb�nmgdpb-hgZeZ�k\h[h^ghc�
wg_j]bb�gZc^_gZ�nmgdpby�hjb_glZpbhggh]h�jZkij_^_e_gby�a\_gv_\��Ihemq_gh��qlh�gZb�
[he__�kbevgh�a\_gvy�hjb_glbjh\Zgu�ijb�[hevrhf�]jZ^b_gl_�iehlghklb�\�ih\_joghkl�
ghf�keh_�]eh[meu�b�[hevrhc�wg_j]bb�ijbly`_gby�iheyjguo�]jmii�d�jZkl\hjbl_ex��>ey�
]eh[me�fZehc�iehlghklb�\�\bjbZevghf�jZaeh`_gbb�jZkkqblZgu�ih\_joghklgh_�gZly`_�
gb_�]eh[meu�b�jZ\gh\_kguc�ijhnbev�iehlghklb�a\_gv_\� 

IhdZaZgh��qlh�kihkh[ghklv�a\_gv_\�d�hjb_glZpbb�mf_gvrZ_l�ih\_joghklgh_�gZ�
ly`_gb_�jZkkfZljb\Z_fhc�]eh[meu�ih�kjZ\g_gbx�k�]hfhihebf_jghc�]eh[mehc�lZdhc�`_�
iehlghklb��Wlh�ijb\h^bl�d�m\_ebq_gbx�l_fi_jZlmju�i_j_oh^Z�ba�]eh[meyjgh]h�\�dem[�
dh\h_� khklhygb_�� Z� lZd`_� d� mf_gvr_gbx� klZ[bevghklb� kn_jbq_kdhc�nhjfu� ]eh[meu��
Ih\_joghklguc�kehc�]eh[meu�hdZau\Z_lky�lhgvr_�b�k�[hevrbf�]jZ^b_glhf�dhgp_gljZ�
pbb��q_f�ih\_joghklguc�kehc� ]hfhihebf_jghc� ]eh[meu��Djhf_�lh]h��nhjfZ�ijhnbey�
iehlghklb�]eh[meu�gZ�ih\_joghklb�klZgh\blky�g_kbff_ljbqghc� 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 

 

NBABD:�IHEBF?JH< 
 
Ij_^k_^Zl_ev�ih^k_dpbb� 
^�n�-f�g��FZoZ_\Z�?e_gZ�?\]_gv_\gZ 

Jbk��� 
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Ijb�kbevghc�hjb_glZpbhgghc�kihkh[ghklb�Zfnbnbevguo�a\_gv_\�iehlgh_�]eh�
[meyjgh_�khklhygb_�fZdjhfhe_dmeu�ijh^he`Z_l�kms_kl\h\Zlv�[eZ]h^Zjy�ijbly`_gbx�
a\_gv_\�^jm]� d�^jm]m��gh�ih\_joghklgh_�gZly`_gb_� ]eh[meu�fh`_l� klZlv�hljbpZl_ev�
guf��=eh[meZ�fh`_l�ijbgbfZlv�g_kn_jbq_kdmx�nhjfm��Z�lhesbgZ�ih\_joghklgh]h�kehy�
bf__l�fZkrlZ[�h^gh]h�a\_gZ�fZdjhfhe_dmeu� 

 

 
<� jZ[hl_� jZkkqblZgu� k\h[h^gu_� wg_j]bb� ^ey� ]eh[meu�� bf_xsb_� jZaebqgu_�

nhjfu��kn_jbq_kdmx��nhjfm�lbiZ�h`_j_evy��g_kdhevdh�hl^_evguo�]eh[me�gZ�p_ib���pb�
ebg^jbq_kdmx��^bkdhh[jZagmx�b�lhjhb^Zevgmx��jbk������Ij_^iheZ]Zehkv��qlh�]eh[meu�
h^ghjh^gu��Z�h[t_f�]eh[meu�ihklhyg_g�ijb�^Zgguo�wg_j]byo�\aZbfh^_ckl\by��<�k\h�
[h^ghc�wg_j]bb�]eh[meu�mqblu\ZeZkv�wg_j]by�\aZbfh^_ckl\by�a\_gv_\�\�h[t_f_�]eh[m�
eu� �\�\bjbZevghf�jZaeh`_gbb���hljbpZl_evgZy�ih\_joghklgZy�wg_j]by�b�dhgnhjfZpb�
hggZy� wg_j]by�fZdjhfhe_dmeu��h[jZamxs_c� ]eh[mem� aZ^Zgghc�nhjfu��;ueb�gZc^_gu�
jZ\gh\_kgu_� agZq_gby� k\h[h^ghc� wg_j]bb� ^ey� \k_o� i_j_qbke_gguo� nhjf� ]eh[meu��
GZbf_gvr__�ba�gZc^_gguo� agZq_gbc�k\h[h^ghc� wg_j]bb�^he`gh�khhl\_lkl\h\Zlv�jZ\�
gh\_kghc�nhjf_�]eh[meu��qlh�^Z_l�\hafh`ghklv�bkke_^h\Zgby�kljmdlmjguo�i_j_oh^h\�
^ey�Zfnbnbevguo�fZdjhfhe_dme� 

 

 

Jbk�� ��� =eh[meu� Zfnb�
nbevghc� fZdjhfhe_dm�
eu�� dhgnhjfZpby� ©h`_�
j_ev_ª� ����� pbebg^j� �����
^bkd�����lhj���� 

Jbk�� ��� >bZ]jZffZ� ]eh[meyj�
guo� khklhygbc� Zfnbnbevghc�
fZdjhfhe_dmeu� \� i_j_f_g�
guo�� g –� `_kldhklv�� _εPs| − 
wg_j]by� \aZbfh^_ckl\by� ih�
eyjguo�]jmii�k�jZkl\hjbl_e_f 
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J_amevlZlu�bkke_^h\Zgby�k\h[h^ghc�wg_j]bb�ij_^klZ\e_gu�gZ�^bZ]jZff_�]eh[m�
eyjguo�khklhygbc��jbk�����\�aZ\bkbfhklb�hl�`_kldhklb�fZdjhfhe_dmeu�g�b�hl�wg_j]bb�
ijbly`_gby� iheyjguo� ]jmii� d� jZkl\hjbl_ex� εPs�� Kn_jbq_kdZy� nhjfZ� khhl\_lkl\m_l�
]eh[me_�k�iheh`bl_evguf�ih\_joghklguf�gZly`_gb_f��K�m\_ebq_gb_f�wg_j]bb�εPs�ih�
\_joghklgh_� gZly`_gb_� klZgh\blky� hljbpZl_evguf� b�fZdjhfhe_dmeZ� ijbgbfZ_l� dhg�
nhjfZpbx�©h`_j_ev_ª��Ijb�^Zevg_cr_f�m\_ebq_gbb�wg_j]bb�εPs�]b[dZy�fZdjhfhe_dmeZ�
ijbgbfZ_l�nhjfm�^bkdZ��Z�`_kldZy�–�nhjfm�lhjZ� 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�JNNB��ijh_dl���-03-�������b�INTAS. 

 
 

M>D-544.03 

KLJMDLMJ:�B�K<HCKL<:�=?E?<UO�DHFIHABLH< 
K�<DEXQ?GGUFB�>BKI?JKBYFB�;?GLHGBL: 

B�FHGLFHJBEEHGBL:�G:LJBY 

∗EZ\j_glv_\Z�?�D� 

F=M�bf��F��<��Ehfhghkh\Z 

<�jZ[hl_�bamqZebkv�kljmdlmjgu_�baf_g_gby��ijhbkoh^ysb_�\�dhfihablguo�]_eyo�
gZ� hkgh\_� ihebZdjbeZfb^Z� �I::f�� b� iheb�N-bahijhibeZdjbeZfb^Z�� �IBI::f�� k�
\dexq_ggufb�^bki_jkbyfb�kehbkluo�]ebgbkluo�fbg_jZeh\�[_glhgblZ� �;?GL��b�fhg�
lfhjbeehgblZ� �FHGL��gZljby�\�j_amevlZl_�bo�\aZbfh^_ckl\by�k�dZlbhgguf�I:<��p_�
lbeibjb^bgbcoehjb^hf� �PIO�� b� dZlbhggufb� ihebf_jZfb�� Zedbebjh\Zggufb� ijhba�
\h^gufb� iheb-4-\bgbeibjb^bgZ�� J_amevlZlu�� ihemq_ggu_� f_lh^hf�FMJJ�� ihdZaZeb��
qlh�\�fh^bnbpbjh\Zgguo�PIO�dhfihablZo�gZ�hkgh\_�I::f��kh^_j`Zsbo�^bki_jkbx�
;?GL��ijhbkoh^bl�hj]ZgbaZpby�ieZklbghd�]ebgu�\�kf_dlbq_kdb_�Z]j_]Zlu��:gZeh]bq�
gh_� mihjy^hq_gb_� ieZklbg� ;?GL� gZ[ex^Z_lky� lZd`_� ^ey� dhfihablh\� gZ� hkgh\_�IB�
I::f��<�ihke_^g_f�kemqZ_�dhgp_gljZpbhggZy�h[eZklv�kms_kl\h\Zgby�mihjy^hq_gguo�
Z]j_]Zlh\�aZf_lgh�jZkrbjy_lky�� 

H[jZah\Zgb_�Z]j_]Zlh\�gZ[ex^Z_lky��g_kfhljy�gZ�lh��qlh�jZaf_j�yq__d�k_ldb�]_ey�
agZqbl_evgh�f_gvr_�jZaf_jZ�qZklbp�;?GL��Hgh�fh`_l�[ulv�h[tykg_gh�kms_kl\h\Zgb�
_f�mihjy^hq_gguo�kljmdlmj�\�bkoh^ghc�^bki_jkbb�;?GL��GZebqb_�Z]j_]Zlh\�\�bkoh^�
guo� kmki_gabyo� ^_ckl\bl_evgh� gZ[ex^Z_lky� ijb� fbdjhkdhibq_kdbo� bkke_^h\Zgbyo��
ijh\_^_gguo�\�^Zgghc�jZ[hl_�� 

;ueh�ihdZaZgh��qlh�mf_gvr_gb_�dhgp_gljZpbb�kmki_gabc�;?GL��Z�lZd`_�aZf_gZ�
;?GL�gZ�FHGL�ijb\h^bl�d�bkq_agh\_gbx�mihjy^hq_gguo�kljmdlmj�\�dhfihablguo�]_�
eyo�� \� ijbkmlkl\b_� PIO�� Ihke_^gbc� j_amevlZl� h[tykgy_lky� agZqbl_evgh� f_gvrbf�
kj_^gbf� jZaf_jhf�ieZklbghd�FHGL�ih� kjZ\g_gbx� k�;?GL��<� qZklghklb�� j_heh]bq_�
kdb_� bkke_^h\Zgby� \h^guo� kmki_gabc� ]ebg� ihdZaZeb�� qlh� dhwnnbpb_gl� \yadhklb� kmk�
i_gabb�;?GL�gZ��–��ihjy^dZ�\ur_��q_f�m�kmki_gabb�FHGL�� 

>hklZlhqgh� iehlgu_� ihebf_jgu_� k_ldb� k� \dexq_ggufb� bagZqZevgh� ijb]hlh\�
e_ggufb� kmki_gabyfb� ;?GL-I:<�fh]ml�nbdkbjh\Zlv� mihjy^hq_ggh_� khklhygb_� ieZ�
klbg�;?GL�\�]_e_��F_lh^hf�FMJJ�[ueh�ihdZaZgh��qlh�ihke_�m^Ze_gby�I:<�iml_f�wdk�
ljZdpbb� \� \h^gh-hj]Zgbq_kdbo� khe_\uo� kj_^Zo� g_� ijhbkoh^bl� jZajmr_gby� kf_dlbq_�
                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb 
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kdbo�Z]j_]Zlh\�ieZklbg�;?GL�� �jbk������LZdbf�h[jZahf��klZgh\blky�\hafh`guf�kbgl_a�
©mfguo�dhfihablh\ª�k�aZ^Zgguf�jZkklhygb_f�f_`^m�ieZklbgZfb�]ebgu��gZkljh_gguo�
gZ�Z[khj[pbx�hij_^_e_ggh]h�km[kljZlZ�� 
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<�jZ[hl_�[ueZ�lZd`_�bkke_^h\ZgZ�Z^khj[pby�dZlbhggh]h�I:<�b�dZlbhgguo�ih�

ebf_jh\�dhfihablgufb�]_eyfb��<�fh^bnbpbjh\Zgguo�PIO�dhfihablZo�ihjy^dZ� ����
iehsZ^b�ieZklbghd�fh`_l�[ulv� aZgylh�fhe_dmeZfb�dZlbhggh]h�I:<��DZlbhggu_�ih�
ebf_ju�lZd`_�fh]ml�Z^khj[bjh\Zlvky�gZ�ih\_joghklb�qZklbp�]ebgu�\�]_e_��ijbq_f�ijb�
Z^khj[pbb�ijhbkoh^bl�i_j_aZjy^dZ�ih\_joghklb�Zgbhgguo�ieZklbg�b�ijbf_jgh�iheh�
\bgZ�aZjy^Z�ihebdZlbhgZ�hklZ_lky�g_kdhfi_gkbjh\Zgghc� 

 
 

M>D����������� 

<YADHMIJM=B?�K<HCKL<:�<H>GUO�J:KL<HJH< 
:GBHGGH=H�I:<�—�HE?:L:�D:EBY 

FheqZgh\�<�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�^Zgghc�jZ[hl_�bkke_^h\Zgu�j_heh]bq_kdb_� k\hckl\Z� khe_\uo�jZkl\hjh\� Zgb�
hggh]h�ih\_joghklgh� Zdlb\gh]h�\_s_kl\Z� �I:<��–�he_ZlZ�dZeby��Ijb�g_dhlhjhc�dhg�
p_gljZpbb�gbadhfhe_dmeyjghc�kheb�KCl�\�\h^ghc�kj_^_�Zfnbnbevgu_�fhe_dmeu�he_Z�
lZ�dZeby�h[jZamxl�^ebggu_�pbebg^jbq_kdb_�fbp_eeu��Ijb�\ukhdhc�dhgp_gljZpbb�hgb�
fh]ml�i_j_ie_lZlvky�f_`^m�kh[hc��qlh�ijb^Z_l�jZkl\hjZf�I:<�\yadhmijm]b_�k\hckl\Z� 

>ey�bkke_^h\Zgby�j_heh]bq_kdbo�k\hckl\�khe_\uo�jZkl\hjh\�I:<�[ue�bkihev�
ah\Zg�j_hf_lj�RS����/�nbjfu�Haake. 

;ueb�bkke_^h\Zgu�aZ\bkbfhklb�j_heh]bq_kdbo�oZjZdl_jbklbd�jZkl\hjh\�hl�dhg�
p_gljZpbb�I:<�b�gbadhfhe_dmeyjghc�kheb�KCl��Ijb�dhgp_gljZpbb�KCl�K  ���\_k����
\yadhklv� jZkl\hjh\� he_ZlZ� dZeby� ^hklb]Z_l� fZdkbfmfZ�� I_j\hgZqZevgh_� \hajZklZgb_�
\yadhklb�fh`_l�[ulv�h[tykg_gh�m^ebg_gb_f�pbebg^jbq_kdbo�fbp_ee�\ke_^kl\b_�wdjZ�
gbjh\Zgby� khevx� we_dljhklZlbq_kdh]h� hllZedb\Zgby� h^ghbf_ggh� aZjy`_gguo� ]b^jh�
nbevguo�]jmii�I:<�gZ�ih\_joghklb�fbp_ee��IZ^_gb_�\yadhklb�\�h[eZklb�dhgp_gljZ�
pbc�KCl�\ur_���\_k����fh`_l�[ulv�ke_^kl\b_f�h[jZah\Zgby�jZa\_l\e_gguo�fbp_ee�ijb�
^hklZlhqgh�iheghf�wdjZgbjh\Zgbb�we_dljhklZlbq_kdh]h�hllZedb\Zgby��J_eZdkZpby�f_�
oZgbq_kdh]h�gZijy`_gby�\�lZdhc�kbkl_f_�ijhbkoh^bl�iml_f�kdhev`_gby�lhq_d�jZa\_l\�

Jbk�� ��� Djb\u_� jZkk_ygby��
ihemq_ggu_� hl� h[jZaph\�
�::f-����� ������ ;?GL-2,4%) 
fh^bnbpbjh\Zgguo� PIO� ����
b� aZl_f� ih^\_j]rboky�
wdkljZdpbb� khe_\uf� kibjlh-
\h^guf�jZkl\hjhf���� 
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e_gbc�\^hev�fbp_eeyjguo�p_i_c��lj_[mxs_]h�g_[hevrhc�aZljZlu�wg_j]bb��\�j_amevlZ�
l_�q_]h�\yadhklv�kbkl_fu�mf_gvrZ_lky� 

<�dZq_kl\_�jZkl\hjbl_ey�bkihevah\Zeky�\h^guc���\_k����jZkl\hj�KCl��\�dhlhjhf�
\yadhklv�jZkl\hjh\�^hklb]Z_l�fZdkbfmfZ��GZ� aZ\bkbfhklb�\yadhklb�jZkl\hjh\�hl�dhg�
p_gljZpbb�I:<�h[gZjm`_gh���h[eZklb��oZjZdl_jbamxsb_ky�jZaebqgufb�gZdehgZfb� 

<�i_j\hc�h[eZklb�\yadhklv�jZkl\hjh\�ihjy^dZ�\yadhklb�\h^u��<� wlbo�mkeh\byo�
jZkl\hju� kh^_j`Zl� dhjhldb_� pbebg^jbq_kdb_� g_i_j_ie_lZxsb_ky�fbp_eeu�� =jZgbpZ�

f_`^m�i_j\hc�b�\lhjhc�h[eZklvx�gZ[ex^Z_lky�ijb�dhgp_gljZpbb� %.105.0* \_kC = . 

Wlh�dhgp_gljZpby� khhl\_lkl\m_l�i_j_oh^m�hl�jZa[Z\e_gguo�d�ihemjZa[Z\e_gguf�jZk�
l\hjZf�I:<��]^_�fbp_eeu�gZqbgZxl�i_j_k_dZlvky��GZdehg�dhgp_gljZpbhgghc�aZ\bkb�
fhklb�\h�\lhjhc�h[eZklb� 5.3c~η ��LZdhc�gZdehg�oZjZdl_j_g�^ey�kbkl_f��kh^_j`Zsbo�

dhjhldb_�i_j_k_dZxsb_ky�fbp_eeu��\j_fy�`bagb�dhlhjuo�fgh]h�[hevr_�oZjZdl_jgh]h�
\j_f_gb�j_ilZpbc��Ijb�^Zevg_cr_f�\hajZklZgbb�dhgp_gljZpbb�I:<�\�jZkl\hj_�ijhbk�
oh^bl� i_j_oh^� \� lj_lvx� h[eZklv�� GZdehg� dhgp_gljZpbhgghc� aZ\bkbfhklb� iZ^Z_l�

3.3c~η ��LZdhc�gZdehg�oZjZdl_j_g�^ey�kbkl_f��kh^_j`Zsbo�^ebggu_�i_j_ie_lZxsb_�
ky� fbp_eeu�� \j_fy� `bagb� dhlhjuo� fgh]h� f_gvr_� oZjZdl_jgh]h� \j_f_gb� j_ilZpbc�
�©`b\u_�p_ibª���<�wlhc�h[eZklb�lZd`_�ihemq_gu�qZklhlgu_�aZ\bkbfhklb�mijm]hc�G¶�b�
\yadhc�G´�khklZ\eyxs_c�dhfie_dkgh]h�fh^mey�mijm]hklb�b�aZ\bkbfhklv� ( )"' GG ��Hgb�
ohjhrh� hibku\Zxlky� ijhklhc� fh^_evx�FZdk\_eeZ� \yadhmijm]hc� `b^dhklb� k� h^gbf�
\j_f_g_f�j_eZdkZpbb��<�lj_lv_c�h[eZklb�\yadhklv�jZkl\hjh\�I:<�^hklb]Z_l���3

�IZk��Z�
fh^mev�mijm]hklb����IZ��Ijb�wlhf� "' GG > �\�rbjhdhc�h[eZklb�qZklhl��qlh�mdZau\Z_l�gZ�
]_e_h[jZagh_�khklhygb_�jZkl\hjh\�� 

=_e_h[jZagu_�khe_\u_�jZkl\hju�he_ZlZ�dZeby�fh]ml�ijbf_gylvky�\�g_nl_^h[uq_�
dZd�aZ]mklbl_eb�kmki_gabb�qZklbp�ijhiZglZ��i_kdZ�beb�d_jZfbq_kdbo�qZklbp���Kmki_g�
ab_c�aZihegyxl�ki_pbZevgh�kha^Zggu_�ihehklb�\�g_nl_ghkghf�keh_��LZdZy�bkdmkkl\_g�
gZy�kbkl_fZ�bf__l�\ukhdmx�ijhimkdgmx�kihkh[ghklv�ih�hlghr_gbx�d�g_nlb��Qlh�ih�
a\hey_lky�kms_kl\_ggh�m\_ebqblv�kdhjhklv�\udZqb\Zgby�g_nlb� 

 
JZ[hlZ�\uiheg_gZ�ijb�nbgZgkh\hc�ih^^_j`d_�]jZglZ�JNNB� 

 
 

M>D��������������� 

=?L?JHIHEBF?JU�K�G:KUS:XSBFBKY�K<YAYFB��
DHFIVXL?JGH?�FH>?EBJH<:GB? 

?jfZd�H�F� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

=_l_jhihebf_ju� k� gZkusZxsbfbky� \aZbfh^_ckl\byfb� bgl_j_kgu� \� i_j\mx�
hq_j_^v�ihlhfm��qlh�fh]ml�kqblZlvky�h]jm[e_gghc�fh^_evx�g_dhlhjuo�[bhihebf_jh\��
lZdbo�dZd�JGD�b�>GD��<Z`guf�nZdlhjhf�klZ[bevghklb�lj_of_jghc�kljmdlmju�lZdbo�
[bhihebf_jh\�y\ey_lky�h[jZah\Zgb_�\h^hjh^guo�k\ya_c�–�gZkusZxsboky�\aZbfh^_c�
kl\bc�–�f_`^m�dhfie_f_glZjgufb�mqZkldZfb��<�jZ[hl_�ijh\h^ylky�klZlbklbq_kdb_�bk�
ke_^h\Zgby� wg_j]_lbq_kdbo� ki_dljh\� fh^_evguo� kbkl_f�� KlZ\blky� aZ^ZqZ� gZmqblvky�
dhgkljmbjh\Zlv�ihke_^h\Zl_evghklb�k�aZ^Zggufb�k\hckl\Zfb��>ey�wlh]h�\�i_j\mx�hq_�
j_^v�g_h[oh^bfh�ijhZgZebabjh\Zlv� \ebygb_�i_j\bqghc�ihke_^h\Zl_evghklb�b�^jm]bo�
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nZdlhjh\�gZ�gb`gxx�qZklv�ki_dljZ��bkke_^h\Zlv�k\hckl\Z�hkgh\gh]h�khklhygby�lZdhc�
kbkl_fu� 

;ueZ�ij_^eh`_gZ�ijhklZy�fZljbqgZy�fh^_ev��hl\_qZxsZy�kemqZx�]_l_jhihebf_�
jZ��\�dhlhjhf�\hafh`gu�lhevdh�gZkusZxsb_ky�\aZbfh^_ckl\by��Bo�wg_j]bb�hij_^_ey�
xlky�kemqZcghc�fZljbp_c�\aZbfh^_ckl\by�Bij��JZaf_j�wlhc�fZljbpu�aZ^Z_lky�qbkehf�lb�
ih\�fhghf_jguo�a\_gv_\�q��oZjZdl_jguc�jZa[jhk�\�wg_j]byo�\aZbfh^_ckl\by�– /��Fh^_ev�
lZd`_� mqblu\Z_l� lZdb_� \Z`gu_� ^ey� j_Zevguo� [bhihebf_jh\�nZdlhju� dZd�`_kldhklv� b�
dhhi_jZlb\ghklv��<� kemqZ_� [hevrbo� ^ebg� p_ihq_d�N�� ^ey� ihbkdZ� hkgh\gh]h� khklhygby�
\f_klh�f_lh^Z�ihegh]h�i_j_[hjZ�ijbf_gyeky�f_lh^�Fhgl_-DZjeh��Ihfbfh�ZgZebaZ�wg_j�
]_lbq_gkdbo�ki_dljh\�gbadhl_fi_jZlmjguo�dhgnhjfZpbc�lZdZy�mijhs_ggZy�fh^_ev�ih�
a\hey_l�ihemqblv�k�ohjhr_c�lhqghklvx�j_amevlZlu��ZgZeh]bqgu_�ihemqZ_fuf�f_lh^hf�
iheghp_ggh]h��d-fh^_ebjh\Zgby��ijb�]hjZa^h�f_gvrbo�\uqbkebl_evguo�aZljZlZo� 

J_amevlZlu�[ueb�khihklZ\e_gu�k�fh^_evx�kemqZcguo�wg_j]bc��bkihevamxs_cky�
\� h[s_f� kemqZ_� ^ey�g_gZkusZxsboky� \aZbfh^_ckl\bc��Bkke_^h\Zgh��gZkdhevdh�ijb�
f_gbfu� \u\h^u� wlhc� fh^_eb� \� gZr_f� kemqZ_��Ihemq_g�nZah\uc� ihjlj_l� kbkl_fu� \�
ijhkljZgkl\_��Nq)��Bkke_^h\Zgh��dZdb_�ba�iZjZf_ljh\�aZ^Zqb�hdZau\Zxl�ijbgpbibZev�
gh_�\ebygb_�gZ�klZlbklbq_kdb_�k\hckl\Z�kbkl_fu��\hagbdgh\_gb_�g_\ujh`^_ggh]h�hk�
gh\gh]h�khklhygby��_]h�mklhcqb\hklv��KlZlbklbq_kdb�bkke_^h\Zg�\hijhk�Z^khj[pbb�]_�
l_jhihebf_jZ�nbdkbjh\Zggh]h�khklZ\Z�gZ�]hfhihebf_jgmx�ih^eh`dm� 

 
 

M>D������������� 

DHFIE?DKHH;J:AH<:GB?�B�FBP?EEHH;J:AH<:GB? 
<�J:A;:<E?GGUO�J:KL<HJ:O�;EHD-BHGHF?JH<�B�
IJHLB<HIHEH@GH�A:JY@?GGUO�IHEBBHGH<�

FbgZdh\Z�F�K���DjZfZj_gdh�?�X� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� jZ[hl_� jZajZ[hlZgZ� l_hjby� h[jZah\Zgby� fbp_ee� \� jZa[Z\e_gguo� jZkl\hjZo�
[ehd-khihebf_jh\�� fZdjhfhe_dmeu� dhlhjuo� khklhyl� ba� aZjy`_ggh]h� b� g_cljZevgh]h�
]b^jhnbevgh]h�[ehdh\��ijb�^h[Z\e_gbb�\�jZkl\hj�ijhlb\hiheh`gh�aZjy`_gguo�ebg_c�
guo�p_i_c��Y^jh�fbp_ee�khklhbl�ba�ihebwe_dljheblguo�dhfie_dkh\��knhjfbjh\Zgguo�
ebg_cgufb�p_iyfb�b�aZjy`_ggufb�[ehdZfb�fhe_dme�[ehd-bhghf_jZ��Z�dhjhgu�fbp_ee�
h[jZah\Zgu�g_cljZevgufb�]b^jhnbevgufb�[ehdZfb�� 

AgZq_gby�hkgh\guo�jZ\gh\_kguo�iZjZf_ljh\�fbp_ee��\�qZklghklb��kj_^g_]h�Z]�
j_]Zpbhggh]h�qbkeZ�b�kj_^g_]h�aZjy^Z�fbp_eeu��b�bo�aZ\bkbfhklb�hl�dhebq_kl\Z�^h[Z\�
e_gghc�gbadhfhe_dmeyjghc�kheb�hij_^_eyxlky�k\hckl\Zfb�h[jZamxs_]hky�bgl_jiheb�
we_dljheblgh]h� dhfie_dkZ��nhjfbjmxs_]h� y^jh�fbp_ee��<� kemqZ_� keZ[h� aZjy`_gguo�
ihebwe_dljheblh\�\�iheyjguo�kj_^Zo�dhfie_dk�f_`^m�ijhlb\hiheh`gh�aZjy`_ggufb�
ihebbhgZfb�h[jZam_lky� aZ� kq_l�ijbly`_gby��\ua\Zggh]h�nemdlmZpbyfb�iehlghklb� aZ�
jy^Z�\�kbkl_f_��<�ijhlb\hiheh`ghf�kemqZ_�kbevguo�we_dljhklZlbq_kdbo�\aZbfh^_ckl�
\bc�\�kbkl_f_�dhfie_dkhh[jZah\Zgb_�khijh\h`^Z_lky�h[jZah\Zgb_f�bhgguo�iZj� 

<�jZ[hl_�jZkkfhlj_gh�fbp_eehh[jZah\Zgb_�\�ij_^_evghf�kemqZ_�kbevghc�Zkkh�
pbZpbb�� dh]^Z� \k_�ihebf_jgu_�p_ib� k� y^j_�h[jZamxl�ihebwe_dljheblgu_�dhfie_dku��
\k_�bhgu�gZ�p_iyo�\dexq_gu�\�bhggu_�iZju��Z�gbadhfhe_dmeyjgu_�bhgu�gZoh^ylky�\h�
\g_rg_f�jZkl\hj_��>ey�jZkl\hjZ�k�iheb^bki_jkguf�jZkij_^_e_gb_f�fbp_ee�ih�khklZ\m�
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aZibkZgZ�k\h[h^gZy�wg_j]by�kbkl_fu��gZc^_gZ�djblbq_kdZy�dhgp_gljZpby�fbp_eehh[jZ�
ah\Zgby�b�_z�aZ\bkbfhklv�hl�dhgp_gljZpbc�dhfihg_glh\�jZkl\hjZ��Z�lZd`_�bo�kljmdlmj�
guo�iZjZf_ljh\��Ijhke_`_gZ�w\hexpby�jZkij_^_e_gby�ijb�ihke_^h\Zl_evghf�m\_ebq_�
gbb�dhgp_gljZpbb�ebg_cguo�p_i_c��IhdZaZgh��qlh�fbp_eeu�\�jZkl\hj_�khkms_kl\mxl�k�
hl^_evgufb�ihebwe_dljheblgufb�dhfie_dkZfb��LZd`_�^ey�jZaebqguo�dhgp_gljZpbc�b�
^ebg�ebg_cguo�p_i_c�[ehd-bhghf_jZ�jZkkqblZgu�kj_^gbc�aZjy^�fbp_eeu�b�kj_^gb_�Z]�
j_]Zpbhggu_�qbkeZ��b�ihdZaZgh��qlh�hgb�kbevgh�aZ\bkyl�hl�khhlghr_gby�f_`^m�^ebgZ�
fb� ebg_cguo� p_i_c� b� aZjy`_gguo� [ehdh\� b� keZ[h� aZ\bkyl� hl� dhgp_gljZpbb� [ehd-
bhghf_jZ��H[gZjm`_gh��qlh� _keb�h[jZah\Zgb_�kl_obhf_ljbq_kdbo�ihebwe_dljheblguo�
dhfie_dkh\�g_\hafh`gh��lh�ijb�ba[uld_�ebg_cguo�p_i_c�\�jZkl\hj_�ijhbkoh^bl�i_j_�
aZjy^dZ�fbp_ee��<�kemqZ_��dh]^Z�kl_obhf_ljbq_kdb_�dhfie_dku�h[jZamxlky��i_j_aZjy^�
db�fbp_ee�g_�ijhbkoh^bl�� 

L_hjby�h[h[s_gZ�gZ�kemqZc�qZklbqgh]h�k\yau\Zgby�ijhlb\hiheh`gh�aZjy`_gguo�
bhgh\��IhdZaZgh��qlh�\�iheyjguo�kj_^Zo�^hey�bhgguo�iZj�\�y^j_�fbp_ee�fZeZ��Y^jh�fb�
p_eeu�\�wlhf�kemqZ_�ij_^klZ\ey_l�kh[hc�ihemjZa[Z\e_gguc�ihebwe_dljheblguc�jZkl\hj��
kh^_j`Zsbc�ihfbfh�ihebf_jghc�dhfihg_glu�gbadhfhe_dmeyjgu_�bhgu�–�ijhlb\hbhgu�
ihebf_jguo�p_i_c�b�bhgu�kheb��>ey�^Zggh]h�ijb[eb`_gby�gZc^_gu�aZ\bkbfhklb�jZ\gh�
\_kghc�h[t_fghc�^heb�ihebf_jZ��h[t_fghc�^heb�gbadhfhe_dmeyjguo�bhgh\�\gmljb�y^jZ�
b�dhwnnbpb_glZ�ih\_joghklgh]h�gZly`_gby�hl�dhebq_kl\Z�^h[Z\e_gghc�kheb��Ihkljh_gZ�
^bZ]jZffZ��hij_^_eyxsZy�h[eZklv�kms_kl\h\Zgby�y^jZ�fbp_eeu�\�aZ\bkbfhklb�hl�dheb�
q_kl\Z� ^h[Z\e_gghc� kheb��LZd`_� jZkkqblZgZ� aZ\bkbfhklv� jZ\gh\_kguo� iZjZf_ljh\�fb�
p_eeu�\�aZ\bkbfhklb�hl�kl_i_gb�aZjy`_gghklb�ihebf_jguo�p_i_c� 

 
 

M>D�����������������.7 

D�DE:KKBNBD:PBB�N:AH<UO�>B:=J:FF 
:KKHPBBJMXSBO�KBKL?F�K�G?KDHEVDBFB�LBI:FB�

L?JFHH;J:LBFUO�OBFBQ?KDBO�K<YA?C 

;_ehmkh\�F�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Kbkl_fu��kh^_j`Zsb_�fhe_dmeu��f_`^m�dhlhjufb�\hafh`gh�h[jZah\Zgb_� l_j�
fhh[jZlbfuo�obfbq_kdbo�k\ya_c��ij_^klZ\eyxl�[hevrhc�bgl_j_k��GZb[he__�ba\_klguf�
ij_^klZ\bl_e_f�lZdbo�Zkkhpbbjmxsbo�kbkl_f�y\ey_lky�\h^Z��]^_�l_jfhh[jZlbfh�h[jZ�
amxlky�b�jZaju\Zxlky�\h^hjh^gu_�k\yab��Ihwlhfm�bkke_^h\Zgb_�lZdbo�kbkl_f�djZcg_�
bgl_j_kgh� ^ey�fgh]bo�[bheh]bq_kdbo�b� l_ogheh]bq_kdbo�ijh[e_f�� Z� lZd`_� \�gZmd_� h�
a_fe_��kbebdZlgu_�jZkieZ\u�lZd`_�ijbgZ^e_`Zl�d�wlhfm�deZkkm�� 

H^ghc�ba�\Z`guo�h[s_nbabq_kdbc�aZ^Zq�\�wlhc�h[eZklb�y\ey_lky�ij_^kdZaZgb_�
\b^Z�nZah\hc�^bZ]jZffu�Zkkhpbbjmxsbo�kbkl_f�k�aZ^Zgguf�oZjZdl_jhf�l_jfhh[jZlb�
fuo�k\ya_c�f_`^m�bo�qZklbpZfb��>ey�jy^Z�ijhkl_crbo�kbkl_f�wlZ�aZ^ZqZ�[ueZ�j_r_gZ�
\�jZ[hlZo� >����@��]^_�[ueh�ihdZaZgh��qlh�lhiheh]by�nZah\uo�^bZ]jZff�wlbo�kbkl_f�km�
s_kl\_ggh� aZ\bkbl� hl� qbke_gguo� agZq_gbc� wgljhibb�b� wg_j]bb�h[jZah\Zgby� k\yab��<�
gZklhys_c� jZ[hl_� j_amevlZlu� jZ[hl� >��� �@� h[h[sZxlky� gZ� kemqZc� ke_^mxs_c� [he__�
keh`ghc�Zkkhpbbjmxs_c�kbkl_fu�� 

JZkkfZljb\Z_lky�kbkl_fZ��kh^_j`ZsZy�^\Z�khjlZ�a\_gv_\�Am�b�Bn��dZ`^h_�ba�dh�
lhjuo�kh^_j`bl�ih�m (n��lZd�gZau\Z_fuo�nmgdpbhgZevguo�]jmii�:� �<���f_`^m�dhlh�
jufb�\hafh`gu�ke_^mxsb_�obfbq_kdb_�j_Zdpbb� 
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J_Zdpby�f_`^m�nmgdpbhgZevgufb�]jmiiZfb�khjlZ�$�� 2AAA ↔+  

J_Zdpby�f_`^m�nmgdpbhgZevgufb�]jmiiZfb�khjlZ�B: 2BBB ↔+  
AZ\bkbfhklv�dhgklZgl�jZ\gh\_kby�h[_bo�wlbo�j_Zdpbc�hl�l_fi_jZlmju�iheZ]Z_l�

ky�Zjj_gbmkh\kdhc�  

)/exp( TSk iiii ε−= ,      (1) 

]^_�Si b εi – wgljhiby�b�wg_j]by�h[jZah\Zgby�k\yab�f_`^m�]jmiiZfb i-]h�khjlZ� i =A,B. 
<� j_amevlZl_� wlbo� j_Zdpbc� h[jZamxlky� deZkl_ju�� kh^_j`Zsb_�fhe_dmeu� ebrv�

h^gh]h�b�lh]h�`_�khjlZ�� 

K\h[h^ghc�wg_j]by�lZdhc�kbkl_fu�bf__l�\b^�� *FFF STR += ��]^_�

( ) ( ) 










 Γ−+Γ+





 Γ−+Γ= BB

BB
BBAA

AA
AASTR ffTVF 1ln

2
1ln

2
ρρ ,   

( )BA

TV
F φχφφφ

ϑ
+−−= )1ln()1(

0

* ,     

]^_� BA φφφ += -�h[t_fgZy�^hey�\k_o�a\_gv_\�A�b�B), 0ϑ -�m^_evguc�h[t_f�a\_gZ� iiΓ -�dhg�

\_jkbb�ijhj_Z]bjh\Z\rbo�]jmii�� −BA ρρ , iehlghklb�a\_gv_\�A�b�B 

<\_^_f� \_ebqbgu� ABBBAA εεεχ −+= 2)( -� iZjZf_lj� Nehjb-OZ]]bgkZ��

0ϑII kg = -ijhkljZgkl\_ggZy� dhgklZglZ� obfbq_kdhc� j_Zdpbb�� AZ\bkbfhklv� \_ebqb�

gu χ hl�l_fi_jZlmju�� aTT += 2)( θχ . (2) 
DeZkkbnbdZpby�nZah\uo�^bZ]jZff�fh`_l�[ulv�hkms_kl\e_gZ�ke_^mxsbf�h[jZ�

ahf� 
���Ijh\h^blky�ihkljh_gb_�ebgbc�djblbq_kdbo�b�ljhcguo�lhq_d�gZ�iehkdhklb��ln g��$�� 
���MjZ\g_gby�����b�����aZ^Zxl�iZjZf_ljbq_kdmx�aZ\bkbfhklv� 

)()ln()lg( 0 aEgg −−= χ      (3) 
���I_j_k_q_gby�ijyfhc�ebgbb�����k�ebgbyfb�djblbq_kdbo�b�ljhcguo�lhq_d�hij_^_eyxl�
djblbq_kdb_�b�ljhcgu_�lhqdb�kbkl_fu� 
���NZah\u_�^bZ]jZffu�kbkl_f�ijbgZ^e_`Zl�h^bgZdh\hfm�lhiheh]bq_kdhf�deZkkm��_keb�
fh]ml�[ulv�ihemq_gu�ihke_^h\Zl_evguf�ij_h[jZah\Zgb_f�h^ghc� \�^jm]mx��ijb� wlhf�
qbkeh�djblbq_kdbo�b�ljhcguo�lhq_d�khojZgy_lky� 
���Ihkljh_gb_�nZah\h]h�ihjlj_lZ�kbkl_fu�ijh\h^blky�jZa^_e_gb_f�jZaguo�lhiheh]bq_�
kdbo�deZkkh\�gZ�iehkdhklb��¨�S, E) 
���<�dZ`^hc�h[eZklb�nZah\h]h�ihjlj_lZ�kljhblky�lbibqgZy�nZah\Zy�^bZ]jZffZ� 

LZd`_�gZc^_gu�ih\_joghklb�djblbq_kdbo�lhq_d�^ey�kemqZy�jZaebqguo�nmgdpbh�
gZevghkl_c�m, n�b�\u^_e_gu�ljb�lbiZ�ih\_joghkl_c��hlebqZxsboky�k\h_c�lhiheh]b_c�b�
dhebq_kl\hf�ebgbc�iZjZ[hebq_kdbo�lhq_d� 

Ihkljh_gb_� nZah\h]h� ihjlj_lZ� kbkl_fu� khklhbl� \� gZoh`^_gbb� ^\hckl\_gguo�
fgh]hh[jZabc� d�ih\_joghklyf� djblbq_kdbo� lhq_d� >��� �@��GZ�^Zgguc�fhf_gl�gZfb�ih�
kljh_g�nZah\uc�ihjlj_l�^ey�kbkl_fu�k�nmgdpbhgZevghklyfb��[hevrbfb�^\mo� 

>Zevg_crbfb�ieZgZfb�y\ey_lky�ihkljh_gb_�nZah\uo�ihjlj_lh\�dh�\k_f�kemqZyf�
kbkl_f�b�ijh\_^_gb_�iheghc�deZkkbnbdZpbb�nZah\uo�^bZ]jZff� 

Ebl_jZlmjZ 
1. Erukhimovich I.Ya. and Ermoshkin A.V. J. Chem. Phys. 116, 368 (2002). 
2. Thamm M.V. and Erukhimovich I.Ya. J. Chem. Phys. 119, 5 (2003). 
3. :jghev^�<�B��L_hjby�dZlZkljhn��MJKK 2004. 
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4. :jghev^�<�B���<Zjq_gdh�:�G���=mk_cg-AZ^_�K�F��Hkh[_gghklb ^bnn_j_gpbjm_fuo�
hlh[jZ`_gbc��FPGFH������ 

 

M>D���������������� 

IK?<>HMAEU�<�JGD-IH>H;GHF�KHIHEBF?J?� 
DHFIVXL?JGH?�FH>?EBJH<:GB? 

;h^jh\Z�:�K���Q_jlh\bq�:�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� jZ[hl_� bamqZxlky� jhev� ik_\^hmaeh\� \� nhjfbjh\Zgbb� \lhjbqghc� kljmdlmju�
JGD-ih^h[gh]h�khihebf_jZ� 

Hkgh\gmx�jhev�ijb�nhjfbjh\Zgbb�\lhjbqghc�kljmdlmju�[bheh]bq_kdhc�fZdjh�
fhe_dmeu�JGD�b]jZ_l�h[jZah\Zgb_�gZkusZxsboky�\h^hjh^guo�k\ya_c�f_`^m�dhfie_�
f_glZjgufb�gmde_hlb^gufb�hklZldZfb��Ijb�h]jm[e_gghf�jZkkfhlj_gbb�hklZevgu_�lb�
iu� \aZbfh^_ckl\bc�� ]b^jhnh[gu_�� dmehgh\kdb_� \aZbfh^_ckl\by� b� l�i��� –�fh]ml� [ulv�
bkdexq_gu�ba�jZkkfhlj_gby��Bkoh^y�ba�wlh]h��\�dZq_kl\_�fh^_eb�fhe_dmeu�JGD�gZfb�
[ue�jZkkfhlj_g�]_l_jhihebf_j�lhevdh�k�gZkusZxsbfbky�k\yayfb� 

Fh^_ebjh\Zgb_�ijh\h^behkv�f_lh^hf�Fhgl_-DZjeh�k�bkihevah\Zgb_f�j_r_lhq�
ghc�fh^_eb�k�nemdlmbjmxs_c�^ebghc�k\yab��<�i_j\mx�hq_j_^v�gZk�bgl_j_kh\Ze�ijh�
p_kk�nhjfbjh\Zgby�\k_\^hmaeh\�ijb�dheeZik_�ihebf_jghc�p_ihqdb� 

<hijhk�h�jheb�ik_\^hmaeh\�\�nhjfbjh\Zgbb�\lhjbqghc�kljmdlmju�JGD�^h�kbo�
ihj�hklZ_lky�hldjuluf��H^gb�mq_gu_�kqblZxl��qlh�bf�ijbgZ^e_`bl�h^gZ�ba�dexq_\uo�
jhe_c�\�kljh_gbb�b�nmgdpbhgbjh\Zgbb�fhe_dme�JGD��^jm]b_�\hh[s_�g_�mqblu\Zxl�bo�
\� fh^_eyo� b� l_hj_lbq_kdbo� jZkq_lZo�� kqblZy� qlh� bo� \_jhylghklv� djZcg_� fZeZ� b� bfb�
fh`gh�ij_g_[j_qv� 

<�^Zgghc�jZ[hl_�gZ�ijbf_j_�ijhklhc�fh^_eb�:<-khihebf_jZ�k�gZkusZxsbfbky�
k\yayfb�bkke_^m_lky�\ebygb_�l_fi_jZlmju��Z�lZd`_�`_kldhklb�p_ib�b�dhhi_jZlb\ghklb�
h[jZah\Zgby�ribe_d�gZ�nhjfbjh\Zgb_�ik_\^hmaeh\�\�JGD��IhdZaZgh��qlh�gZebqb_�wlbo�
k\hckl\�kms_kl\_ggh�mf_gvrZ_l�dhebq_kl\h�ik_\^hmaeh\��ihkdhevdm�`_kldhklv�^_eZ_l�
kljmdlmjm�fZdjhfhe_dmeu�[he__�\ulygmlhc��Z�dhhi_jZlb\ghklv�kihkh[kl\m_l�h[jZah\Z�
gbx�kljmdlmj�k�[he__�\ujZ`_ggufb�ribevdZfb��Ijh\_^_gh�kjZ\g_gb_�nhjfbjh\Zgby�
ik_\^hmaeh\�^ey�jZaebqguo�i_j\bqguo�ihke_^h\Zl_evghkl_c� 

 
 

M>D�������������� 

WNN?DL�KIHGL:GGHC�I?J?A:JY>DB�F:DJHBHGH< 
IJHLB<HIHEH@GH�A:JY@?GGUFB�IHEBWE?DLJHEBL:FB 

Hkdhedh\�G�G���Ihl_fdbg�B�B���Ohoeh\�:�J� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

GZfb�ij_^eh`_gZ�l_hjby��hibku\ZxsZy�\�ijb[eb`_gbb�kj_^g_]h�ihey�i_j_aZjy^�
dm�kn_jbq_kdh]h�ihebZgbhgZ��\�dhlhjuc�fh]ml�\oh^blv�ihebdZlbhggu_�p_ib��LZdh]h�jh�
^Z�i_j_aZjy^dZ�gZ[ex^Z_lky�^ey�qZklbp�fbdjh]_ey��fbp_ee��Z�lZd`_�ihebf_jguo�a\_a^�b�
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]j_[g_h[jZaguo�fZdjhfhe_dme�k�[hevrhc�kl_i_gvx�ijbrb\db��IhdZaZgh��qlh�hkgh\ghc�
ijbqbghc�lZdh]h�wnn_dlZ�y\eyxlky�dmehgh\kdb_�\aZbfh^_ckl\by��KlZ[bebaZpby�i_j_aZ�
jy`_ggh]h�dhfie_dkZ�dmehgh\kdbfb�\aZbfh^_ckl\byfb�fh`_l�[ulv�h[tykg_gZ�ke_^mx�
sbf�h[jZahf��?keb�jZaf_j�ihebZgbhggh]h�dhfie_dkZ�^hklZlhqgh�\_ebd��lh�\g_rgb_�ih�
ebdZlbhgu�fh]ml�ihgbablv�k\hx�wg_j]bx�\oh`^_gb_f�\�dhfie_dk��L_f�kZfuf�h[_ki_qb�
\Z_lky��jZafZau\Zgb_��aZjy^Z�ih�[hevr_c�ih\_joghklb��GZfb�[ueb�mql_gu�lZd`_�\deZ^u�
ijhlb\hbhgh\�b�mijm]hklb�fZdjhfhe_dme�\�ijhp_kk�i_j_aZjy^db�b�bamq_gZ�bo�jhev�� 

 
 

M>D�541.64:532.73 

K<HCKL<:�=J?;G?H;J:AGUO�KHIHEBF?JH<��
:>KHJ;BJH<:GGUO�G:�IH<?JOGHKLB 

∗∗Ihih\�D�B���Ihl_fdbg�B�B� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

Ba\_klgh��qlh�ijb�Z^khj[pbb�]j_[g_h[jZaguo�fZdjhfhe_dme��s_lhd��gZ�iehkdhc�
ih\_joghklb�gZ[ex^Zxlky�hkh[_gghklb�\�bo�dhgnhjfZpbhgghf�ih\_^_gbb��<�qZklgh�
klb�� [ueh� h[gZjm`_gh�� qlh� kbevgZy� Z^khj[pby� [hdh\uo� p_i_c� gZjmrZ_l� ehdZevgmx�
kbff_ljbx�fZdjhfhe_dmeu�b�\_^_l�d�__�kihglZgghfm�bkdjb\e_gbx��dhlhjh_�oZjZdl_�
jbam_lky�hilbfZevghc�djb\baghc�>�@��>ey�^hklb`_gby�hldebdZ�gZ�\g_rgb_�\ha^_ckl\by��
dhlhju_�[ueb�[u�kihkh[gu�dhgljhebjh\Zlv�dhgnhjfZpbx�fZdjhfhe_dme��[ueb�kbgl_�
abjh\Zgu� s_ldb�� kh^_j`Zsb_� [hdh\u_� p_ib� jZaebqghc� obfbq_kdhc� kljmdlmju� >�@��
GZb[he__�oZjZdl_jgu_�gZ[ex^Z_fu_�dhgnhjfZpbb�fZdjhfhe_dme�lZdh]h�lbiZ�b�ko_fZ�
lbqgh_�bah[jZ`_gb_�\gmljbfhe_dmeyjghc�kljmdlmju�ijb\_^_gu�gZ�jbk���� 

 

 
 
P_evx� gZklhys_c� jZ[hlu� y\ey_lky� l_hj_lbq_kdh_� bamq_gb_� jZ\gh\_kguo� dhg�

nhjfZpbc� kbevgh� Z^khj[bjh\Zgguo� �^\mf_jguo��s_lhd��[hdh\u_�p_ib�dhlhjuo�y\ey�
xlky� g_kh\f_klbfufb� ]hfhihebf_jZfb� ^\mo� khjlh\� �:� b� <���<�fh^_eb� mqblu\Z_lky�
\aZbfh^_ckl\b_�[hdh\uo�p_i_c�k�\g_rg_c�kj_^hc��Ij_^iheZ]Z_lky�lZd`_��qlh�[hdh\u_�
                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 

Jbk�� ��� <bamZebaZpby� �f_lh^hf�
Zlhfghc� kbeh\hc� fbdjhkdhibb��
dhgnhjfZpbc� ]j_[g_h[jZaguo�
fZdjhfhe_dme��m�dhlhjuo�� �\_jo�
gyy�fbdjh]jZnby�������[hdh\uo�
p_i_c� y\eyxlky� iheb\bgbeibjh�
eb^hghf� �PVP��� Z� hklZevgu_ ih�
ebf_lbef_lZdjbeZlhf� �PMMA); 
�gb`gyy� fbdjh]jZnby�� ���� - 
PVP, 27% - PMMA���FZdjhfhe_�
dmeu� Z^khj[bjh\Zgu� gZ� ih\_jo�
ghklb� kex^u�� Ke_\Z� hl� fbdjh�
]jZnbc� ij_^klZ\e_gh� ko_fZlbq_�
kdh_� bah[jZ`_gb_� \gmlj_gg_c�
kljmdlmju�fZdjhfhe_dmeu 
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p_ib� kihkh[gu� ijbgbfZlv� jZaebqgu_� iheh`_gby� hlghkbl_evgh� hkgh\ghc� p_ib�� K\h�
[h^gZy�wg_j]by�gZ�_^bgbpm�^ebgu�fZdjhfhe_dmeu�ij_^klZ\bfZ�\�\b^_�kmffu�mijm]hc�
wg_j]bb� jZkly`_gby� [hdh\uo� p_i_c� b� wg_j]bb� dhglZdlh\� [hdh\uo� p_i_c� jZaebqgh]h�
khjlZ�^jm]�k�^jm]hf�� 

Hkgh\gu_� j_amevlZlu� gZrbo� bkke_^h\Zgbc� ij_^klZ\e_gu� gZ� jbkmgd_� ��� A^_kv�

12 fff −=∆  -� jZaghklv� k\h[h^guo� wg_j]bc�^\mo� khklhygbc��<� h^ghf�ba�gbo�[hdh\u_�
p_ib� iheghklvx� k_]j_]bjh\Zggu� hlghkbl_evgh� hkgh\ghc� p_ib�� l�_�� \k_� p_ib� khjlZ� : 
jZkiheZ]Zxlky�ih�h^gm�klhjhgm�hl�hkgh\ghc�p_ib��Z�khjlZ�< –�ih�^jm]mx�� 1f ���<�^jm]hf�

khklhygbb��[hdh\u_�p_ib�jZagh]h�khjlZ�fh]ml�kf_rb\Zlvky�^jm]�k�^jm]hf�� 2f ). z�y\ey�
_lky�[_ajZaf_jghc�djb\baghc�fZdjhfhe_dmeu��B�\�lhf�b�\�^jm]hf�khklhygbb�fZdjhfh�
e_dmeZ�fh`_l�bf_lv�hilbfZevgmx�djb\bagm��<�i_j\hf�kemqZ_�hgZ�fh`_l�\hagbdZlv�ba-
aZ�jZaghklb�^ebgu�[hdh\uo�p_i_c�jZaebqgh]h�khjlZ�beb�ba-aZ�jZaghc�bo�^heb��lZd�gZau�
\Z_fZy�©wg_j]_lbq_kdZyª�djb\bagZ���<h�\lhjhf�khklhygbb��dZd�b�\�kemqZ_�s_lhd�k�h^gh�
jh^gufb� [hdh\ufb� p_iyfb� >�@�� hilbfZevgZy� djb\bagZ� \hagbdZ_l� aZ� kq_l� ehdZevgh]h�
i_j_jZkij_^_e_gby�[hdh\uo�p_i_c�ih�h^gm�klhjhgm�hl�hkgh\ghc�p_ib�s_ldb��qlh�y\ey�
_lky�\u]h^guf�ih�wgljhibcguf�ijbqbgZf� �lZd�gZau\Z_fZy� ©wgljhibcgZyª�djb\bagZ���
Hq_\b^gh��qlh�ijb�[hevrbo� agZq_gbyo�dhwnnbpb_glZ�g_kh\f_klbfhklb� γ , f∆ �\k_]^Z�
iheh`bl_evgh-�hij_^_e_gZ��qlh�hagZqZ_l�ihegmx�k_]j_]Zpbx�[hdh\uo�p_i_c�b�gZebqb_�
m�s_ldb�©wg_j]_lbq_kdhcª�djb\bagu��H^gZdh��ijb�mf_gvr_gbb� γ ��klZgh\blky�\hafh`�
guf�kf_r_gb_�[hdh\uo�p_i_c�b� f∆ �fh`_l�klZlv�hljbpZl_evghc��qlh�khhl\_lkl\m_l�klZ�
[bevghklb� ©wgljhibcghcª� djb\bagu��WlZ� djb\bagZ� hij_^_ey_lky� ba� mkeh\by� iehlghc�
miZdh\db�khk_^gbo�\^hev�s_ldb�mqZkldh\�b�_c�khhl\_lkl\m_l�imgdlbjgZy�ebgby�gZ�jb�
k� 2.  

1,40 1,45 1,50

-0,003

0,000

           γ
1) 0.03
2) 0.07
3) 0.09
4) 0.2
5) γ

max

6) 0.25
 f

critic

6)

5)

4)

3)

2)

1)

∆f

Z

 
 

 

Jbk�� ���=jZnbd� aZ\bkbfhklb�jZa�
ghklb� k\h[h^ghc� wg_j]bb� fhe_�
dmeu� \� gZqZevghc� b� l_dms_c�
dhgnhjfZpbb� hl� djb\bagu�
(x=7/5,φ=0.7��� Imgdlbjghc� djb�
\hc� ihdZaZgh� agZq_gb_� k\h[h^�
ghc� wg_j]bb� ijb� fZdkbfZevgh�
\hafh`ghc�djb\bag_ 

Jbk�� �� =jZnbd� aZ\bkbfhklb� djb�
\bagu� fhe_dmeu� hl� iZjZf_ljZ�
\aZbfh^_ckl\by�� <� dZq_kl\_� ijb�
f_jZ� ijb\_^_gh� ko_fZlbq_kdb_�
bah[jZ`_gby� dhgnhjfZpbb� fhe_�
dmeu�ijb��Z��©Wgljhibcghcª�djb�
\bag_� b�� ©Wg_j]_lbq_kdhcª� djb�
\bag_ 
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Djb\bagZ�s_ldb��dZd�nmgdpby� γ ij_^klZ\e_gZ�gZ�jbk�� ���Ijb�fZeuo� agZq_gbyo�
γ ijhbkoh^bl�fhghlhgguc�jhkl�©wgljhibcghcª�djb\bagu��dhlhjZy�ijb�[hevrbo�agZq_�
gbyo�γ �kf_gy_lky�©wg_j]_lbq_kdhcª�djb\baghc��g_�aZ\bkys_c�hl�γ .  

Ebl_jZlmjZ 
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M>D����������������� 

DHFIVXL?JGH?�FH>?EBJH<:GB?�@?KLDH-P?IGUO 
IHEBBHGH<�<;EBAB 

IJHLB<HIHEH@GH�A:JY@?GGUO�IH<?JOGHKL?C 

Kibjbg�E�:���B\Zgh\�<�:� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� ^Zgghc� jZ[hl_� k� ihfhsvx� dhfivxl_jgh]h�fh^_ebjh\Zgby�f_lh^hf�Fhgl_–
DZjeh� [ueb� bkke_^h\Zgu� k\hckl\Z� jZkl\hjZ� ebg_cguo�`_kldh-p_iguo� ihebbhgh\� kh�
k\h[h^gufb�dhgljbhgZfb�f_`^m�ijhlb\hiheh`gh�aZjy`_ggufb�ih\_joghklyfb��AZjy�
`_ggu_� kl_j`gb� bf_xl� l_g^_gpbx� nhjfbjh\Zlv� g_fZlbq_kdbc� `b^dbc� djbklZee� b�
klZgh\blvky�iZjZee_evgufb�^jm]�^jm]m�[eZ]h^Zjy�bo�kbevghfm�[hdh\hfm�hllZedb\Zgbx�
ijb�\ukhdhc�dhgp_gljZpbb��;ueh�ihdZaZgh��qlh�ijb�m\_ebq_gbb�dhgp_gljZpbb�ihebbh�
gu� gZqbgZxl� dZkZlvky� ^jm]� ^jm]Z��Ihwlhfm� dhgljbhgu�� y\eyxsb_ky� ihkj_^gbdZfb� \�
ijbly`_gbb�f_`^m�iheh`bl_evgh�aZjy`_ggufb�ihebbhgZfb��fh]ml�dZj^bgZevgh�baf_�
gblv�nbabq_kdmx�dZjlbgm�^Zggh]h�y\e_gby�� 

;ueb�bamq_gu�wnn_dlu��\hagbdZxsb_�\�keh_�f_`^m�^\mfy�aZjy`_ggufb�ih\_jo�
ghklyfb��dZd�nmgdpbb�rbjbgu�kehy��IhdZaZgh��qlh�`_kldb_�kl_j`gb�b�iheh`bl_evgh�aZ�
jy`_ggu_�bhgu�ehdZebamxlky�hdheh� aZjy`_gguo�ih\_joghkl_c��hljbpZl_evgh� aZjy`_g�
gu_�dhgljbhgu�jZkiheZ]Zxlky�\�p_glj_�jZkkfZljb\Z_fhc�kbkl_fu��Kbkl_fu�k�[he__�\u�
khdbfb�dhgp_gljZpbyfb��dZd�[ueh�ihdZaZgh��bf_xl�[he__�\ukhdbc�iZjZf_lj�hjb_glZpb�
hggh]h�ihjy^dZ�b�[he__�\ukhdbc�mjh\_gv�dhjj_eypbc�f_`^m�kl_j`gyfb��;ueh�h[gZjm�
`_gh��qlh�ijb�g_[hevrbo�dhgp_gljZpbyo�kl_j`g_c��dh]^Z�ihebbhgu�gZoh^ylky�hlghkb�
l_evgh�^Ze_dh�^jm]�hl�^jm]Z��iheh`bl_evgh�aZjy`_ggu_�k\h[h^gu_�bhgu�jZkiheZ]Zxlky�
[eb`_�d�kl_j`gyf��q_f�hljbpZl_evgh�aZjy`_ggu_�dhgljbhgu��:�lZd`_�[ueb�hij_^_e_gu�
k\hckl\Z�kljmdlmju�b�wg_j]bb�ijb�jZaebqguo�aZjy^Zo�b�^ebgZo�ebg_cguo�p_i_c�� 

Fh^_ebjh\Zgb_� \_ehkv� f_lh^hf�Fhgl_–DZjeh� k� i_jbh^bq_kdbfb� ]jZgbqgufb�
mkeh\byfb�ih� ^\mf� hkyf��ijb� wlhf�bkihevah\ZeZkv�ijhklZy�fh^_ev� kbkl_fu�`_kldbo�
aZjy`_gguo� kl_j`g_c�f_`^m�ijhlb\hiheh`gh� aZjy`_ggufb�b�g_cljZevgufb�ih\_jo�
ghklyfb�k�kbkl_fhc�dhgljbhgh\��Mqblu\Zehkv�lhevdh�dmehgh\kdh_�\aZbfh^_ckl\b_��<�
^Zgghc�kbkl_f_�jZ^bmk�h[j_adb�ihl_gpbZeZ�jZ\_g�jZaf_jm�[Zah\hc�yq_cdb�i_jbh^bq_�
kdbo�]jZgbqguo�mkeh\bc�� 
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M>D���������� 

HILBQ?KDB?�F?LH>U�BKKE?>H<:GBY�IHEBF?JH<�B 
FGH=HDHFIHG?GLGUO�KBKL?F 

@hem^v�:�:��B]gZlv_\�:�:� 

Hj_g[mj]kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

;ueZ�jZajZ[hlZgZ�mgb\_jkZevgZy�hilbq_kdZy�mklZgh\dZ��iha\heyxsZy�\_klb�bk�
ke_^h\Zgby�^\mfy�g_aZ\bkbfufb�f_lh^Zfb��<h-i_j\uo��wlh�exfbg_kp_glgu_�f_lh^u��
dhlhju_� iha\heyxl� j_]bkljbjh\Zlv� ^\Z� lbiZ� kb]gZeh\� k\_q_gby� –� Zggb]beypbhggmx�
aZf_^e_ggmx�nemhj_kp_gpbx� b�nhknhj_kp_gpbx� djZkbl_ey��<h� \lhjuo� -� [_auaemqZ�
l_evguc� eZa_jhbg^mpbj\Zgguc� f_lh^� bkke_^h\Zgby�� hkgh\Zgguc� gZ� ljbie_l-
ljbie_lghf��L-L��ih]ehs_gbb�ahg^bjmxs_]h�baemq_gby��Wlb�f_lh^u�iha\heyxl�hij_�
^_eblv�wnn_dlb\gh_�\j_fy�`bagb�ljbie_lguo�khklhygbc�fhe_dme�djZkbl_ey��b�hihkj_�
^h\Zggh�ba�g_]h�-�dbkehjh^hijhgbpZ_fhklv�b�^bnnmabhggmx�kihkh[ghklv�dbkehjh^Z�\�
bkke_^m_fhc�kbkl_f_��GZ�^Zgghc�mklZgh\d_�gZfb�[ueb�ijh\_^_gu�bkke_^h\Zgby�dbg_�
lbdb�L-L�ih]ehs_gby�gZ�hj]Zgbq_kdbo�djZkbl_eyo�\�ihebf_jguo�fZljbpZo�Iheb\bgbe�
;mlbjZey� �I<;��� b� [_edh\uo� kljmdlmjZo�� Dhebq_kl\_ggh� wnn_dl� baf_g_gby� \j_f_gb�
`bagb�L-khklhygby�fhe_dmeu�djZkbl_ey�ijb�baf_g_gbb�^Z\e_gby�hl�Zlfhkn_jgh]h�^h�

210− �ff�jl�kl��khklZ\be��^ey�whabgZ�\���jZa��^ey�wjbljhabgZ���jZaZ��Wlh�ijhbkoh^bl��ih�
lhfm�qlh�kh[kl\_ggh_�\j_fy�`bagb�WhabgZ�\�ljbie_lghf�khklhygbb�ijbf_jgh�\���jZaZ�
\ur_��q_f�m�WjbljhabgZ��ke_^h\Zl_evgh��\_jhylghklv�\aZbfh^_ckl\by�k�fhe_dmeZfb�O2 
\ur_��>ey�j_]bkljZpbb� keZ[uo� kb]gZeh\�emqr_�bkihevah\Zlv�Wjbljhabg�� lZd�dZd� _]h�
fhe_dmeu�h[eZ^Zxl�[hevrbf�\uoh^hf�\�ljbie_lgh_�khklhygb_��������Jy^�h[jZaph\�[ue�
bkdmkkl\_ggh� wdjZgbjh\Zg� keh_f� [bhihebf_jh\��Wlh�iha\hebeh� hij_^_eblv� ^hihegb�
l_evgu_�oZjZdl_jbklbdb� wdjZgbjmxs_]h�ihdjulby��Iml_f�fZl_fZlbq_kdhc�h[jZ[hldb�
wdki_jbf_glZevguo�]jZnbdh\�[ueb�hij_^_e_gu�wnn_dlb\gu_�\j_f_gZ�`bagb�Zdlb\guo�
p_gljh\�\�bkke_^m_fhf�h[jZap_��Ihke_�wdjZgbjh\db�ie_gdb�I<;�k�Zdlb\gufb�p_gljZ�
fb�keh_f�nb[jhebabgZ�baf_g_gb_�wnn_dlb\gh]h�\j_f_gb�`bagb�whabgZ��ijb�baf_g_gbb�
^Z\e_gby�hl�Zlfhkn_jgh]h�^h� ��-2

�ff�jl�kl���mf_gvrbehkv�\� ����jZaZ�ih�hlghr_gbx�d�
g_wdjZgbjh\Zgghc�ie_gd_��^ey�ie_gdb�k�wjbljhabghf�wdjZgbjh\Zgghc�nb[jhebabghf�- 
mf_gvrbehkv�\� ����jZaZ��^ey�ie_gdb�wjbljhabgZ��wdjZgbjh\Zgghc�ebahpbfhf� -�mf_gv�
rbehkv�\�����jZaZ��Hlkx^Z�fh`gh�aZdexqblv��qlh�ie_gdZ�nb[jhebabgZ�f_g__�dbkehjh�
^hijhgbpZ_fZy��eb[h�hgZ�[he__�jZ\ghf_jgh�b�[_a�^_n_dlh\�aZihegy_l�\kx�ih\_joghklv�
h[jZapZ� 

Djhf_�lh]h��gZfb�[ue�h[gZjm`_g�lZd�gZau\Z_fuc�\_glbevguc�wnn_dl��dhlhjuc�
aZdexqZ_lky�\�ke_^mxs_f��oZjZdl_jbklbq_kdh_�\j_fy�^bnnmabb�dbkehjh^Z�\gmljv�h[�
jZapZ�q_j_a�wdjZgbjmxsmx�ie_gdm�g_�jZ\gh�\j_f_gb�\uoh^Z�fhe_dme�dbkehjh^Z�h[jZl�
gh��>ey�lh]h��qlh[u�h[gZjm`blv�wlhl�wnn_dl�ihlj_[h\ZeZkv�h[jZ[hldZ�j_amevlZlh\�wdk�
i_jbf_glh\�ih�f_^e_gghc�dbg_lbd_�\�k_dmg^ghf�fZkrlZ[_�\j_f_g��GZb[hevrZy�wnn_d�
lb\ghklv�\_glbevgh]h�wnn_dlZ�gZ[ex^ZeZkv�^ey�h[jZaph\��\�dhlhjuo�\�dZq_kl\_�wdjZgZ�
bkihevah\Zebkv�nb[jhebabg�b�ebahpbf��Hlebqb_�mdZaZgguo�\j_f_g�^ey�ie_gdb�wjbljh�
abgZ�\�I<;�wdjZgbjh\Zggh]h�ebahpbfhf�khklZ\beh�a�����Z�^ey�ie_gdb�wdjZgbjh\Zgghc�
nb[jhebabghf�a�����LhesbgZ�wdjZgbjmxs_]h�kehy�khklZ\beZ����fdf� 
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M>D������� 

KBGL?A�IHEB?GH<UO�KLJMDLMJ�G:�HKGH<?�I<O�B�IWGI� 

DZ^ujh\�J�=� 

;Zrdbjkdbc�=hkm^Zjkl\_gguc�Mgb\_jkbl_l 

H^gbf�ba�wnn_dlb\guo�f_lh^h\�ihemq_gby�\ukhdh^bki_jkguo�ihjhrdh\uo�ih�
ebf_jguo�fZl_jbZeh\� y\ey_lky� \ukhdhl_fi_jZlmjgh_� k^\b]h\h_�baf_evq_gb_� �<LKB��
ihebf_jh\�\�jhlhjghf�^bki_j]Zlhj_�ki_pbZevghc�dhgkljmdpbb�>�-�@��>Z\e_gb_��hdZau�
\Z_fh_�gZ�fZl_jbZe��iha\hey_l�aZiZklb�_fm�mijm]mx�wg_j]bx��dhlhjZy�ih^�\ha^_ckl\b�
_f� k^\b]h\hc� ^_nhjfZpbb� j_Zebam_lky� � \� ihemq_gbb� \ukhdh^bki_jkguo� ihebf_jguo�
kbkl_f��<� wlhc� k\yab�ijbf_g_gb_�<LKB�^ey�ihemq_gby�iheb_gh\uo� kbkl_fgZ�hkgh\_�
ihebf_jguo�dhfihabpbb� y\ey_lky� ZdlmZevghc� aZ^Zq_c�dZd� k�gZmqghc�b� lZd�ijZdlbq_�
kdhc�lhqdb�aj_gby� 

Bkke_^h\Zgb_�iheb_gh\uo�kbkl_f�ijh\h^behkv�gZ�fbdjhkdhi_�6ROYHU�3���\�j_�
`bf_�Zlhfgh-kbeh\hc�fbdjhkdhibb��:KF���OZjZdl_j�nZah\h]h�bah[jZ`_gby�iha\hey_l�
k^_eZlv�\u\h^�h�\ukhdhc�h^ghjh^ghklb�ihebf_jghc�kbkl_fu��Ihemq_ggu_�^Zggu_�ih�
a\heyxl�ij_^iheh`blv��qlh�fZdjhfhe_dmeu�^\mo�jZaghjh^guo�ihebf_jh\�\�mkeh\byo�
<LKB�kh\f_s_gu�k�\ukhdhc�kl_i_gvx�]hfh]_gghklb�gZ�mjh\g_�[ebadhf�d�fhe_dmeyj�
ghfm�� qlh�oZjZdl_jgh�ijb� kh\f_s_gbb� dhfihg_glh\� \�mkeh\byo�h^gh\j_f_ggh]h� \ha�
^_ckl\by�\ukhdh]h�^Z\e_gby�b�^_nhjfZpbb�k^\b]Z�>�@� 

Ijb�bamq_gbb�iheb_gh\uo�kbkl_f�khklhysbo�ba�^\mo�l_jfh^bgZfbq_kdb�g_kh�
\f_klbfuo�ihebf_jh\�I<O�b�IWGI��ihemqZ_fuo�\�mkeh\byo�<LKB��\uy\e_gh�\ebygb_�
\lhjh]h�ihebf_jZ�gZ�l_jfhmklhcqb\hklv�I<O��GZ�djb\hc�aZ\bkbfhklb�kdhjhklb�^_]b^�
jhoehjbjh\Zgby�I<O� hl� kh^_j`Zgby�IWGI� gZ[ex^Z[lky� ljb� dhgp_gljZpbhgghc� h[�
eZklb�� h[eZklv� ^h� ���fZk���� ]^_�IWGI� ijZdlbq_kdb� g_� \eby_l� gZ� _]h� l_jfhmklhcqb�
\hklv��\�h[eZklb�kh^_j`Zgby�IWGI���-���fZk����aZf_lgh�mkdhjyxs__�\ebygb_�gZ�kdh�
jhklv�^_]l^jhoehjbjh\Zgby�I<O��h[eZklv�kh^_j`Zgbc�IWGI�\�ihebf_jghc�kf_kb�[h�
e__����fZk����]^_�ijhy\ey_lky�agZqbl_evgh_�m\_ebq_gb_�kdhjhklb�^_]b^jhoehjbjh\Zgby�
I<O��Ih^h[gh_�\ebygb_�IWGI�gZ�kdhjhklv�^_]b^jhoehjbjh\Zgby�I<O�\�^Zgghc�dhf�
ihabpbb�y\ey_lky�g_h`b^Zgguf��ihkdhevdm�ijb�ijhklhf�f_oZgbq_kdhf�kf_r_gbb�ih�
jhrdh\�bkoh^guo�ihebf_jh\��ihebwlbe_g�\�kbem�obfbq_kdhc�bg_jlghklb�b�mklhcqb\h�
klb�\�mkeh\byo�ijh\_^_gby�l_jfh^_kljmdpbb�gbdZdh]h�\ebygby�gZ�mklhcqb\hklv�I<O�
g_�hdZau\Z_l�� 

Eb�l_jZlmjZ 
��� ?gbdhehiyg� G�K��� Njb^fZg� F�E�� D� \hijhkm� h� f_oZgbaf_� mijm]h-

^_nhjfZpbhggh]h�baf_evq_gby�ihebf_jguo�fZl_jbZeh\���>hdeZ^u�:G�KKKJ��–�������l��
����������k�����-382. 

���:dhiyg�?�:���DZjfbeh\�:�X���Gbdhevkdbc�<�=���OZqZljyg�:�F���?gbdhehiyg�
G�K�� Mijm]h-^_nhjfZpbhggh_� baf_evq_gb_� l_jfhieZklh\� ��� � >hdeZ^u� :G� � KKKJ�� – 
������l������������k�����-136. 

���?gbdhehiyg�G�K���:dhiyg�?�E���DZjfbeh\�:�X���Gbdhevkdbc�<�=���OZqZljyg�
:�F��Ihemq_gb_�\ukhdh^bki_jkguo�ihjhrdh\uo�fZl_jbZeh\�gZ�hkgh\_�l_jfhieZklh\�b�
bo� kf_k_c� f_lh^hf� mijm]h-^_nhjfZpbhggh]h� baf_evq_gby� ��� <ukhdhfhe_d�� kh_^�� – 
�������:��l������������k������-2409. 

���?gbdhehih\�G�K��L\_j^hnZagu_�j_Zdpbb��b�gh\u_�l_ogheh]bb����Mki_ob�obfbb�
-�������l�����������k�����-594. 
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M>D������� 

J?AHG:GKG:Y�>BNJ:DPBY�KBGOJHLJHGGH=H�BAEMQ?GBY�<�
HDKB>?�PBGD:��L?JFHBG>MPBJH<:GGU?�©A:IJ?S?GGU?ª�

HLJ:@?GBY 

DheqbgkdZy�:�F� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

;hevrhc�bgl_j_k�d�rbjhdhahgguf�ihemijh\h^gbdh\uf�fZl_jbZeZf�klbfmebjh�
\Zg�ihl_gpbZevgufb�\hafh`ghklyfb�bo�bkihevah\Zgby��gZijbf_j��\�hilhwe_dljhgbd_�b�
we_dljhgbd_�[hevrbo�fhsghkl_c��Hdkb^�pbgdZ�ZnO (Eg �����w<��h[eZ^Z_l�k�wlhc�lhqdb�
aj_gby�\_kvfZ�ijb\e_dZl_evgufb�nbabq_kdbfb�k\hckl\Zfb�b�y\ey_lky�^hklmiguf�fZ�
l_jbZehf��<�ihke_^g__�\j_fy�[ueh�ihemq_gh�[hevrh_�dhebq_kl\h�jZaghh[jZaguo�gZgh�
kljmdlmj�gZ�hkgh\_�ZnO��\�lhf�qbke_��gZghijh\hehdb��gZghkl_j`gb��gZghfhklbdb�b�^j���
dhlhju_�\�[m^ms_f�fh]ml�gZclb�ijbf_g_gb_�we_dljhgbd_��LZd`_�ihdZaZgh��qlh�^h[Z\db�
fZ]gblguo�we_f_glh\�^_eZxl ZnO�fZl_jbZehf��i_jki_dlb\guf�^ey�kibgljhgbdb��<�gZ�
klhys_c�jZ[hl_�^ey�bamq_gby� k\hckl\�ZnO�bkihevah\Zg�gh\uc�f_lh^��hkgh\Zgguc�gZ�
j_ahgZgkghc� ^bnjZdpbb� kbgojhljhggh]h� baemq_gby� k� ^ebghc� \hegu�� [ebadhc� d� djZx�
ih]ehs_gby�Zn. 

<�h[eZklb�[eb`g_c�lhgdhc�kljmdlmju�djZy�ih]ehs_gby�Zlhfgu_�nZdlhju�klZgh�
\ylky�l_gahjgufb�b�kh^_j`Zl�g_^bZ]hgZevgu_�we_f_glu�\�l_o�kemqZyo��dh]^Z�ehdZevgZy�
kbff_ljby�hdjm`_gby�jZkk_b\Zxsbo�Zlhfh\�gb`_�dm[bq_kdhc��?keb�ijb�wlhf�djbklZee�
kh^_j`bl�\bglh\u_�hkb�beb�iehkdhklb�kdhev`_gby��lh�\�^bihev-^bihevghf�ijb[eb`_�
gbb�fh]ml�\hagbdgmlv�hljZ`_gby��aZij_s_ggu_�ih�kbff_ljbcguf�ijbqbgZf�\^Zeb�hl�
djZ_\�ih]ehs_gby�>�@��?keb�ih]ZkZgby�\�^bihev-^bihevghf�ijb[eb`_gbb�g_�kgbfZxl�
ky�� hgb� fh]ml� \hagbdZlv� [eZ]h^Zjy� \deZ^m� i_j_oh^h\� \ukrbo� ihjy^dh\� -� ^bihev-
d\Z^jmihevgh]h� b� d\Z^jmihev-d\Z^jmihevgh]h�� >hihegbl_evguc� \deZ^� \� ©aZij_s_g�
gu_ª� hljZ`_gby�fh`_l�[ulv� h[mkeh\e_g� kf_s_gbyfb� Zlhfh\�ba�iheh`_gbc�jZ\gh\_�
kby��\�j_amevlZl_�q_]h�ehdZevgZy�kbff_ljby�iheh`_gby�j_ahgZgkguo�Zlhfh\�ihgb`Z_l�
ky��<�qZklghklb�� kf_s_gby�fh]ml�[ulv�h[mkeh\e_gu� l_ieh\ufb�dhe_[Zgbyfb� Zlhfh\��
Khhl\_lkl\mxsb_� ©aZij_s_ggu_ª� hljZ`_gby� ihemqbeb� gZa\Zgb_� l_jfhbg^mpbjh\Zg�
guo�j_ne_dkh\��dhlhju_�[ueb�h[gZjm`_gu�wdki_jbf_glZevgh�\�djbklZeeZo�]_jfZgby�b�
hdkb^Z�pbgdZ� >��� �@��M�lZdbo�j_ne_dkh\�gZ[ex^Z_lky�ZghfZevgZy�l_fi_jZlmjgZy�aZ\b�
kbfhklv��k�jhklhf�l_fi_jZlmju�bo�bgl_gkb\ghklv�m\_ebqb\Z_lky� 

GZ� ?\jhi_ckdhf� bklhqgbd_� kbgojhljhggh]h� baemq_gby� �European Synchrotron 
Radiation Facility - ESRF��[ueb�ihemq_gu� wdki_jbf_glZevgu_� ki_dlju�ih]ehs_gby�b�
j_ahgZgkgh]h�jZkk_ygby�kbgojhljhggh]h�baemq_gby�\�djbklZee_�ZnO� >�@��Hdkb^�pbgdZ�
h[eZ^Z_l�kljmdlmjhc�\xjlpblZ� �ijhkljZgkl\_ggZy�]jmiiZ�P63mc), ]^_�Zlhfu�pbgdZ�aZ�
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gbfZxl�qZklgu_�iheh`_gby�k�kbff_ljb_c� m3 ��Bkke_^h\ZeZkv�l_fi_jZlmjgZy�aZkbkb�
fhklv� wg_j]_lbq_kdh]h� ki_dljZ� hljZ`_gby� ������ \� bgl_j\Ze_� l_fi_jZlmj� hl� ��D� ^h�
800D��;ueh�ihdZaZgh��qlh�bgl_gkb\ghklv�hljZ`_gby�jZkl_l�k�m\_ebq_gb_f�l_fi_jZlmju�
b�ijhbkoh^bl�i_j_kljhcdZ�wg_j]_lbq_kdh]h�ki_dljZ��kf��jbk����� 

EhdZevgZy� kbff_ljby�iheh`_gby� Zlhfh\�pbgdZ�g_�fh`_l�ijb\h^blv� d�ihy\e_�
gbx� j_ne_dkZ� ������� ihwlhfm� \hagbdgh\_gb_� wlh]h� j_ne_dkZ� fh`_l� [ulv� k\yaZgh� k�
\deZ^Zfb� \ukrbo� ihjy^dh\� beb� l_jfhbg^mpbjh\Zgguo� f_oZgbafhf��Ihwlhfm� p_evx�
^Zgghc�jZ[hlu�[ueh�h[tykg_gbx�gZ[ex^Z_fh]h�wnn_dlZ�b�fZl_fZlbq_kdh_�fh^_ebjh�
\Zgb_�j_ne_dkZ�������ijb�jZaguo�l_fi_jZlmjZo��K�wlhc�p_evx�[ueh�ijh\_^_gh�ij_^\Z�
jbl_evgh_� n_ghf_gheh]bq_kdh_� jZkkfhlj_gb_�� b� ihemq_gZ� nhjfmeZ� ^ey� kljmdlmjghc�
Zfieblm^u��aZij_s_ggh]h��j_ne_dkZ�lbiZ��hhl): 
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2 2 2 2
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5 5 5 5
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6 6 6 6
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]^_�ki –�hlghr_gb_�kf_s_gbc�Zlhfh\�=Q�b�2�\�i-c�fh^_�dhe_[Zgbc��u0i –�Zfieblm^u�gm�
e_\uo�dhe_[Zgbc�\�dZ`^hc�fh^_��T –�l_fi_jZlmjZ��k�–�dhwnnbpb_glu�kf_rb\Zgby�fh^��
<�wlhc�nhjfme_�kh^_j`blky�[hevrh_�qbkeh�g_ba\_klguo�iZjZf_ljh\��^ey�gZoh`^_gby�
dhlhjuo�[ueh�ijh\_^_gh�qbke_ggh_�fh^_ebjh\Zgb_�ijb�ihfhsb�ijh]jZffu�FDMNES 
>�@��<oh^gufb�iZjZf_ljZfb�^ey�wlhc�ijh]jZffu�[ueb�dhhj^bgZlu�Zlhfh\�we_f_glZj�
ghc� yq_cdb�� we_dljhggZy� kljmdlmjZ�� jZaf_j� jZkk_b\Zxs_]h� deZkl_jZ��Fh^_ebjh\Zgb_�
ijh\h^behkv�^ey�deZkl_jZ�w-ZnO�jZ^bmkhf�����Å, kh^_j`Zs_]h����Zlhfh\�\���dhhj^b�
gZpbhgguo� kn_jZo�� J_amevlZl� qbke_ggh]h� fh^_ebjh\Zgby� ©aZij_s_ggh]hª� j_ne_dkZ�
������ \� w-ZnO� ijb� l_fi_jZlmj_� ���D� \� kjZ\g_gbb� k� wdki_jbf_glZevgh� ihemq_gguf�
ki_dljhf�ij_^klZ\e_g�gZ�jbk�����B^_Zevgh]h�kh\iZ^_gby�djb\uo�wdki_jbf_glZevgh]h�b�
qbke_ggh� kfh^_ebjh\Zggh]h� ki_dljh\� g_� ^hklb]gmlh�� h^gZdh� l_hj_lbq_kdbc� ki_dlj�
hibku\Z_l�hkgh\gu_�hkh[_gghklb�wdki_jbf_glZevgh]h�� 
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Jbk�� ���J_amevlZlu�qbke_ggh]h�fh^_�
ebjh\Zgby� ©aZij_s_ggh]hª�j_ne_dkZ�
������\�w-ZnO�ijb�l_fi_jZlmj_����D 

Jbk�� ��� AZij_s_ggucª� [jw]]h\kdbc� j_ne_dk�
������\�w-ZnO 
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LZdbf� h[jZahf�� k^_eZgZ� ihiuldZ�n_ghf_gheh]bq_kdb� ijhykgblv� ijbqbgm� \ha�
gbdgh\_gby� l_jfhbg^mpbjh\Zgguo� ©aZij_s_gguoª�j_ne_dkh\� \�hdkb^_�pbgdZ��ijh\_�
^_gh�qbke_ggh_�fh^_ebjh\Zgb_�b�khihklZ\e_gb_�_]h�j_amevlZlh\�k�wdki_jbf_glZevgu�
fb�^Zggufb��<�^Zevg_cr_f�wlh�iha\hebl�ihemqblv�bgnhjfZpbx�h[�we_dljhgghc�kljmd�
lmj_�djbklZeeZ�ZnO�b�h�lhf��dZdb_�nhghggu_�fh^u�^Zxl�\deZ^u�ijb�jZaebqguo�l_fi_�
jZlmjZo� 

Ebl_jZlmjZ 
1. >fbljb_gdh�<�?���H\qbggbdh\Z�?�G��DjbklZeeh]jZnby��48 (2003) S59. 
2. Kokubun J., Kanazava M., Ishida K., Dmitrienko V.E. Temperature-induced distortions of 

electronic states observed via forbidden Bragg reflections in germanium. // Phys. Rev. B. 
2001. V. 64. P. 073203-1 - 073203-4. 

3. Kirfel A., Grybos J., Dmitrienko V.E. Phonon-electron interaction and vibration correla-
tions in germanium within a broad temperature interval. // Phys. Rev. B. 2002. V. 66. P. 
165202-1 - 165202-7. 

4. Collins S.P., Laundy D., Dmitrienko V. et al. Phys. Rev. B. 68 (2003) 064141. 
 
 

M>D��������������� 

BGL?JIJ?L:PBY�KI?DLJH<�J?AHG:GKGH=H�F:=GBLGH=H�
J:KK?YGBY�J?GL=?GH<KDBO�EMQ?C�HL�F:=GBLGUO�

FGH=HKEHCGUO�KLJMDLMJ 

∗Kf_oh\Z�:�=� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

J_gl]_gh\kdZy�fZ]gblhhilbdZ�–�gh\uc��[ukljh�jZa\b\Zxsbcky�f_lh^�bkke_^h�
\Zgby�fZ]gblguo�fmevlbkeh_\�b�ie_ghd��D�gZklhys_fm�\j_f_gb�gZ[ex^Zebkv�\k_�ba�
\_klgu_�wnn_dlu�fZ]gblhhilbdb�–�wd\ZlhjbZevguc�b�f_jb^bhgZevguc�wnn_dlu�D_jjZ��
^\memq_ij_ehfe_gb_��\jZs_gb_�iehkdhklb�iheyjbaZpbb�b�l�^��H^gZdh�gZb[he__�kms_�
kl\_gguf�ij_bfms_kl\hf�j_gl]_gh\kdhc�fZ]gblghc�j_ne_dlhf_ljbb�ih�kjZ\g_gbx�kh�
ki_dljhkdhib_c� ih]ehs_gby� y\ey_lky� __� k_e_dlb\gZy� qm\kl\bl_evghklv� d� jZkij_^_e_�
gbyf� gZfZ]gbq_gghklb� b� Zgbahljhibb� khklZ\eyxsbo� kljmdlmju� ih� ]em[bg_� kehy� gZ�
rdZe_�h^gh]h�i_jbh^Z�ijb�[jw]]h\kdhf�hljZ`_gbb�hl�i_jbh^bq_kdbo�kljmdlmj�beb���– 
���gf�\�h[eZklb�ihegh]h�hljZ`_gby��<�lh�`_�\j_fy�ijh[e_fZ�bgl_jij_lZpbb�ki_dljh\�
j_gl]_gh\kdh]h�j_ahgZgkgh]h�fZ]gblgh]h�hljZ`_gby�ijZdlbq_kdb�g_�jZajZ[Zlu\ZeZkv��
G_dhlhju_�Zki_dlu�wlhc�ijh[e_fu�ij_^klZ\e_gu�\�^Zgghc�jZ[hl_� 

J_r_gb_� aZ^Zqb� h[� hljZ`_gbb� hl� ijhba\hevghc� fgh]hkehcghc� Zgbahljhighc�
kj_^u��\�ijbgpbi_��ba\_klgh� >����@��H^gZdh�qlh[u�ijbf_gylv�wlhl�Ze]hjblf�d�fh^_eb�
jh\Zgbx�ki_dljh\�hljZ`_gby��g_h[oh^bfZ�ij_^\Zjbl_evgZy�bgnhjfZpby�h�j_ahgZgkguo�
aZ\bkbfhklyo� l_gahjZ� \hkijbbfqb\hklb� χ̂ � \[ebab� djZ_\�ih]ehs_gby�� ]^_� \ZjbZpbb� χ̂  
hq_gv� \_ebdb� �[he__�� q_f�gZ�ihjy^hd��� Z�g_^bZ]hgZevgu_� �fZ]gblgu_�� dhfihg_glu� χ̂  
fh]ml�^hklb]Zlv�����hl�^bZ]hgZevguo�agZq_gbc��JZaebqb_�^bZ]hgZevguo�agZq_gbc� χ̂ ��\�
k\hx�hq_j_^v��g_\_ebdh�b�ijhy\ey_lky�lhevdh�\�ki_pbZevguo�wdki_jbf_glZo��GZ�jbk���

                                                           
∗
�>hdeZ^�hlf_q_g�]jZfhlhc�dhgn_j_gpbb��dZd�emqrbc�gZ�ih^k_dpbb 
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ij_^klZ\e_gu�ebl_jZlmjgu_�^Zggu_�ih�j_amevlZlZf�jZaebqguo�wdki_jbf_glZevguo�bk�
ke_^h\Zgbc�ih^h[guo� aZ\bkbfhkl_c�^ey�`_e_aZ� �XMCD��wnn_dl�NZjZ^_y��k^\b]�[jw]�
]h\kdh]h�m]eZ�� 
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>Zggu_�\ZjbZpbb�iZjZf_ljh\�kj_^u� xxχ �\�j_ahgZgkghc�h[eZklb��dZd�b�gZebqb_�

fZ]gblghc�Zgbahljhighc�^h[Z\db� xyχ
��ijb\h^yl�d�kms_kl\_gguf�ke_^kl\byf�\�l_hjbb�

hljZ`_gby��LZd��ijb�bkke_^h\Zgbb�[jw]]h\kdh]h�hljZ`_gby�hl�i_jbh^bq_kdbo�kljmdlmj�
hdZau\Z_lky��qlh�iheh`_gb_��rbjbgZ�b�bgl_]jZevgZy�bgl_gkb\ghklv�[jw]]h\kdh]h�fZd�
kbfmfZ�kms_kl\_ggh�\Zjvbjmxlky�\�j_ahgZgkghc�h[eZklb�dZd�aZ�kq_l�baf_g_gby�^ebgu�
\hegu��lZd�b�aZ�kq_l�ij_ehfe_gby�b�ih]ehs_gby��aZ�qlh�hl\_qZxl�^bZ]hgZevgu_�dhfih�

g_glu� xxχ ���ijbq_f�gZ[ex^Z_fu_�baf_g_gby�fh]ml�bkihevah\Zlvky�^ey�g_ihkj_^kl\_g�
gh]h�hij_^_e_gby�j_ahgZgkguo�iZjZf_ljh\� 

BeexkljZpb_c�^Zgguo�\hafh`ghkl_c�y\eyxlky�ijh\_^_ggu_�fh^_evgu_�jZkq_�
lu� m]eh\uo� b� ki_dljZevguo� aZ\bkbfhkl_c� [jw]]h\kdh]h� hljZ`_gby� ^ey� Fljmdlmju�

>)H�&R@���k�i_jbh^hf������gf�b�bkihevah\Zgb_f�dhfihg_gl� xxχ , xyχ
�^ey�)H�ba�>�@� 

GZ�jbk����ijb\_^_gZ�ki_dljZevgZy�aZ\bkbfhklv�kf_s_gby�lhqgh]h�[jw]]h\kdh]h�

fZdkbfmfZ� �beb�\_dlhjZ�jZkk_ygby� BraggQ θ
λ

π
sin

4
= ���ihemq_ggZy�ba�jZkkqblZgguo�[_a�

mq_lZ�fZ]gblghc�^h[Z\db� xyχ �^bnjZdpbhgguo�djb\uo��Z�gZ�jbk����\hkklZgh\e_ggZy�ba�

wlhc� ©ik_\^h-wdki_jbf_glZevghcª�aZ\bkbfhklb�nmgdpby� xxReχ �k�ihfhsvx�dbg_fZlb�
q_kdhc�nhjfmeu�b�^bgZfbq_kdh]h�\ujZ`_gby�^ey�ihijZ\db�gZ�ij_ehfe_gb_�^ey�m]eZ�
;jw]]Z�>�������@�� 
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Jbk�� ��� Ki_dljZevgu_� aZ\bkbfhklb� ^bZ]h�
gZevguo�χxx (a, E��b�g_^bZ]hgZevguo�χxy (c, 
G�� dhfihg_gl� l_gahjZ� \hkijbbfqb\hklb� )H�
\[ebab�/����djZ_\�ih]ehs_gby��ihemq_ggu_�
wdki_jbf_glZevgh�ijb�bkke_^h\Zgbb�h[jZa�
ph\�qbklh]h�`_e_aZ�- 1 [3], Fe/V - 2 [4], Fe/Cr 
-���>�@�b�)H�&�- 4 [7] 
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Ihkdhevdm�jZkkfZljb\Z_fZy�fh^_ev�y\ey_lky�ijhf_`mlhqghc�f_`^m�^bgZfbq_�
kdbf�b�dbg_fZlbq_kdbf�jZkk_ygb_f��fh`gh�kqblZlv��qlh�^Zgguc�Ze]hjblf�\hkklZgh\�
e_gby�nmgdpbb� xxReχ � ^hklZlhqgh� ohjhrh� jZ[hlZ_l�� xxImχ �fh`_l� [ulv� hij_^_e_gZ� k�
ihfhsvx�ij_h[jZah\Zgby�DjZf_jkZ–Djhgbg]Z�beb�\hkklZgh\e_gZ�ba�ki_dljZevghc�aZ�
\bkbfhklb�i_j\h]h�[jw]]h\kdh]h�fZdkbfmfZ��kf��jbk������dZd�[ueh�k^_eZgh�\�>�@� 

Ijb�i_j_oh^_�d�kehbklh-Zgbahljhiguf�kj_^Zf��d�kh`Ze_gbx��ijhkl_crb_�khhl�
ghr_gby�^ey�k^\b]Z�[jw]]h\kdh]h�fZdkbfmfZ�i_j_klZxl�jZ[hlZlv�\ke_^kl\b_�kf_rb\Z�
gby�kh[kl\_gguo�iheyjbaZpbc��B��dZd�ihdZaZeb�fh^_evgu_�jZkq_lu��ih^h[guc�f_lh^�g_�
fh`_l�[ulv�bkihevah\Zg�^ey�hij_^_e_gby�fZ]gblguo�dhfihg_gl� xyχ �\�]_hf_ljbb�f_�

jb^bhgZevgh]h�wnn_dlZ�D_jjZ� 
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Jbk�����Ghjfbjh\Zggu_�ki_dlju�[jw]]h\kdh]h�hljZ`_gby�^ey�ijZ\hc� �ebgbb��b�
e_\hc��kbf\heu��djm]h\hc�iheyjbaZpbb��AgZq_gby�m]eh\�ijb\_^_gu�\�]jZ^mkZo 

 
H^gZdh�nhjfZ�ebgbb�j_ahgZgkgh]h� ki_dljZ�hljZ`_gby�b� _]h� Zkbff_ljby�ijb�

baf_g_gbb� gZijZ\e_gby� ihey� hklZxlky� gZb[he__� qm\kl\bl_evgufb� d� gZebqbx� fZ]�
gblgh]h�mihjy^hq_gby�b�_]h�jZkij_^_e_gbx�ih�]em[bg_��GZ�jbk����ijb\_^_gu�ki_dlju�
hljZ`_gby�� jZkkqblZggu_� \� ]_hf_ljbb� f_jb^bhgZevgh]h� wnn_dlZ� D_jjZ� k� mq_lhf�
©fZ]gblghcª� ^h[Z\db� xyχ � \[ebab� [jw]]h\kdh]h� hljZ`_gby�� JZaebqb_� jZkkqblZgguo�

ki_dljh\�^ey�^\mo�ijhkl_crbo�fh^_e_c�jZkij_^_e_gby�fZ]gblguo�fhf_glh\�^_fhg�
kljbjm_l�\hafh`ghklb�j_ahgZgkgh]h�fZ]gblgh]h�jZkk_ygby�j_gl]_gh\kdbo�emq_c�\�bk�
ke_^h\Zgbb� ijhnbe_c� fZ]gblgh]h� mihjy^hq_gby� j_ahgZgkguo� Zlhfh\� ih� i_jbh^m�
fgh]hkehcghc�kljmdlmju� 

Ebl_jZlmjZ 
1. :aaZf�J���;ZrZjZ�G��Weebikhf_ljby�b�iheyjbah\Zgguc�k\_l��F��Fbj������ 
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M>D 669.788:669.017.3 

IJHP?KKU�α β↔ �IJ?<J:S?GBC�<�KBKL?F? 
I:EE:>BC-F?>V-<H>HJH> 

Afb_gdh�>�K� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<�>�-�@�[ueh�mklZgh\e_gh��qlh�\�h^ghnZaguo�kieZ\Zo�gZ�hkgh\_�iZeeZ^by�ihke_�bo�
gZkus_gby�\h^hjh^hf��[_a�h[jZah\Zgby��-nZau���gZ[ex^Z_lky�g_fhghlhggZy�kljmdlmjgZy�
w\hexpby��dhlhjZy�fh`_l�[ulv�nZdlhjhf��kms_kl\_ggh�\ebyxsbf�gZ�ihy\e_gb_�\h^hjh^�
ghc�^_]jZ^Zpbb�\�wlbo�kbkl_fZo��H^gZdh�^h�gZklhys_]h�\j_f_gb�g_l�jZ[hl��\�dhlhjuo�[ueZ�
[u�ijhke_`_gZ�ih^h[gZy�w\hexpby�^ey�kieZ\h\��\�dhlhjuo�ihke_�gZkus_gby�bo�\h^hjh�
^hf�h[jZam_lky��-nZaZ��LZd`_�ba\_klgh��qlh�h^gbf�ba�iml_c�memqr_gby�k\hckl\�\h^hjh^h�
kh^_j`Zsbo�kh_^bg_gbc�b�]b^jb^h\�y\ey_lky�^h[Z\e_gb_�\�gbo�e_]bjmxsbo�^h[Z\hd�we_�
f_glh\�jZaghc�kl_i_gb�kjh^kl\Z�k�\h^hjh^hf�>�-�@��dhlhju_�d�lhfm�`_�fh]ml�kms_kl\_ggh�
mf_gvrblv�klhbfhklv�fZl_jbZeZ��Ihwlhfm�\�dZq_kl\_�h[t_dlZ�bkke_^h\Zgby�[ue�\ayl�h[jZ�
a_p�kieZ\Z�3G-��Zl�&X��hkgh\ghc�hkh[_gghklvx�dhlhjh]h�y\ey_lky�lh��qlh�ihke_�_]h�]b^�
jbjh\Zgby�h[jZam_lky��-nZaZ��kh^_j`Zgb_�\h^hjh^Z�\�dhlhjhc�fh`_l�^hklb]Zlv������>�-8]. 

;ueb� ijh\_^_gu� j_gl]_gh]jZnbq_kdb_� bkke_^h\Zgby� kljmdlmjguo� oZjZdl_jb�
klbd�h[jZapZ�kieZ\Z�b�bo�baf_g_gb_�ihke_�gZkus_gby�\h^hjh^hf�b�ihke_^mxs_c�j_�
eZdkZpbb��Baf_j_gby�ijh\h^bebkv�gZ�mkh\_jr_gkl\h\Zgghf�Z\lhfZlbabjh\Zgghf�dhf�
ie_dk_�>JHG-MF-��k�bkihevah\Zgb_f�fhghojhfZlbq_kdh]h�Cu–Kα1�baemq_gby��GZku�
s_gb_�\h^hjh^hf�ijh\h^behkv�we_dljheblbq_kdb� 

;ueh�mklZgh\e_gh��qlh�\�bkoh^ghf�khklhygbb�\�h[jZap_�ihke_�_]h�ijb]hlh\e_gby�
\hagbdZxl�mijm]b_�gZijy`_gby��σ��k`Zlby��gZijZ\e_ggu_�\^hev�ih\_joghklb�h[jZapZ��\_�

ebqbgZ�dhlhjuo�
260d] ffσ = − ��Ihke_�we_dljheblbq_kdh]h�gZkus_gby�h[jZapZ�\h^hjh�

^hf�ijb�iehlghklb�lhdZ����f:�kf��\�l_q_gb_����fbg�[h]ZlZy�\h^hjh^hf��-nZaZ�g_�h[jZam�
_lky��ohly��kh]eZkgh�ebl_jZlmjguf�^Zgguf��^he`gZ�kms_kl\h\Zlv�kf_kv�α-�b�β-�nZa�>�-4]. 
<ebygb_�\h^hjh^Z�k\h^blky�d�lhfm��qlh�kms_kl\_ggh�mf_gvrZ_lky�Z[khexlgZy�\_ebqbgZ�

mijm]bo�gZijy`_gbc��
215d] ffσ = − ���b�^bnjZdpbhggu_�fZdkbfmfu�klZgh\ylky�fgh]h�

ibdh\ufb��qlh�kh]eZkm_lky�k�^Zggufb� >�-�@��Ih^h[guc�j_amevlZl�fh`gh�h[tykgblv�l_f��
qlh�_s_�^h�gZkus_gby�kieZ\Z�\h^hjh^hf�\�g_f�bf__lky�[hevrh_�qbkeh�^_n_dlh\��h�q_f�
k\b^_l_evkl\m_l�kbevgh_�jZafulb_�^bnjZdpbhgguo�fZdkbfmfh\��Ihwlhfm�ih\lhjgh_�gZ�
kus_gb_�ijh\h^behkv�ijb�\^\h_�m\_ebq_gghc�iehlghklb�lhdZ��LZdh_�]b^jbjh\Zgb_�ijb\_�
eh�d�h[jZah\Zgbx��-�b�.-�nZa��JZkq_lu�ihdZaZeb��qlh�dhebq_kl\h��-nZau�\�h[eZklyo�jZaghc�
djbklZeeh]jZnbq_kdhc�hjb_glbjh\db�hdZaZehkv�jZaguf��b�h[s__�kh^_j`Zgb_�\h^hjh^Z�\��-

nZa_� 0.44H Pdn n =
��Ijb�j_eZdkZpbb�h[jZapZ�\�ghjfZevguo�mkeh\byo�gZ[ex^Zeky�ijhp_kk�

β α→ �ij_\jZs_gby��dhlhjuc�b^_l�k�\hajZklZxs_c�kdhjhklvx��Q_j_a���q�j_eZdkZpbb�gZ�
ebqb_��-nZau�\�h[jZap_�g_�gZ[ex^Zeb��;ueh�mklZgh\e_gh��qlh�mijm]b_�gZijy`_gby�k`Zlby�

\�α-nZa_�ljZgknhjfbjh\Zebkv�\�mijm]b_�gZijy`_gby�jZkly`_gby� �
245d] ffσ = ���lh]^Z�

dZd�\��-nZa_�hgb�khojZgbebkv��gh�bo�Z[khexlgZy�\_ebqbgZ�\hajhkeZ��
225d] ffσ = − ). 

IhdZaZgh��qlh�b�\�kemqZ_�h[jZah\Zgby��-nZau�\�α-nZa_�b^_l�fgh]hnZah\uc�jZk�
iZ^��Ih^h[guc�j_amevlZl�[ue�ihemq_g�\i_j\u_� 
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M>D������ 

I?J<HIJBGPBIGU?�BKKE?>H<:GBY�K<HCKL< 
M=E?JH>GUO�IJBF?K?C�<�DJBKL:EEBQ?KDBO�KLJMDLMJ:O�

@?E?A:��GBD?EY�B�BO�KH?>BG?GBYO 

Fmlb]meebg�B�<� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

<� l_q_gb_� ihke_^gbo� g_kdhevdbo� e_l� wdki_jbf_glZevgufb� f_lh^Zfb� Zdlb\gh�
bkke_^h\Zehkv�\ebygb_�f_lZeebq_kdbo�dZlZebaZlhjh\�i_j_oh^guo�f_lZeeh\�]jmiiu�`_�
e_aZ� �Fe, Co, Ni��gZ�ijhp_kk�]jZnblbaZpbb�m]e_jh^Z� >�-�@��Wlb�bkke_^h\Zgby�ihdZaZeb�
kbevgh_�\ebygb_�dZlZebaZlhjZ�gZ�fhjnheh]bx�b�jhkl�m]e_jh^guo�gZghkljmdlmj��gZghl�
jm[db��gZgh\hehdgZ�b�l�^����GZqZevgu_�klZ^bb�wlbo�ijhp_kkh\�h[mkeh\e_gu�\aZbfh^_c�
kl\b_f�m]e_jh^Z�k�dZlZebaZlhjhf�gZ�ih\_joghklb�b�\�djbklZeebq_kdhf�h[t_f_��<�wlhc�
jZ[hl_�fu�ijh\h^bf�i_j\hijbgpbigh_�bamq_gb_�l\_j^uo�jZkl\hjh\�C�\�djbklZeeZo�Fe, 
Ni� b� bo� kh_^bg_gbyo��FeNi3, FeNi, Fe3Ni��K\hckl\Z� m]e_jh^guo� ijbf_k_c� \�f_lZeeZo�
bamqZebkv�f_lh^hf�i_j\hijbgpbighc�^bgZfbdb�gZ�hkgh\_� l_hjbb�nmgdpbhgZeZ�iehl�
ghklb� k�bkihevah\Zgb_f�[ZabkZ�iehkdbo�\heg�b�mevljZfy]dbo�ik_\^hihl_gpbZeh\� >�@��
JZkq_lu� ihdZaZeb�� qlh� m]e_jh^� ij_^ihqblZ_l� aZgbfZlv� hdlZw^jbq_kdb_� imklhlu� \� j_�
r_ld_�f_lZeeZ�� lZd� dZd� wlh�fbgbfbabjm_l� wg_j]bx� ^_nhjfZpbb� djbklZeebq_kdhc� j_�
r_ldb��H[jZah\Zgb_�l\_j^uo�jZkl\hjh\�\g_^j_gby�wg_j]_lbq_kdb�\u]h^g_c��q_f�h[jZ�
ah\Zgb_�l\_j^uo�jZkl\hjh\� aZf_s_gby��JZaf_s_gb_�m]e_jh^Z�\�hdlhihjZo�ijb\h^bl�d�
kbevguf� ^_nhjfZpbyf� j_r_lhd�f_lZeeh\��Ba\_klgh�� qlh� yq_cdb�HPD-`_e_aZ�b�=PD-
gbd_ey�kh^_j`Zl�h^gm�hdlZw^jbq_kdmx�imklhlm��yq_cdb�`_�kieZ\h\�-�^\Z�g_wd\b\Ze_gl�
guo�hdlZw^jbq_kdbo�iheh`_gby��lZd��gZijbf_j��^ey�FeNi3�p_glj�i_j\hc�imklhlu�bf__l�
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��Zlhfh\�gbd_ey�\�i_j\hc�dhhj^bgZpbhgghc�kn_j_��Z�\lhjhc�–���ZlhfZ�gbd_ey�b���`_e_�
aZ���J_amevlZlu�jZkq_lh\�ihdZaZeb��qlh�\�`_e_a_�jZkklhygb_�hl�ZlhfZ�m]e_jh^Z� �p_glj�
hdlhw^jbq_kdhc�imklhlu��^h�Zlhfh\�`_e_aZ�\�i_j\hc�dhhj^bgZpbhgghc�kn_j_�m\_ebqb�
ehkv�gZ� �����ih�hlghr_gbx�d�b^_Zevghfm�jZkklhygbx�\�fhghdjbklZee_��\�gbd_e_�gZ�
����Z�\�kieZ\_�FeNi3�^ey�i_j\h]h�hdlhmaeZ�gZ�����^h�[eb`Zcrbo�Zlhfh\�gbd_ey��b�\h�
\lhjhf�hdlhmae_�gZ�����^h�Zlhfh\�gbd_ey�b�gZ�����^h�Zlhfh\�`_e_aZ��>ey�\k_o�kbkl_f�
\uqbkeyeZkv�wg_j]by�jZkl\hjbfhklb�ZlhfZ�m]e_jh^Z�\�ihabpbyo�\g_^j_gby��J_amevlZlu�
jZkq_lh\�ihdZaZeb�� qlh� jZkl\hjbfhklv� \�HPD-`_e_a_� �wg_j]by� jZk\hjbfhklb� ����� w<��
\ur_��q_f�\�=PD-gbd_e_�������w<���Z�lZd`_�\�kljmdlj_�kieZ\Z�FeNi3��wg_j]by�jZkl\hjb�
fhklb�m]e_jh^Z�\�i_j\hf�iheh`_gbb�j_r_ldb�FeNi3������w<��Z�\h�\lhjhf������w<���LZ�
dbf�h[jZahf��\�wlhf�kieZ\_�m]e_jh^m�jZkl\hjblvky�agZqbl_evgh�ljm^g__��g_`_eb�\�qbk�
luo�f_lZeeZo��Wlb� j_amevlZlu� ih^l\_j`^Zxlky� l_f� wdki_jbf_glZevguf�nZdlhf�� qlh�
\u^_e_gb_�m]e_jh^guo�nZa�ijb�dZlZeba_�ijhbkoh^bl� ]hjZa^h�wnn_dlb\g__�gZ�ih\_jo�
ghklyo�gbd_e_\uo�dZlZebaZlhjh\�b�dZlZebaZlhjh\��ij_^klZ\eyxsbo�kh[hc�kieZ\�`_e_aZ�
b�gbd_ey��q_f�gZ�ih\_joghklyo�`_e_aZ�>����@��K�^jm]hc�klhjhgu��jZkq_lu�wg_j]bb�Zdlb�
\Zpbb�^bnnmabb�ZlhfZ�m]e_jh^Z�\gmljb�djbklZeebq_kdh]h�h[t_fZ�ihdZaZeb��qlh�\_eb�
qbgZ�^bnnmabhggh]h�[Zjv_jZ�ijb�i_j_oh^_�m]e_jh^Z�ba�h^gh]h�hdlZw^jbq_kdh]h�iheh�
`_gby�\�khk_^g__�^ey�HPD-`_e_aZ�gZ�����w<�f_gvr_�\_ebqbgu�[Zjv_jZ�^ey�=PD-gbd_ey�
>�@�� Wlhl� j_amevlZl� kh]eZkm_lky� k� wdki_jbf_glZevgufb� gZ[ex^_gbyfb�� dhwnnbpb_gl�
^bnnmabb�m]e_jh^Z�\�.-`_e_a_�agZqbl_evgh�[hevr_��q_f�\�gbd_e_>�@� 
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BKKE?>H<:GB?�:;KHJ;PBB�<H>HJH>:�<�KIE<:O 
G:�HKGH<?�<H>HJH>:�K�I?J?OH>GUFB�F?L:EE:FB 

Fbgb[Z_\�J�N� 

F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

DZd�ba\_klgh��aZiZku�m]e_\h^hjh^gh]h�lhieb\Z�kbevgh�h]jZgbq_gu�b�hlghkylky�d�
dZl_]hjbb�g_\hah[gh\ey_fuo�ijbjh^guo�j_kmjkh\��<�j_amevlZl_�\hagbdZ_l�g_h[oh^b�
fhklv�ihbkdZ�gh\uo�Zevl_jgZlb\guo��\hah[gh\ey_fuo��Z�lZd`_�wdheh]bq_kdbo�qbkluo�
bklhqgbdh\�wg_j]bb��LZdhc�Zevl_jgZlb\hc�y\ey_lky�\h^hjh^��H^gZdh�_]h�ojZg_gb_�\�
dZq_kl\_� k`Zlh]h� ]ZaZ� beb� \� dZq_kl\_� djbh]_gghc�`b^dhklb� y\ey_lky� g_m^h[guf� b�
wdhghfbq_kdb�g_wnn_dlb\guf��Ih�wlhc�ijbqbg_�ojZg_gb_�\h^hjh^Z�\�kljmdlmjZo�i_�
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j_oh^guo�f_lZeeh\�b�kieZ\h\��beb�\�dZq_kl\_�f_lZeebq_kdbo�]b^jb^h\�jZkkfZljb\Z_lky�
dZd�h^bg�ba�i_jki_dlb\guo�iml_c�kha^Zgby�gh\uo�lhieb\guo�we_f_glh\�^ey�\h^hjh^�
ghc� wg_j]_lbdb� >�-�@��<� ^Zgghc� jZ[hl_� ijh\h^behkv� l_hj_lbq_kdh_� bkke_^h\Zgb_� Z[�
khj[pbb�\h^hjh^Z�\�h[t_f_�kieZ\h\�Pd3Me�gZ�hkgh\_�iZeeZ^by�k��d-, 4d-i_j_oh^gufb�
f_lZeeZfb��Me= 3d (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn), 4d (Zr, Nb, Mo, Tc, Ru, Rh, Pd, 
Ag, Cd���k�p_evx�bamq_gby�k\hckl\�\h^hjh^ghc�khj[pbb�\�aZ\bkbfhklb�hl�e_]bjmxs_c�
ijbf_kb��Bkke_^h\Zgb_�ijh\h^behkv�k�ihfhsvx�i_j\hijbgpbiguo�jZkq_lh\��hibjZx�
sboky�gZ�l_hjbx�nmgdpbhgZeZ�iehlghklb��LNI���k�bkihevah\Zgb_f�f_lh^Z�ihegh]h�ih�
l_gpbZeZ� \� [Zabk_� ebg_cgh�ijbkh_^bg_gguo�iehkdbo� \heg� �EII<��b� \�ijb[eb`_gbb�
ehdZevghc� iehlghklb� �IEI�� >�@��DjbklZeebq_kdZy� kljmdlmjZ� kieZ\h\� kljhbeZkv� k� bk�
ihevah\Zgb_f�]jZg_p_gljbjh\Zgghc�dm[bq_kdhc�j_r_ldb�iZeeZ^by��\�p_glj_�]jZg_c�dh�
lhjhc� gZoh^bebkv� Zlhfu� iZeeZ^by�� Z� \� m]eZo� –� Zlhfu� ijbf_kb�� :gZeba� Zlhfgh-
djbklZeebq_kdhc�kljmdlmju�ihdZaZe��qlh�\h^hjh^�fh`_l�aZgbfZlv�^\Z�jZaebqguo�hdlZ�
w^jbq_kdbo� iheh`_gby��<� i_j\hf� hdlhmae_� Zlhf� \h^hjh^Z� hdjm`_g�r_klvx� ZlhfZfb�
iZeeZ^by�\�i_j\hc�dhhj^bgZpbhgghc�kn_j_��lh]^Z�dZd�\h�\lhjhf�hdlhmae_�\h^hjh^�hd�
jm`Zxl�q_luj_�ZlhfZ�iZeeZ^by�b�^\Z�ZlhfZ�ijbf_kgh]h�we_f_glZ��Ijb�\g_^j_gbb�\h^h�
jh^� hdZau\Z_l� ^Z\e_gb_�gZ� kieZ\��ba-aZ� dhlhjh]h�gZ[ex^Zehkv� m\_ebq_gb_�iZjZf_ljZ�
j_r_ldb� kieZ\Z�Ih� j_amevlZlZf� i_j\hijbgpbiguo� jZkq_lh\� k\hckl\� Zlhfguo� b� we_d�
ljhgguo�kljmdlmj�kieZ\h\�[ueZ�\uy\e_gZ�ke_^mxsZy�aZdhghf_jghklv��wg_j]by�Z[khj[�
pbb� \h^hjh^Z� m[u\Z_l� ih�f_j_� aZiheg_gby� d-h[hehqdb� i_j_oh^gh]h�f_lZeeZ� ijf_kb��
:gZeba�we_dljhgghc�kljmdlmju�kieZ\Z�ihdZaZe��qlh�\h^hjh^�emqr_�Z[khj[bjm_lky�\�l_o�
kemqZyo��dh]^Z�p_glj�fZkk�aZgylhc�qZklb�iehlghklb�we_dljhgguo�khklhygbc�e_`bl�[eb�
`_�d�mjh\gx�wg_j]bb�N_jfb��Djhf_�lh]h��ijb�Z[khj[pbb�\h^hjh^Z�\[ebab�ZlhfZ�ijbf_�
kb��h[eZ^Zxs_]h�fZ]gblguf�fhf_glhf��fZ]g_lbaf�mom^rZ_l�jZkl\hjbfhklv�\h^hjh^Z�\�
kieZ\_�� Bkke_^h\Zgby� k\hckl\� Zlhfgh-djbklZeebq_kdhc� kljmdlmju� kieZ\h\� ihdZaZeb��
qlh� k\hckl\Z� \h^hjh^ghc� khj[pbb� lZd�`_� aZ\bkyl� hl� khklZ\Z�b� kljmdlmju� kieZ\Z��GZ�
ijbf_j_�kieZ\Z�PdTa�k�h[t_fghp_gljbjh\Zgghc�l_ljZ]hgZevghc�j_r_ldhc�>�@�[ueh�mk�
lZgh\e_gh��qlh�ijb�jZaf_s_gbb�\h^hjh^Z�\�ehdZevghf�hdjm`_gbb�Zlhfh\�iZeeZ^by�_]h�
jZkl\hjbfhklv�\ur_��q_f�\�kljmdlmj_�Pd3Ta. 

Ebl_jZlmjZ 
1. Xuezhi Ke, Gert Jan Kramer // Phys Condens Matter 16 (2004) 6267-6277 
2. Morinaga, H Yukawa // Materials Sci. And Engin., 268 (2002) A329-331 
3. Dmevdh\Z K.?., ?]hjmrdbg <.?., ?j_f__\ K.<., ;Z`Zgh\ >.B., Dmevdh\ K.K., Qm^bgh\�

>�<�����Nbabq_kdZy�f_ahf_oZgbdZ������������ki_p�\uimkd�Q��������-228 
4. K. Schwarz, P. Blaha // Comput. Materials Science 28 (2003) 259-273  
5. RZgd�N��Kljmdlmju�^\hcguo�kieZ\h\��Fhkd\Z�©F_lZeemj]byª����� 

 
 

J:KQ?L�IJYFH=H�IMQD:�F:EHM=EH<HC�MKL:GH<DB�
J:KK?YGBY�G?CLJHGH<�F?LH>HF�FHGL?-D:JEH 
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F=M�bf��F�<��Ehfhghkh\Z��nbabq_kdbc�nZdmevl_l 

FZehm]eh\h_�jZkk_ygb_�g_cljhgh\�y\ey_lky�wnn_dlb\guf�f_lh^hf�kljmdlmjguo�
bkke_^h\Zgbc�aZ^Zq�\�nbabd_�dhg^_gkbjh\Zggh]h�khklhygby�\_s_kl\Z��nbabq_kdhc�ob�
fbb�^bki_jkguo�kbkl_f��[bheh]bb��[bhnbabdb��<�ihke_^g__�\j_fy�FMJG�bkihevam_lky�
\�bkke_^h\Zgbyo�kljmdlmju�gh\uo�fZl_jbZeh\�>�@��F_lh^�FMJG�h[uqgh�bkihevam_lky�\�
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bkke_^h\Zgbb� gZ^Zlhfguo� kljmdlmj� k� oZjZdl_jbklbq_kdbfb� jZaf_jZfb� ihjy^dZ� ��� ÷ 
1000 Å�� GZb[he__� wnn_dlb\gh� ijbf_g_gb_� FMJG� \� bkke_^h\Zgbyo� kljmdlmju� b�
k\hckl\�hj]Zgbq_kdbo�gZghqZklbp�\�\h^guo�jZkl\hjZo�>�@� 

JZkq_l�nbabq_kdbo�iZjZf_ljh\�fZehm]eh\uo� mklZgh\hd� y\ey_lky�g_h[oh^bfuf�
gZqZevguf�mkeh\b_f�bo�kha^Zgby��<Z`g_crbfb�nbabq_kdbfb�iZjZf_ljZfb�mklZgh\db�
y\eyxlky�ihlhd�g_cljhgh\�gZ�h[jZap_�nmgdpby�jZaj_r_gby�mklZgh\db��Nmgdpby�jZaj_�
r_gby�mklZgh\db�ijb�fZeuo�m]eZo�jZkk_ygby�hij_^_ey_lky�]eZ\guf�h[jZahf�jZaj_r_�
gb_f�ijyfh]h�imqdZ�>�@� 

>ZggZy�jZ[hlZ�ihk\ys_gZ�jZkq_lZf�iZjZf_ljh\�ijyfh]h�imqdZ�b�bo�aZ\bkbfhklb�
hl�iZjZf_ljh\�fZehm]eh\hc�mklZgh\db�jZkk_ygby�g_cljhgh\��JZkq_lu�\uiheg_gu�f_lh�
^hf�Fhgl_-DZjeh�b�ZgZeblbq_kdb� 

Ex[Zy�fZehm]eh\Zy�mklZgh\dZ�khklhbl�ba�bklhqgbdZ�g_cljhgh\��^\mo�dheebfZ�
lhjh\�� jZkiheh`_gguo�ihke_^h\Zl_evgh�b� ^_l_dlhjZ��=_hf_ljbq_kdb_� jZaf_ju� hkgh\�
guo�we_f_glh\�mklZgh\db�hij_^_ey_l�__�m]eh\h_�jZaj_r_gb_� 

JZkq_lu�f_lh^hf�Fhgl_-DZjeh� ijh\h^bebkv� k� ihfhsvx� ijh]jZffgh]h� iZd_lZ�
McSats [3]. 

GZ�hkgh\_�wlh]h�iZd_lZ�gZibkZgu�ijh]jZffu�ih�jZkq_lm�bgl_gkb\ghklb�ijyfh]h�
imqdZ�dZd�nmgdpbb�m]eZ�jZkk_ygby�b�\_dlhjZ�jZkk_ygby��Ih�j_amevlZlZf�ijh\_^_gguo�
jZkq_lh\�ihdZaZgh��qlh� 

Bkihevah\Zgb_�djbh]_ggh]h�aZf_^ebl_ey�m\_ebqb\Z_l�bgl_gkb\ghklv�b�memqrZ�
_l�jZaj_r_gb_ 

Emqrbc� \ZjbZgl� dhgnb]mjZpbb� mklZgh\db� lbiZ�XFH�� khhl\_lkl\mxsbc�fZd�
kbfZevghc�bgl_gkb\ghklb�b�fbgbfZevghfm�m]eh\hfm�jZaj_r_gbx�j_Zebam_lky�ijb�mk�
eh\bb�jZ\_gkl\Z�jZ^bmkZ�i_j\h]h�dheebfZlhjZ�_]h�djblbq_kdhfm�agZq_gbx��jZkkqblZg�
ghfm�\�^Zgghc�jZ[hl_  

JZkq_lu� m]eh\h]h� jZaj_r_gby� f_lh^hf�Fhgl_-DZjeh� b� ZgZeblbq_kdb� ohjhrh�
kh\iZ^Zxl�ijb�fZeuo�m]eZo�jZkk_ygby��>ey�[hevrbo�m]eh\�jZkk_ygby�g_h[oh^bfh�ijb�
f_g_gb_�f_lh^Z�Fhgl_-DZjeh� 

 
1. K\_j]mg�>�B���N_c]bg�E�:��J_gl]_gh\kdh_�b�g_cljhggh_�fZehm]eh\h_�jZkk_ygb_�F���

1986  
2. Jan Skov Pedersen, Dorthe Posselt, Kell Mortensen “Analytical treatment of the resolution 

function for small-angle scattering” // J. Appl. Cryst., 1990, 23 p. 321-333  
3. http://neutron.risoe.dk/mcstas/ 
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∗∗<Zebdh\Z�B�<� 

Fhkdh\kdbc�bg`_g_jgh-nbabq_kdbc�bgklblml 
�]hkm^Zjkl\_gguc�mgb\_jkbl_l� 

H^bg�ba�f_lh^h\��dhlhjuc�iha\hey_l�hij_^_eblv�h^bg�ba�f_oZgbafh\�^bnnmabb�
\�fZl_jbZe_��-�wlh�bamq_gb_�\ebygby�^Z\e_gby�gZ�dhwnnbpb_gl�^bnnmabb��LZdh_�\eby�

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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gb_� hij_^_ey_lky� \_ebqbghc� Zdlb\Zpbhggh]h� h[tzfZ�� y\eyxs_]hky� kmffhc� ^\mo� kh�
klZ\eyxsbo��h[tzfZ�h[jZah\Zgby�b�fb]jZpbb�^_n_dlh\��G_fgh]hqbke_ggu_�j_amevlZlu�
jZkq_lh\�h[t_fh\�fb]jZpbb�^_n_dlh\�iehoh�kh]eZkmxlky�f_`^m�kh[hc�b�k�wdki_jbf_g�
lZevgufb� ^Zggufb� >���@��<� ^Zgghc� jZ[hl_� bkihevam_lky� gh\Zy�fh^_ev�� iha\heyxsZy�
jZkkqblu\Zlv� h[t_fu� h[jZah\Zgby� b�fb]jZpbb� lhq_qguo� ^_n_dlh\� \� djbklZeeZo� ijb�
ihfhsb� f_lh^Z� fhe_dmeyjghc� klZlbdb� b� mqblu\ZxsZy� kf_s_gby� Zlhfh\� \� mijm]hc�
kj_^_��hdjm`Zxs_c�jZkq_lgmx�yq_cdm�� 

<� fh^_eb� \aZbfh^_ckl\b_� Zlhfh\� hibku\Z_lky� \� khhl\_lkl\bb� k� ihl_gpbZehf�
>`hgkhgZ� >�@.�JZkq_lgZy�yq_cdZ�kh^_j`bl�^h�������Zlhfh\��Kf_s_gby�Zlhfh\�\�mijm�
]hc�kj_^_�\^Zeb�hl�^_n_dlZ�hij_^_eyxlky�mjZ\g_gb_f�>�@� 

u=c· r /r3      (1) 

]^_�r –�jZkklhygb_�hl�^_n_dlZ�^h�maeZ�b^_Zevghc�j_r_ldb��k –�dhgklZglZ��dhlhjZy�jZk�
kqblu\Z_lky�gZ� hkgh\Zgbb� j_amevlZlh\�fh^_ebjh\Zgby� kf_s_gbc� Zlhfh\� \� jZkq_lghc�
yq_cd_�^ey�dhhj^bgZpbhgguo�kn_j��gZoh^ysboky�ijbf_jgh�ihk_j_^bg_�f_`^m�^_n_d�
lhf�b�]jZgbp_c�jZkq_lghc�yq_cdb��>Ze__�\�khhl\_lkl\bb�k�ba\_klguf�agZq_gb_f�k�kf_�
sZxlky�Zlhfu�lj_lv_c�ahgu�hlghkbl_evgh�k\hbo�iheh`_gbc�\�b^_Zevghc�j_rzld_��J_Z�
ebah\ZgZ� kZfhkh]eZkh\ZggZy� bl_jZpbhggZy� ijhp_^mjZ� ihke_^h\Zl_evgh]h� \uqbke_gby�
ZlhfZjghc�kljmdlmju�\�hdj_klghklb�^_n_dlZ�b�dhgklZglu�k,�oZjZdl_jbamxs_c�kf_s_�
gb_� Zlhfh\� ih^� \ebygb_f� ^_n_dlZ� \� hdjm`Zxs_c� jZkq_lgmx� yq_cdm� mijm]hc� kj_^_��
DhgklZglZ�k�koh^blky�d�g_dhlhjhfm�ihklhygghfm�agZq_gbx�aZ�g_kdhevdh�bl_jZpbc� 

>Zgguc� Ze]hjblf� bkihevam_lky� b� \� kemqZ_�fb]jZpbb� ^_n_dlZ� �fh^_ebjh\Zgby�
kdZqdZ�ZlhfZ�\�\ZdZgkbx���>ey�wlh]h�hkms_kl\ey_lky�ihrZ]h\uc�i_j_ghk�khk_^g_]h�k�
\ZdZgkb_c�ZlhfZ�\�gZijZ\e_gbb�������d�\ZdZgkbb��Ijb�q_f��l�d��ijhbkoh^bl�gZjmr_�
gb_�p_gljZevghc�kbff_ljbb��^ey�hij_^_e_gby�kf_s_gbc�Zlhfh\�b�dhgklZglu�k�\\h�
^ylky�^\Z�p_gljZ�^beZlZpbb��I_j\uc�p_glj�^beZlZpbb�jZkiheZ]Z_lky�\�\ZdZgkbb��Z�\lh�
jhc�kh\iZ^Z_l�k�gZqZevguf�iheh`_gb_f�fb]jbjmxs_]h�ZlhfZ��LZdbf�h[jZahf��fh`gh�
jZaeh`blv�ihe_�kf_s_gbc�gZ�^\_�khklZ\eyxsb_�hlghkbl_evgh�^\mo�mdZaZgguo�p_gljh\�
^beZlZpbb��\deZ^�dZ`^h]h�ba�dhlhjuo�hij_^_ey_lky�\_kh\uf�fgh`bl_e_f� 

H[t_fu� j_eZdkZpbb� b� fb]jZpbb� \ZdZgkbb� jZkkqblZgu� gZ� hkgh\_� ihemq_gguo�
agZq_gbc�dhgklZgl�k�ih�nhjfmeZf�ûV ��k� [3] b Vm

 ���k
-k���]^_�k��k
 –�dhgklZglu�
^ey�dhgnb]mjZpbb� kbkl_fu k�i_j_f_sZ_fuf� Zlhfhf�\�hkgh\ghc�b�k_^eh\hc�ihabpbb�
khhl\_lkl\_ggh�� 

IhdZaZgh�� qlh� kf_s_gby� Zlhfh\� \[ebab� ^_n_dlZ�� jZkkqblZggu_� gZ� hkgh\Zgbb�
l_hjbb�mijm]hklb�� kbevgh�jZkoh^ylky�kh�kf_s_gbyfb��ihemq_ggufb�ijb�fh^_ebjh\Z�
gbb��kf��jbk������ 

�����

�����

�����

�����

�����

�����

�����

�����

�

� � �� �� �� ��

JZkklhygb_�^h�\ZdZgkbb��:

K
f
_
s
_
g
b
y
�
Z
l
h
f
h
\
�
�
: Kf_s_gby

Zlhfh\�

ihemq_ggu_�ijb

fh^_ebjh\Zgbb

Kf_s_gby

Zlhfh\�

jZkkqblZggu_�gZ

hkgh\Zgbb�l_hjbb

mijm]hklb

 
 



EHFHGHKH<�– 2005 

 

192 

Jbk��� 
DZd� \b^gh�� wlb� jZkoh`^_gby� mf_gvrZxlky� ijb� m^Ze_gbb� hl� ^_n_dlZ��H[t_fu�

h[jZah\Zgby�b�fb]jZpbb�^_n_dlh\�hq_gv�qm\kl\bl_evgu�d�ZlhfZjghc�kljmdlmj_�\�hdj_�
klghklb� ^_n_dlZ��Ihwlhfm�� jZaf_j� jZkq_lghc� yq_cdb� ^he`_g� [ulv� ^hklZlhqgh� \_ebd�
�[he__������Zlhfh\�� 

Ijb�fh^_ebjh\Zgbb��djhf_�lh]h��ijbgbfZeZkv�\h�\gbfZgb_�aZ\bkbfhklv�wg_j]bb�
kbkl_fu�hl�\g_rg_]h�^Z\e_gby��WlZ�aZ\bkbfhklv�^Z_l�^hihegbl_evguc�\deZ^�\�h[t_fu�
h[jZah\Zgby�b�fb]jZpbb�^_n_dlZ�>�@��J_amevlZlu�ihdZaZeb��qlh�wlhl�\deZ^�ke_^m_l�mqb�
lu\Zlv�ijb�jZkq_l_�h[t_fZ�fb]jZpbb��l�d��ih�Z[khexlghc�\_ebqbg_�hg�ij_\hkoh^bl�ljZ�
^bpbhggh�ijbgbfZxsmxky�\�jZkq_l�qZklv�� 

Ebl_jZlmjZ 
1. Kedves F.J., Erdelyi G. Diffusion under high pressure // Defect and Diffusion Forum, 

1989, v. 66-69, p. 175-188 
2. Philibert J. Diffusion under stress //Metal Physics and Advanced Tecnologies, 1999, v. 21, 

N1, p. 3-18 
3. Johnson R.A. InterVWLWLDOV� DQG�YDFDQFLHV� LQ�.� LURQ���3K\V��5HY��� Y�� ������� �$�������� S��

1329-1336 
4. Nazarov A.V., Ganchenkova M.G., Mikheev A.A. Theory of diffusion under pressure// 

Defect and Diffusion Forum, 2001, p. 194-199 
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K_e_ag_\Z�E�<� 

Fhkdh\kdbc�bg`_g_jgh-nbabq_kdbc�bgklblml 
�=hkm^Zjkl\_gguc�mgb\_jkbl_l� 

<aZbfh^_ckl\b_�lhq_qguo�^_n_dlh\�k�ijbf_kyfb�\�f_lZeeZo�ijb\h^bl�d�h[jZah�
\Zgbx�dhfie_dkh\�\ZdZgkby�–�ijbf_kv��qlh�hdZau\Z_l�\ebygb_�gZ�^bnnmabhggmx�ih^�
\b`ghklv� wlbo� ^_n_dlh\�� Wdki_jbf_glZevgu_� jZ[hlu� >��� �@� ihdZau\Zxl� ZghfZevguc�
oZjZdl_j�^bnnmabb�m]e_jh^Z�\�.-`_e_a_��dhlhjuc�aZdexqZ_lky�\�lhf��qlh�aZ\bkbfhklv�
eh]ZjbnfZ� dhwnnbpb_glZ� ^bnnmabb� hl� h[jZlghc� l_fi_jZlmju� g_� y\ey_lky� ijyfheb�
g_cghc��b�gZ[ex^Z_lky�mkdhj_gb_�^bnnmabb�\�h[eZklb�\ukhdbo�l_fi_jZlmj��H^ghc�ba�
\hafh`guo�ijbqbg�wlh]h�mkdhj_gby�y\ey_lky�\deZ^�\�^bnnmabx�Zlhfh\�m]e_jh^Z�[ukl�
jh�^bnnmg^bjmxsbo�dhfie_dkh\�\ZdZgkby�–�ijbf_kv��Ihwlhfm�p_ev�^Zgghc�jZ[hlu�– 
bamq_gb_�^bnnmabhgguo�oZjZdl_jbklbd�lZdbo�dhfie_dkh\� 

GZfb� jZajZ[hlZgZ�fh^_ev�� iha\heyxsZy� jZkkqblu\Zlv� ZlhfZjgmx� kljmdlmjm� \�
hdj_klghklb�wlbo�dhfie_dkh\�b�ihl_gpbZevgu_�[Zjv_ju��dhlhju_�Zlhf��kh\_jrZxsbc�
kdZqhd��^he`_g�ij_h^he_lv�ijb�i_j_oh^_�\�khk_^gb_�jZ\gh\_kgu_�ihabpbb�\�aZ\bkbfh�
klb�hl�\aZbfgh]h�jZkiheh`_gby�^_n_dlh\��:�lZd`_�iha\hey_l�hij_^_eylv�dhwnnbpb_g�
lu�^bnnmabb�lhq_qguo�^_n_dlh\��\ZdZgkby��\g_^j_gguc�Zlhf�ijbf_kb��\�aZ\bkbfhklb�
hl�jZaebqguo�iZjZf_ljh\��l_fi_jZlmjZ��^Z\e_gb_��� 

Fh^_ebjh\Zgb_�\dexqZ_l�\�k_[y�^\Z�wlZiZ��jZkq_l�wg_j]_lbq_kdbo�oZjZdl_jbklbd�
lhq_qguo� ^_n_dlh\� �wg_j]by� h[jZah\Zgby�� wg_j]by� k\yab�� wg_j]by�fb]jZpbb��f_lh^hf�
fhe_dmeyjghc�klZlbdb��hij_^_e_gb_�dhwnnbpb_glh\�^bnnmabb�f_lh^hf�Fhgl_-DZjeh��
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Dhf[bgZpby�wlbo�f_lh^h\�iha\hey_l�mq_klv�^Zevgh^_ckl\mxs_c�oZjZdl_j�wnn_dlb\gh�
]h�\aZbfh^_ckl\�by�lhq_qguo�^_n_dlh\�b�h[_ki_qblv�\hafh`ghklv�bamq_gby�bo�\aZbf�
gh]h�\ebygby�gZ�ehdZevgu_�^bnnmabhggu_�oZjZdl_jbklbdb� 

Nbabq_kdZy�fh^_ev�jZajZ[hlZgZ��bkoh^y�ba�hkgh\guo�ihgylbc�nbabdb�l\_j^h]h�
l_eZ��djbklZeebl�ij_^klZ\ey_lky�lj_of_jguf�fZkkb\hf�dhhj^bgZl�maeh\��\�dhlhjuo�gZ�
oh^ylky� Zlhfu�f_lZeeZ��ih^qbgyxsb_ky�g_dhlhjhfm� aZdhgm�f_`Zlhfgh]h�\aZbfh^_c�
kl\by�>����@��Ijb�h[jZah\Zgbb�\ZdZgkbb�beb�\g_^j_gby�ZlhfZ�ijbf_kb�\�kljmdlmjm�ijh�
bkoh^bl�baf_g_gb_�dZd�wg_j]bb�ZlhfZ��lZd�b�wg_j]bb�kbkl_fu�\�p_ehf��AgZq_gb_�\ukh�
lu�ihl_gpbZevgh]h�[Zjv_jZ�ijb�i_j_oh^_�ZlhfZ�ba�h^gh]h�jZ\gh\_kgh]h�iheh`_gby�\�
^jm]h_�jZkkqblu\Z_lky�iml_f�i_j_lZkdb\Zgby�ZlhfZ�ba�h^gh]h�maeZ�\�^jm]hc�\ZdZglguc�
ma_e�b�ih^kq_lZ�wg_j]bb�kbkl_fu�ihke_�\uiheg_gby�ijhp_^mju�j_eZdkZpbb�\k_o�Zlhfh\�
kbkl_fu�gZ�dZ`^hf�rZ]_� >��� �@��KjZ\gb\Zy� wg_j]bb�i_j_oh^h\�ZlhfZ�\�jZaebqguo�gZ�
ijZ\e_gbyo��fh`gh�jZkkqblZlv�\_jhylghklb�kdZqdZ�ZlhfZ�\�lhf�beb�bghf�gZijZ\e_gbb��
GZ[hj�lZdbo�\_jhylghkl_c�iha\hey_l�ihkljhblv�ljZ_dlhjbx�[em`^Zgby�ZlhfZ�ih�djb�
klZeebq_kdhc�j_r_ld_�k�mq_lhf�\ebygby�gZ�_]h�^\b`_gb_�ijbkmlkl\mxsbo�\�djbklZee_�
^_n_dlh\�b�\uqbkeblv�wnn_dlb\guc�dhwnnbpb_gl�^bnnmabb�>�@�� 

GZ� hkgh\_� wlhc� fh^_eb� jZajZ[hlZg� ijh]jZffguc� dhfie_dk� ^ey� \uqbke_gby�
wg_j]_lbq_kdbo�b�^bnnmabhgguo�oZjZdl_jbklbd�dhfie_dkh\�lhq_qguo�^_n_dlh\��JZkq_�
lu�ijh\_^_gu�^ey�kbkl_f�Ni-C��.-Fe-C��.-Fe-H. 

Fh^_ebjh\Zgb_�lhq_qguo�^_n_dlh\�gZ�Zlhfghf�mjh\g_�iha\hey_l�g_�lhevdh�ih�
emqblv� bo� wg_j]_lbq_kdb_� oZjZdl_jbklbdb�� gh� b� ijbh[j_klb� agZgby� b� ihgbfZgb_� l_o�
ijhp_kkh\��dhlhju_�ijhbkoh^yl�gZ�fbdjhkdhibq_kdhf�mjh\g_��b�g_^hklmigu�\bamZev�
ghfm� gZ[ex^_gbx�� LZd� ihemq_ggu_� j_amevlZlu� ^ey� kbkl_fu� Ni-C� ihdZau\Zxl�� qlh�
Zlhf�m]e_jh^Z�b�\ZdZgkby�h[jZamxl�dhfie_dk��dhlhjuc�fb]jbjm_l�\�k\yaZgghf�khklhy�
gbb��>ey�kbkl_fu�.-Fe-C�ihdZaZgh��qlh�\ZdZgkby�ijbly]b\Z_l�Zlhf�m]e_jh^Z��\�j_amev�
lZl_� q_]h� ijhbkoh^bl� baf_g_gb_� _]h� ^bnnmabhgghc� ih^\b`ghklb�� ijbq_f� ij_^\Zjb�
l_evgu_�j_amevlZlu�ihdZau\Zxl��qlh�ijb�\ukhdbo�l_fi_jZlmjZo�\hafh`gh�b�mkdhj_gb_��
LZdbf�h[jZahf��baf_gy_lky�dZjlbgZ�^bnnmabhgghc�ih^\b`ghklb�\g_^j_gguo�Zlhfh\��:�
gZ�]jZnbd_�aZ\bkbfhklb�eh]ZjbnfZ�dhwnnbpb_glZ�^bnnmabb�hl�h[jZlghc�l_fi_jZlmju�
gZ[ex^Z_lky�hldehg_gb_�hl�ijyfhebg_cghc�aZ\bkbfhklb� 

Ijh\_^_gh� kjZ\g_gb_� ^bnnmabb� dhfie_dkh\� \ZdZgkby-m]e_jh^� \� HPD� b� =PD�
kljmdlmjZo�� Z� lZd`_� hkh[_gghklb� ^bnnmabhggh]h� ih\_^_gby� dhfie_dkh\� \ZdZgkby-
\h^hjh^�\�.-Fe. 

Ebl_jZlmjZ 
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^_n_dlh\�gZ�^bnnmabhggmx�ih^\b`ghklv�\g_^j_gguo�Zlhfh\�\�HPD�–�kljmdlmjZoª�
���K[��gZmqguo�ljm^h\�©GZmqgZy�k_kkby�FBNB-����ª��������l������k����-163. 
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7. Selezneva L.V., Nazarov A.V. «Simulation of interstitial atom diffusion in fcc metals with 
point defects» // Defect and Diffusion Forum, 2005, Vols. 237-240, pp. 1275-1280. 

 
 

M>D���������� 

BKKE?>H<:GB?�J?:EVGHC�KLJMDLMJU�FHGHDJBKL:EEH<�
GBH;:L:�;:JBY-KLJHGPBY�K�NHLHJ?NJ:DLB<GUFB�
IJBF?KYFB�F?LH>HF�OBFBQ?KDH=H�LJ:<E?GBY 

I_^vdh�;�;���FZjdh\Z�K�K���Jmfygp_\Z�B�<� 

L\_jkdhc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Gbh[Zl�[Zjby-kljhgpby�6UxBa1-xNb2H6 -�k_]g_lhwe_dljbd-j_eZdkhj��h[eZ^Zxsbc�
mgbdZevguf� gZ[hjhf� we_dljhnbabq_kdbo�� hilbq_kdbo�� nhlhj_njZdlb\guo� b� ^j��
k\hckl\�� y\ey_lky� h^gbf� ba� gZb[he__� i_jki_dlb\guo�fZl_jbZeh\� hilhwe_dljhgbdb��<�
k\yab�k�wlbf�ij_^klZ\ey_lky�ZdlmZevguf�bkke_^h\Zgb_�j_Zevghc�kljmdlmju�SBN�k�nh�
lhj_njZdlb\gufb�ijbf_kyfb� 

<� jZ[hl_� ijh\_^_gh� bkke_^h\Zgb_� ^_n_dlghc�b� ^hf_gghc� kljmdlmju�fhghdjb�
klZeeh\�SBN�qbkluo�b�k�ijbf_kyfb�Cr�b�Ce�f_lh^hf�obfbq_kdh]h�ljZ\e_gby� �Jbk�� ���
fZkrlZ[����fdf�� 

 

   
�����������������Z�������������������������������������������[�������������������������������������������\ 

 
Jbk��� 

 
<�djbklZeeZo�qbklh]h�SBN�h[eZklb�k_]g_lhwe_dljbq_kdbo�^hf_gh\�jZkiheZ]Zxl�

ky�\� ©rZofZlghfª�ihjy^d_��ih�l_jfbgheh]bb�Z\lhjh\�jZ[hlu� >�@�� �jbk�� �Z���Z�\�p_ehf�
^hf_ggZy� kljmdlmjZ� qbklh]h�fhghdjbklZeeZ�SBN� ij_^klZ\ey_lky� \� \b^_�fZljbpu� hk�
gh\gh]h�^hf_gZ�k�\djZie_gbyfb�iheb^hf_gguo�h[eZkl_c��<ukhdhl_fi_jZlmjguc�hl`b]�
ijb�T=200 0C�\�l_q_gbb���qZkh\�ijb\h^bl�d�baf_evq_gbx�^hf_gghc�kljmdlmju�b�\u^_�
e_gbx�h[eZkl_c�bghc�nZau��<ke_^kl\b_�iheyjbaZpbb� �T=126 0K��\j_fy�iheyjbaZpbb���
qZkh\��ihe_���d<�kf��djbklZee�klZgh\blky�mgbiheyjguf��ih\_joghklguc�kehc�fhgh^h�
f_gbabjm_lky��\�lh�\j_fy�dZd�h[t_f�djbklZeeZ�hklZ_lky�iheb^hf_gguf��ijb�wlhf�kl_�
i_gv�mgbiheyjghklb�iZ^Z_l�hl������^h�����ijb�]em[bg_�ljZ\e_gby�^h����fdf��<�djb�
klZeeZo�SBN�k�ijbf_kvx�Cr�^hf_ggZy�kljmdlmjZ� aZf_lgh�baf_evq_gZ�ih�kjZ\g_gbx�k�
qbkluf� SBN� �jbk�� �[��� Ijb� [he__� ]em[hdhf� ljZ\e_gbb� \uy\ey_lky� ^bkehdZpbhggZy�
kljmdlmjZ��jbk��\���LjZ\e_gb_�djbklZeeh\�k�ijbf_kvx�Ce�ihdZau\Z_l�gZebqb_�bghc�nZ�
au�b�kljmdlmj��k\yaZgguo�k�mkeh\byfb�jhklZ� 
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Ebl_jZlmjZ 
1. B\Zgh\�G�J���<hed�L�J���B\e_\Z�E�B�� b� ^j�� ��DjbklZeeh]jZnby�� ������ l�� �������� k��

1065-1072. 
 
 

M>D�������������� 

<EBYGB?�J:AF?JGUO�WNN?DLH< 
G:�J?@BFU�IJHL?D:GBY�F?O:GHOBFBQ?KDBO�

IJ?<J:S?GBC�<�J?:=BJMXSBO�IHJHRDH<UO�KF?KYO 

∗∗>fbljb_\Z�F�:���Hjeh\�K�:� 

Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

H^gbf�ba�i_jki_dlb\guo�gZijZ\e_gbc�jZa\blby�ihjhrdh\hc�f_lZeemj]bb�y\ey�
_lky�m^Zjguc�kbgl_a��iha\heyxsbc�j_Zebah\u\Zlv�mkeh\by�aZimkdZ�l\_j^hnZaguo�ij_�
\jZs_gbc�b�j_`bfu�nhjfbjh\Zgby�gZghkljmdlmj��Nhjfbjh\Zgb_�gZghkljmdlmj�ijb\h�
^bl�d�ih\ur_gbx�f_oZgbq_kdbo�b�l_jfh^bgZfbq_kdbo�oZjZdl_jbklbd�fZl_jbZeh\��ih�
wlhfm�bamq_gb_�\ebygby�jZaebqguo�nZdlhjh\�gZ�mkeh\by�h[jZah\Zgby�gZghkljmdlmj�y\�
ey_lky� ZdlmZevghc� aZ^Zq_c�� <� jZ[hl_� bkke_^m_lky� \ebygb_� jZaf_jguo� oZjZdl_jbklbd�
ihjhrdh\uo�qZklbp�gZ�ijhp_kku�f_oZghobfbq_kdbo�ij_\jZs_gbc��bgbpbbjh\Zgguo�\�
j_amevlZl_�m^Zjgh]h�\ha^_ckl\by��Fh^_ebjh\Zgb_�nbabdh-obfbq_kdbo�ijhp_kkh\�m^Zj�
gh]h�kbgl_aZ�hkgh\Zgh�gZ�fh^_eb�j_Z]bjmxs_c�ihjhrdh\hc�kj_^u�b�\dexqZ_l�\�k_[y�
fh^_ebjh\Zgb_�ijhp_kkh\�l_ieh-�b�fZkkhi_j_ghkZ�\�j_Z]bjmxs_f�ihjhrdh\hf�keh_�b�
obfbq_kdbo�ij_\jZs_gbc��JZkkfZljb\Z_lky�ihjhrdh\uc�dhfiZdl�Ni-Al �ij_^\Zjbl_ev�
gh�kij_kkh\Zgguc�^h�^hklb`_gby�gZqZevghc�ihjbklhklb�I0��<�bkoh^ghf�dhfiZdl_�fZ�
l_jbZe�qZklbp�kqblZ_lky�h^ghjh^guf�b�bahljhiguf�k�aZ^Zggufb�nbabdh-obfbq_kdbfb�
k\hckl\Zfb��Ijh\_^_gZ� k_jby� \uqbkebl_evguo� wdki_jbf_glh\�^ey� kf_k_c�Ni-Al � k�bk�
oh^gufb�jZaf_jZfb�qZklbp���fdf�b����fdf�^ey�jZaebqguo�agZq_gbc�I0 = 0,2; 0,3; 0,4, 
^bki_jkbb�jZkij_^_e_gby�Zexfbgby�D0 = 3,5· 10-5; 1,7· 10-2; 5,1· 10-2��IheZ]Z_lky��qlh�̂ ey�
ihjhrdh\�k�jZaf_jhf�qZklbp���fdf�\hafh`gh�h[jZah\Zgb_�gZghkljmdlmj��<h�\k_o�kem�
qZyo�ihjhrdh\Zy�kf_kv�k�gZqZevguf�jZkij_^_e_gb_f�l_fi_jZlmju�T0=293 K�ih^\_j]Z�
eZkv� ^_ckl\bx� m^Zjgh]h� bfimevkZ� ��=IZ� ^ebl_evghklvx� ��fdk��<� j_amevlZl_� jZ[hlu�
\uy\e_gu� g_dhlhju_� hkh[_gghklb� ijhl_dZgby�f_oZghobfbq_kdbo� ijhp_kkh\��Kl_i_gv�
f_oZgbq_kdhc� Zdlb\Zpbb�j_Z]bjmxsbo� dhfihg_glh\�ihjhrdh\uo� dhfiZdlh\� k�jZaf_�
jhf�qZklbp���\�fhf_gl�hdhgqZgby�^_ckl\by�m^Zjgh]h�bfimevkZ�gb`_��q_f�\�ihjhrdZo�k�
qZklbpZfb����fdf��<uy\e_gu�jZaebqby�\�j_`bfZo�ijhl_dZgby�ijhp_kkh\�ij_\jZs_gby��
\� mevljZ^bki_jkguo� ihjhrdZo� j_Zebamxlky� k\_jo[uklju_� l\_j^hnZagu_� obfbq_kdb_�
ij_\jZs_gby�\�j_`bf_�ihkehcgh]h�]hj_gby��aZdZgqb\Zxsb_ky�_s_�^h�dhgpZ�^_ckl\by�
m^Zjgh]h�bfimevkZ��Obfbq_kdb_�ij_\jZs_gby�\�ihjhrdZo�k�djmigufb�qZklbpZfb�b^ml�
\�g_dhlhjuo�h[eZklyo�\�j_`bf_�l_ieh\h]h�\aju\Z��\�^jm]bo�h[eZklyo�\�j_`bf_�ihkehc�
gh]h� ]hj_gby�� khijh\h`^Zxlky�[he__�\ukhdbfb� l_fi_jZlmjZfb�b�ieZ\e_gb_f� Zexfb�
gby��j_Zdpbb�ijhl_dZxl�f_^e_gg__�� 

 
JZ[hlZ�\uiheg_gZ�ijb�qZklbqghc�nbgZgkh\hc�ih^^_j`d_�Fbgbkl_jkl\Z�h[jZah\Zgby�JN�b�&5')�\�
jZfdZo�ijh]jZffu�%5+(��ijh_dl������-02). 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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<A:BFH>?CKL<B?�:LHFH<�=:NGBY�B�@?E?A:�<�DJ?FGBB 

>Zeb_\�R�O���;hahjh\Z�H�:� 

GZpbhgZevguc�mgb\_jkbl_l�Ma[_dbklZgZ�bf_gb�Fbjah�Mem][_dZ 

<�ihke_^gb_�]h^u�\hijhku�f_`ijbf_kgh]h�\aZbfh^_ckl\by�y\eyxlky�h^gbfb�ba�
gZb[he__�\Z`guo�ijh[e_f�nbabdb�]em[hdbo�p_gljh\�\�ihemijh\h^gbdZo��<aZbfh^_ckl�
\b_� ijbf_k_c�� kha^Zxsbo� ]em[hdb_� wg_j]_lbq_kdb_� khklhygby� \� aZij_s_gghc� ahg_�
dj_fgby��fh`_l�ijb\_klb�d�agZqbl_evghfm�baf_g_gbx�we_dljbq_kdbo�b�nhlhwe_dljbq_�
kdbo�k\hckl\�ihemijh\h^gbdZ��nhjfbjh\Zgbx�jZaebqguo�deZkl_jh\�b�\u^_e_gbc�\lh�
jhc�nZau� 

<� k\yab� k� wlbf�\�^Zgghc�jZ[hl_�ijb\h^ylky�j_amevlZlu�bkke_^h\Zgby�f_`ijb�
f_kgh]h�\aZbfh^_ckl\by�\�dj_fgbb��h^gh\j_f_ggh�e_]bjh\Zgghf�]Zngb_f�b�`_e_ahf�k�
ihfhsvx� DLTS�� BamqZeky� lZd`_� wg_j]_lbq_kdbc� ki_dlj� ]em[hdbo� mjh\g_c� �=M�� \�
dj_fgbb��jZa^_evgh�e_]bjh\Zgghf�]Zngb_f�b�`_e_ahf� 

>ey� wdki_jbf_glh\� bkihevah\Zeky� dj_fgbc� n-� b� j-� lbiZ� ijh\h^bfhklb�� \ujZ�
s_gguc�f_lh^hf�QhojZevkdh]h�k�m^_evguf�khijhlb\e_gb_f����÷100 HfÂ kf� 

JZa^_evgh_�b�h^gh\j_f_ggh_�e_]bjh\Zgb_�dj_fgby�]Zngb_f�b�`_e_ahf�ijhba\h�
^behkv�^bnnmabhgguf�f_lh^hf�ba�]Zah\hc�nZau�\�hldZqZgguo�d\Zjp_\uo�ZfimeZo�ijb�
L ���÷12500K�\�l_q_gb_��÷100 qZkh\��k�ihke_^mxsbf�hoeZ`^_gb_f�k�jZaebqgufb�kdh�
jhklyfb� 

Ba�ZgZebaZ�ki_dljh\�DLTS�\�h[jZapZo�n-Si<Hf!�mklZgh\e_gh��qlh�^bnnmabhggh_�
\\_^_gb_�Zlhfh\�]Zngby�ijb\h^bl�d�h[jZah\Zgbx�h^gh]h�]em[hdh]h�mjh\gy�\�\_jog_c�
iheh\bg_� aZij_s_gghc� ahgu��k�nbdkbjh\Zgguf� agZq_gb_f�wg_j]bb�bhgbaZpbb�Ec-0.25 
w<�b�k_q_gb_f�aZo\ZlZ�we_dljhgh\�σn = 2· 10-15 kf2. 

IhdZaZgh��qlh�^bnnmabhggh_�\\_^_gb_�Zlhfh\�Fe�\�Si��ijb\h^bl�d�h[jZah\Zgbx�
lj_o� =M� \� aZij_s_gghc� ahg_�� k� nbdkbjh\Zggufb� wg_j]byfb� bhgbaZpbb� ?v������ w<��
?v������w<�b�?k-�����w<��b�k_q_gbyfb�aZo\ZlZ�we_dljhgh\�b�^ujhd�σj = 5· 10-16

�kf2, σj = 
3· 10-15 kf2, σn =1· 10-16 kf2

��khhl\_lkl\_ggh� 
IZjZf_lju� h[gZjm`_gguo�gZfb�mjh\g_c� kh\iZ^Zxl� k�iZjZf_ljZfb�ba\_klgh]h�

]em[hdh]h�p_gljZ�?v������w<��k\yaZggh]h�k�g_cljZevgufb�ZlhfZfb�Fe�\�khklhygbb�Fe0
��Z�

=M�?k-������w<�-�k�h^bghqgufb�ZlhfZfb�Fe��Ih�\k_c�\_jhylghklb��=M�?v������w<�y\ey_l�
ky�^_n_dlhf�l_jfhh[jZ[hldb��ihkdhevdm�hg�gZ[ex^Z_lky�b�\�dhgljhevguo�l_jfhh[jZ�
[hlZgguo��[_a�ijbf_kb��h[jZapZo� 

H[gZjm`_gh�� qlh� wnn_dlb\ghklv� h[jZah\Zgby� =M�`_e_aZ� \� h[jZapZo� n-Si<Fe> 
kms_kl\_ggh�aZ\bkbl�hl�vhoe��dhgp_gljZpby�=M�Ev������w<�\�[ukljh�hoeZ`^_gguo�h[�
jZapZo�gZ�ihjy^hd�\ur_��q_f�\�h[jZapZo�Si<Fe!��f_^e_ggh�hoeZ`^_gguo�ihke_�^bnnm�
abb�� 

MklZgh\e_gh��qlh�ijb�h^gh\j_f_gghf�b�ihke_^h\Zl_evghf�\\_^_gbb�Hf�b�Fe�\�Si, 
]em[hdb_�mjh\gb��k\yaZggu_�k�we_dljbq_kdb�Zdlb\gufb�ZlhfZfb�`_e_aZ�g_�h[jZamxlky��
gZ� ki_dljZo�DLTS�gZ[ex^Zxlky� lhevdh�=M��h[mkeh\e_ggu_� ]Zngb_f�\�dj_fgbb��dhg�
p_gljZpby�`_�we_dljbq_kdb�Zdlb\guo�Zlhfh\�Hf�g_�baf_gy_lky�k�\\_^_gb_f�`_e_aZ� 

LZdbf�h[jZahf��ijbkmlkl\b_�Hf�\�h[t_f_�Si�ij_iylkl\m_l�h[jZah\Zgbx�]em[hdbo�
mjh\g_c�`_e_aZ��<_jhylgh��qlh�gZebqb_�]Zngby�\�j_r_ld_�dj_fgby�ijb\h^bl�d�^_aZdlb�
\Zpbb�Zlhfh\�`_e_aZ�k�i_j_oh^hf�bo�gZ�dZdb_�-�eb[h�g_Zdlb\gu_�klhdb��dhlhjufb�fh�
]ml�[ulv�g_kh\_jr_gkl\Z�kljmdlmju��^_n_dlu�gZ�ih\_joghklb�b�l�^� 
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BGNJ:DJ:KG:Y�KI?DLJHKDHIBY�DJ?FGBY� 
E?=BJH<:GGH=H�E:GL:GHF 

>Zeb_\�R�O���DZeZg^Zjh\�W�D� 

GZpbhgZevguc�mgb\_jkbl_l�Ma[_dbklZgZ�bf_gb�Fbjah�Mem][_dZ 

Ba\_klgh��qlh�\�h[t_f_�dj_fgby��ihfbfh�ki_pbZevgh�\\_^_gguo�ijbf_k_c�\k_�
]^Z�ijbkmlkl\mxl�g_dhgljhebjm_fu_�ijbf_kb�� lZd�gZau\Z_fu_� l_ogheh]bq_kdb_�ijb�
f_kb��LZdbfb�ijbf_kyfb�\�dj_fgbb�y\eyxlky�Zlhfu�dbkehjh^Z�b�m]e_jh^Z��\k_]^Z�ijb�
kmlkl\mxsb_�\�_]h�djbklZeebq_kdhc�j_r_ld_�\�\ukhdbo�dhgp_gljZpbyo�^h���17÷1018

�kf-

3
�� Hlf_lbf�� qlh� oZjZdl_jghc� hkh[_gghklvx� Zlhfh\� dbkehjh^Z� b� m]e_jh^Z� y\ey_lky�
kdehgghklv� d� jZaebqguf� \aZbfh^_ckl\byf�� <� k\yab� k� wlbf� gZfb� [ueh� bkke_^h\Zgh�
\aZbfh^_ckl\b_�Zlhfh\�eZglZgZ�k�ZlhfZfb�l_ogheh]bq_kdbo�ijbf_k_c�\�dj_fgbb� 

>ey�wdki_jbf_glh\�\�dZq_kl\_�bkke_^m_fuo�h[jZaph\�bkihevah\Zeky�dj_fgbc n 
b�p-�lbiZ�ijh\h^bfhklb��\ujZs_gguc�f_lh^hf�QhojZevkdh]h�k�dhgp_gljZpb_c�hilbq_�
kdb�Zdlb\guo�dbkehjh^Z�b�m]e_jh^Z�N0

hil�=6⋅1017kf-3
�b�Nk

hil = 2⋅1016
�kf-3

��khhl\_lkl\_g�
gh��Ijbf_kv�eZglZgZ�\\h^beZkv�\�dj_fgbc�\�ijhp_kk_�\ujZsb\Zgby�ba�jZkieZ\Z��Lhe�
sbgZ�ihebjh\Zgguo�h[jZaph\��\�aZ\bkbfhklb�hl�ihklZ\e_gghc�aZ^Zqb��khklZ\eyeZ��÷2 
ff�� 

<�dZq_kl\_�dhgljhevgh]h�h[jZapZ�bkihevah\Zeky�ihebjh\Zgguc�dj_fgbc�n-�b�p- 
lbiZ�ijh\h^bfhklb��\ujZs_gguc�f_lh^hf�QhojZevkdh]h�ijb�l_o�`_�mkeh\byo��qlh�b�Si, 
e_]bjh\Zgguc�La��gh�[_a�ijbf_kb���WlZehgguf�h[jZaphf�kem`be�ihebjh\Zgguc�[_kdb�
kehjh^guc�dj_fgbc� lhc�`_� lhesbgu��qlh�b�bkke_^m_fu_�h[jZapu� k�N0

hil�≤ 1016
� kf-3, 

Nk
hil =4⋅1015 kf-3. 

MklZgh\e_gh��qlh�\\_^_gb_�Zlhfh\�eZglZgZ�\�Si�ba�jZkieZ\Z�ijb\h^bl�d�g_dhlh�
jhfm�kgb`_gbx��\�hl^_evguo�h[jZapZo�-�gZ���-�����dhgp_gljZpbb�dbkehjh^Z��Wlh�wn�
n_dl��\_jhylgh��h[mkeh\e_g�\aZbfh^_ckl\b_f�Zlhfh\�eZglZgZ�b�dbkehjh^Z�\�dj_fgbb� 

<�bkke_^m_fuo�h[jZapZo�wnn_dlZ�mf_gvr_gby�hilbq_kdb�Zdlb\gh]h�m]e_jh^Z�g_�
gZ[ex^Zehkv�� 

Bamq_gu�ki_dlju�BD-ih]ehs_gby�\�h[jZapZo�dj_fgby��e_]bjh\Zggh]h�eZglZghf�
\�ijhp_kk_�\ujZsb\Zgby�ba�jZkieZ\Z�b�ihke_�jZaebqguo�pbdeh\�\ukhdhl_fi_jZlmjguo�
h[jZ[hlhd��IhdZaZgh��qlh�ihke_�l_jfbq_kdbo�h[jZ[hlhd�h[jZaph\�n-Si<La!�dhgp_gljZ�
pby�hilbq_kdb�Zdlb\gh]h�f_`^hma_evgh]h�dbkehjh^Z�m\_ebqb\Z_lky�gZ���-����\�aZ\b�
kbfhklb�hl�l_fi_jZlmju�<LH�b�kh^_j`Zgby�Zlhfh\�eZglZgZ��K�m\_ebq_gb_f�l_fi_jZlm�
ju�h[jZ[hldb�gZ[ex^Z_fuc�wnn_dl�kbevg__�� 

IhdZaZgh��qlh�mkeh\by�jhklZ�djbklZeeh\�ijb\h^yl�d�g_jZ\ghf_jghfm�jZkij_^_�
e_gbx�ijbf_kb�j_^dha_f_evguo�we_f_glh\�ih�^ebg_�b�^bZf_ljm�fhghdjbklZeebq_kdbo�
kebldh\��qlh�kihkh[kl\m_l�h[jZah\Zgbx�ijbf_kguo�\u^_e_gbc��l�_��ij_pbiblZlh\� 

IhdZaZgh��qlh�ij_pbiblZlu��h[gZjm`_ggu_�gZfb�\�h[jZapZo�dj_fgby�k�ijbf_�
kyfb�eZglZgZ��ijb[ebabl_evgh�gZ� ���� khklhyl�ba�j_^dha_f_evguo�we_f_glh\��<iheg_�
\_jhylgh��qlh�\�khklZ\�lZdbo�ij_pbiblZlh\�k�JAW�\oh^yl�b�l_ogheh]bq_kdb_�ijbf_kb��
\k_]^Z�ijbkmlkl\mxsb_�\�jZkieZ\_�dj_fgby�� 

Ih-\b^bfhfm�� <LH� h[jZaph\� dj_fgby� k� eZglZghf� \� bgl_j\Ze_� l_fi_jZlmj�
900÷12000K�ijb\h^bl�d�jZkiZ^m�wlbo�ij_pbiblZlh\��\�j_amevlZl_�q_]h�b�m\_ebqb\Z_lky�
dhgp_gljZpby�hilbq_kdb�Zdlb\gh]h�dbkehjh^Z� 
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M>D�����������������01.57 

FH>?EBJH<:GB?�DJBKL:EEBQ?KDBO�KLJMDLMJ�
=?L?JHFHE?DMEYJGUO�KH?>BG?GBC 

F?LH>HF�>BKDJ?LGH=H�FH>?EBJH<:GBY�MI:DH<HD 

∗∗@bldh\�B�D���FZe__\�:�<���JZm�<�=� 

<eZ^bfbjkdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l 

H^gbf�ba�f_lh^h\�]_g_jZpbb�djbklZeebq_kdbo�kljmdlmj�y\ey_lky�f_lh^�^bkdj_l�
gh]h�fh^_ebjh\Zgby�miZdh\hd��F>F��fhe_dme�\�djbklZeeZo�>�@��dhlhjuc�hkgh\Zg�gZ�Zi�
ijhdkbfZpbb�fhe_dme�^bkdj_lgufb�fh^_eyfb��ihebdm[Zfb�>�@��>hklhbgkl\Zfb�F>F�ih�
kjZ\g_gbx�k�f_lh^Zfb�g_ij_ju\gh]h�baf_g_gby�hjb_glZpbhgguo�b�wg_j]_lbq_kdbo�iZ�
jZf_ljh\� ijb� ]_g_jZpbb� djbklZeebq_kdbo� kljmdlmj� y\eyxlky� khdjZs_gb_� jZkq_lh\� b�
\hafh`ghklv�dhg_qgh]h�i_j_[hjZ�\ZjbZglh\�miZdh\hd�[_a�Zijbhjgh]h�agZgby�iZjZf_ljh\�
we_f_glZjghc� yq_cdb�� <� >�@� b� >�@� ij_^eh`_gu� Ze]hjblfu� ]_g_jZpbb� djbklZeebq_kdbo�
kljmdlmj� ]hfhfhe_dmeyjguo� kh_^bg_gbc�� kh^_j`Zsbo� h^gm�fhe_dmem�b�^\_�fhe_dmeu��
k\yaZggu_�p_gljhf�bg\_jkbb��gZ�ijbfblb\gmx�yq_cdm��H^gZdh�agZqbl_evgZy�qZklv�fhe_�
dmeyjguo� djbklZeeh\� y\ey_lky� ]_l_jhfhe_dmeyjgufb�� KemqZc�� dh]^Z� gZ� ijbfblb\gmx�
yq_cdm�ijboh^blky�^\_�beb�ljb�kbff_ljbq_kdb�g_aZ\bkbfuo�fhe_dmeu�jZkkfhlj_g�\�>�@� 

<�^Zgghc�jZ[hl_�\�jZa\blb_�f_lh^Z�ij_^eZ]Z_lky�Ze]hjblf�]_g_jZpbb�]_l_jhfh�
e_dmeyjguo� kh_^bg_gbc�� kh^_j`Zsbo�q_luj_�fhe_dmeu�\�ijbfblb\ghc� we_f_glZjghc�
yq_cd_��^\_�ba�dhlhjuo�bf__l�ijhba\hevgmx�nhjfm��^\_�^jm]b_�fhe_dmeu�bf_xl�nhjfm�
[ebadmx�d�rZjhh[jZaghc��fhe_dmeu�\�yq_cd_�ihiZjgh�p_gljZevgh�kbff_ljbqgu��Lj_�
[h\Zgb_�ijbf_jghc�rZjhh[jZaghklb�^\mo�fhe_dme�k\yaZgh�k�l_f��qlh�\�ij_^eZ]Z_fhf�
Ze]hjblf_� hjb_glZpby� wlbo� fhe_dme� hklZ_lky� g_hij_^_e_gghc�� D� lZdbf� kljmdlmjZf�
fh`gh�hlg_klb��gZijbf_j��^bdZlbhg-^bZgbhggu_�dhfie_dku� k� ]Zeh]_g-�� l_ljZnlhj[h�
jZl-��]_dkZnlhjnhknZl-ZgbhgZfb�beb�khev\Zlgu_�kh_^bg_gby�k�^\mfy�fhe_dmeZfb�jZk�
l\hjbl_ey��bf_xsbfb�nhjfm�[ebadmx�d�rZjhh[jZaghc��:e]hjblf�]_g_jZpbb�djbklZe�
ebq_kdbo� kljmdlmj� ]_l_jhfhe_dmeyjguo� kh_^bg_gbc�� kh^_j`Zsbo� ^\_� kljmdlmjgu_�
_^bgbpu��k\yaZggu_�p_gljhf�bg\_jkbb��\dexqZ_l�\�k_[y�ke_^mxsb_�wlZiu�� 

���ZiijhdkbfZpby�hj]Zgbq_kdh]h�dZlbhgZ��hkgh\ghc�fhe_dmeu�khev\ZlZ��b�Zgbh�
gZ��fhe_dmeZ�jZkl\hjbl_ey��^bkdj_lgufb�fh^_eyfb�–�ihebdm[Zfb� 

���jZkq_l�\k_o�\hafh`guo�\ZjbZglh\�miZdh\db�ihebdm[h\�dZlbhgh\��k\yaZgguo�
p_gljhf�bg\_jkbb��b�ihebdm[h\�Zgbhgh\�k�aZ^Zgguf�dhwnnbpb_glhf�miZdh\db�� 

���ijb\_^_gb_�iZjZf_ljh\�yq_cdb�d�klZg^Zjlghfm�\b^m�b�jZkq_l�dhhj^bgZl�Zlh�
fh\��ih�ihemq_gguf�\ZjbZglZf�miZdh\hd�ihebdm[h\� 

���hilbfbaZpby�iZjZf_ljh\�j_r_ldb�ljZgkeypbc��hjb_glZpbb�dZlbhgh\�b�iheh�
`_gby�Zgbhgh\� 

GZ�hkgh\_�jZkkfhlj_ggh]h�Ze]hjblfZ�jZajZ[hlZg�dhfie_dk�dhfivxl_jguo�ijh�
]jZff�^ey�IW<F�lbiZ�IBM PC��:ijh[Zpby�dhfie_dkZ�ijh\_^_gZ�gZ�jy^_�djbklZeebq_�
kdbo� kljmdlmj�� bkke_^h\Zgguo� jZg__�f_lh^hf� JK:��DjbklZeeh]jZnbq_kdb_� ^Zggu_� h�
kljmdlmjZo�\aylu�\�D_f[jb^`kdhc�[Za_�kljmdlmjguo�^Zgguo��D;K>)�>�@��Gb`_�ijb\_�
^_gu� g_dhlhju_� j_amevlZlu� ]_g_jZpbb� djbklZeebq_kdbo� kljmdlmj� ]b^jhoehjb^Z� �-
ZaZ[bpbdeh>�����@�mg^_dZgZ��[jmllh-nhjfmeZ�&10H20N1

1+
•Cl1

1-
��>�@��GZ�jbk���ij_^klZ\e_�

gu�rZjh-kl_j`g_\Zy�fh^_ev�� ]_hf_ljbq_kdZy�fh^_ev�b�ihebdm[�fhe_dmeu�dZlbhgZ��<�
lZ[e���ijb\_^_gu�iZjZf_lju�j_r_ldb�wdki_jbf_glZevghc�b�[ebadhc�d�g_c�fh^_evghc�
djbklZeebq_kdhc�kljmdlmju�mdZaZggh]h�obfbq_kdh]h�kh_^bg_gby� 

                                                           
∗∗
�>hdeZ^�hlf_q_g�`xjb��dZd�h^bg�ba�emqrbo�gZ�ih^k_dpbb� 
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Jbk�����RZjh-kl_j`g_\Zy�fh^_ev�–�Z��]_hf_ljbq_kdZy�fh^_ev�–�[�b�ihebdm[�fhe_dmeu�dZlbhgZ 
 
 

LZ[ebpZ����IZjZf_lju�j_r_ldb�wdki_jbf_glZevghc�b�fh^_evghc�djbklZeebq_kdhc�kljmdlmju 
 

a (Å) b (Å) c (Å) .��]jZ^�� ���]jZ^�� ���]jZ^�� J_ndh^ 
kljmdlmju 

JK: F>F JK: F>F JK: F>F JK: F>F JK: F>F JK: F>F 

AZUDEC10 10.830 10.30 7.122 7.27 7.014 7.10 97.97 94.1 90.4 92.2 96.28 96.1 

 
<�^hdeZ^_�ij_^klZ\e_gu�dhfie_dk�dhfivxl_jguo�ijh]jZff�� kha^Zgguo�gZ�hk�

gh\_� Ze]hjblfZ�� b� ijb\_^_gu� ijbf_ju� _]h� Zijh[Zpbb� ^ey� djbklZeebq_kdbo� kljmdlmj�
^Zggh]h�deZkkZ� 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�Jhkkbckdh]h�nhg^Z�nmg^Zf_glZevguo�bkke_^h\Zgbc�]jZgl����-
02-16835. 

Ebl_jZlmjZ 
1. FZe__\� :�<��� JZm� <�=��� Ihl_obg� D�:�� b� ^j���� >hde�� :G� KKKJ�� ������ L����������

K������ 
2. FZe__\�:�<�����DjbklZeeh]jZnby��������L���������K���� 
3. FZe__\�:�<�����DjbklZeeh]jZnby��������L���������K����� 
4. FZe__\�:�<���@bldh\�B�D���JZm�<�=�� ���DjbklZeeh]jZnby� �ijbgylZ�d�im[ebdZpbb�\�

�����]��� 
5. CSD version 5.25 (November 2003). 
6. Wang A.H.-J., Missavage R.J., Byrn S.R., Paul I.C. // J. Am. Chem. Soc., 1972, V. 94, P. 

7100. 
 
 

=?G?J:PBY�FH>?E?C�DJBKL:EEBQ?KDBO�KLJMDLMJ�
FHE?DMEYJGUO�DJBKL:EEH<��KLJMDLMJGUC�DE:KK�P-1, Z=2(1)) 

=jZs_gdh�?�:�� 

<eZ^bfbjkdbc�]hkm^Zjkl\_gguc�i_^Z]h]bq_kdbc�mgb\_jkbl_l 

Fh^_ebjh\Zgb_� djbklZeebq_kdbo� kljmdlmj�fhe_dmeyjguo� djbklZeeh\� y\ey_lky�
ZdlmZevghc�aZ^Zq_c�\�k\yab�k�l_f��qlh�bo�nbabq_kdb_�k\hckl\Z�hij_^_eyxlky�\�agZqb�
l_evghc�kl_i_gb�miZdh\dhc�fhe_dmeu��LZd`_�wlh�bgl_j_kgh�k�lhqdb�aj_gby�ijh]ghab�
jh\Zgby�\hafh`guo�djbklZeebq_kdbo�kljmdlmj�^ey�^Zggh]h�obfbq_kdh]h�kh_^bg_gby�� 

Z [ \
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F_lh^�^bkdj_lgh]h�fh^_ebjh\Zgby�miZdh\hd�fhe_dme�\�djbklZeeZo�>�@�y\ey_lky�
h^gbf�ba�f_lh^h\�]_g_jZpbb�djbklZeebq_kdbo�kljmdlmj��>Zgguc�f_lh^�hkgh\Zg�gZ�aZ�
f_g_��ZiijhdkbfZpbb��fhe_dme�^bkdj_lgufb�fh^_eyfb��ihebdm[Zfb�>�@�� 

<�^Zgghc�jZ[hl_�[ueZ�ij_^ijbgy�
lZ�ihiuldZ�fh^_ebjh\Zgby�djbklZeebq_�
kdhc�kljmdlmju�keh`gh]h�hj]Zgbq_kdh]h�
kh_^bg_gby��i_jki_dlb\guc�\b^�fhe_dm�
eu� dhlhjh]h�� k� gmf_jZpb_c� g_\h^hjh^�
guo�Zlhfh\��ij_^klZ\e_g�gZ�jbk���� 

GZ� i_j\hf� wlZi_� fh^_ebjh\Zgby�
ih� ba\_klghc� kljmdlmjghc� nhjfme_� fh�
e_dmeu�f_lh^hf�fhe_dmeyjghc�f_oZgbdb�
ihkljh_gZ�_z�]_hf_ljbq_kdZy�fh^_ev��l��_��
ihemq_gu� dhhj^bgZlu� Zlhfh\� \� hjlh�
ghjfbjh\Zgghc�kbkl_f_�dhhj^bgZl� 

GZ� \lhjhf� wlZi_� ^ey� ^_\ylb� kem�
qZcguo�hjb_glZpbc�fhe_dmeu�ihkljh_gh�
���� ihebdm[h\� k� rZ]hf� ZiijhdkbfZpbb�
0,60 …0,80 Å. Ih�djbl_jbx�dZq_kl\Z�Zi�
ijhdkbfZpbb� >�@� [ueh� hlh[jZgh� iylv�
ihebdm[h\�� 

>ey� hlh[jZgguo� ihebdm[h\� [ue�
\uiheg_g�jZkq_l�\k_o�\hafh`guo�\ZjbZglh\�bo�miZdh\db�ijb�mkeh\bb��qlh�\� we_f_g�
lZjghc�yq_cd_�bf_xlky�^\Z�ihebdm[Z��k\yaZggu_�p_gljhf�bg\_jkbb� >�@� �dhwnnbpb_gl�
miZdh\db�\Zjvbjh\Zeky�hl������^h��������<�j_amevlZl_�[ueh�ihemq_gh�����\ZjbZgl�miZ�
dh\db�ihebdm[h\� 

>ey�ihemq_gguo�\ZjbZglh\�miZdh\db�ihebdm[h\�jZkkqblZgu�fh^_eb�djbklZeeb�
q_kdbo�kljmdlmj�b�ijh\_^_gh�bo�mlhqg_gb_�� 

:gZeba�j_amevlZlh\�fh^_ebjh\Zgby�[m^_l�ij_^klZ\e_g�\�^hdeZ^_� 

Ebl_jZlmjZ 
1. FZe__\� :�<��� JZm� <�=��� Ihl_obg� D�:�� b� ^j�� ©F_lh^� ^bkdj_lgh]h� fh^_ebjh\Zgby�

miZdh\hd� \� fhe_dmeyjguo� djbklZeeZoª� ���>hde��:G�KKKJ�� ������ L�� ������� ���K��
1382. 

2. FZe__\� :�<�� ©=_g_jZpby� fhe_dmeyjguo� kljmdlmj� ;jZ\w� f_lh^hf� ^bkdj_lgh]h�
fh^_ebjh\Zgby�miZdh\hdª����DjbklZeeh]jZnby��������L�����������K����� 

3. FZe__\�:�<�� ©=_g_jZpby�kljmdlmj�fhe_dmeyjguo�djbklZeeh\�k�^\mfy�fhe_dmeZfb��
k\yaZggufb�p_gljhf�bg\_jkbb��\�ijbfblb\ghc�we_f_glZjghc�yq_cd_ª���DjbklZeeh�
]jZnby��������L�����������K������ 

 
 

M>D��������������� 

BKKE?>H<:GB?�KH?>BG?GBC�Ku1+XS�F?LH>HF�YDJ�63,65Cu 

KZnhgh\�:�G���Ih]hj_evp_\�:�B���FZlmobg�<�E� 

DZaZgkdbc�]hkm^Zjkl\_gguc�wg_j]_lbq_kdbc�mgb\_jkbl_l��dZn_^jZ�nbabdb 

F_^gu_� kmevnb^u� ijb\e_dZxl� ih\ur_gguc� bgl_j_k� fgh]bo� bkke_^h\Zl_e_c�
[eZ]h^Zjy�k\hbf�mgbdZevguf�kljmdlmjguf�b�we_dljbq_kdbf�oZjZdl_jbklbdZf��qlh�ih�
a\hey_l�jZkkfZljb\Zlv�bo�dZd�fh^_evgu_�kh_^bg_gby�^ey�bkke_^h\Zgby�jZaebqguo�nb�

 
Jbk�����I_jki_dlb\guc�\b^�fhe_dmeu 
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abq_kdbo�k\hckl\�b��\�qZklghklb��^ey�bkke_^h\Zgby�f_oZgbafh\�k\_joijh\h^bfhklb��<�
gZklhys_c� jZ[hl_� ij_^klZ\e_gu� j_amevlZlu� bamq_gby� kh_^bg_gbc�Ku1+xS (x = 1÷1.4) 
f_lh^hf�y^_jgh]h�d\Z^jmihevgh]h�j_ahgZgkZ�gZ�y^jZo�f_^b��YDJ�63,65Ku). 

Bkke_^h\Zgby� ki_dljh\�YDJ� 63,65Ku�ijh\h^bebkv�gZ�bfimevkghf�YDJ� ki_dljh�
f_lj_�\�l_fi_jZlmjghf�^bZiZahg_����-���D��Hkgh\m�kljmdlmju�dh\_eebgZ�CuS�khklZ\�
ey_l� ]_dkZ]hgZevguc� �ijhkljZgkl\_ggZy� ]jmiiZ� K�3/mms�� lj_okehcguc� iZd_l� ABA. 
Kehc�:�keZ]Z_lky�l_ljZw^jZfb�CuS4��Kehc�<�ij_^klZ\ey_l�kh[hc�k_ldm�ba�lj_m]hevgb�
dh\�S3��\�p_gljZo�dhlhjuo�gZoh^ylky�Zlhfu�Ku��<�ij_^_eZo�iZd_lZ�l_ljZw^ju�hjb_glb�
jh\Zgu�k\hbfb�\_jrbgZfb�gZ\klj_qm�^jm]�^jm]m��bf_y�h[sbfb�Zlhfu�S�kehy�<��F_`^m�
kh[hc�iZd_lu�kh_^bg_gu�ihkj_^kl\hf�dhjhldbo������Å) k\ya_c�S-S��jZ^bdZeu�S-2

2���h[�
jZamxsbo�hkgh\Zgby�l_ljZw^jh\��JZkklhygby�Ku-S�\�l_ljZw^jZo�jZ\gu������ �ljb�k\yab�
ijb�hkgh\Zgbb��b������Å (k\yav�ijb�\_jrbg_���<�ljb]hgZevghf�dhfie_dk_�CuS3�^ebgu�
k\ya_c�Cu-S�h^bgZdh\u�b�jZ\gu� �����Å. We_dljbq_kdb_�k\hckl\Z�dh\_eebgZ�lZd`_�g_�
h[uqgu�-�hg�bf__l�gbadh_�we_dljbq_kdh_�khijhlb\e_gb_��a��-7

�hfÂ f���ihemijh\h^gbdh�
\mx�ahggmx�s_ev�ijb�dhfgZlghc�l_fi_jZlmj_��a��w\���b�ihke_�nZah\h]h�i_j_oh^Z�\�hj�
lhjhf[bq_kdmx�nZam�ijb���D�klZgh\blky�k\_joijh\h^gbdhf�ijb����D��WlZ�dhf[bgZpby�
kehbklhc�kljmdlmju�b�we_dljbq_kdbo�k\hckl\�^_eZxl�dh\_eebg�mgbdZevguf�kj_^b�[b�
gZjguo�kmevnb^h\� 

G_kfhljy�gZ�lh��qlh�\�dh\_eebg_�bf_xlky�^\Z�g_wd\b\Ze_glguo�iheh`_gby�f_^b��
YDJ� 63,65Cu�ki_dlj�gZ[ex^Z_lky�lhevdh�hl�h^gh]h�iheh`_gby� �����F=p�ijb� ��D���<h�
ijhk�h�khhlg_k_gbb�gZ[ex^Z_fhc�YDJ�ebgbb�y\ey_lky�\�gZklhysbc�fhf_gl�^bkdmkkb�
hgguf�b�\h�fgh]hf�hij_^_ey_lky�\Ze_glghklvx�f_^b�\�lhf�beb�bghf�kljmdlmjghf�ih�
eh`_gbb��^\mo\Ze_glgZy�f_^v��dZd��ijZ\beh��g_�^Z_l�kb]gZeZ�YDJ���Z�lZd`_�jZkij_^_e_�
gb_f�=WI�\�jZchg_�d\Z^jmihevgh]h�y^jZ�J_amevlZlu�ijh\_^_gguo�l_fi_jZlmjguo�bk�
ke_^h\Zgbc�mdZau\Zxl�gZ�lh��qlh�gZ[ex^Z_lky�ebg_cguc�jhkl�qZklhlu�YDJ� 63,65Ku�ih�
f_j_�mf_gvr_gby�l_fi_jZlmju�hl�����^h���D��>Ze__�l_fi_jZlmjgZy�aZ\bkbfhklv�vQ(T) 
\uoh^bl�gZ�ieZlh�\iehlv�^h�l_fi_jZlmj�a��D��qlh�\_jhylg__�\k_]h�k\yaZgh�k�i_j_oh^hf�
bkke_^m_fh]h�kh_^bg_gby�\�hjlhjhf[bq_kdmx�nZam�ijb���D��Ijh\_^_ggu_�ZgZeh]bqgu_�
bkke_^h\Zgby� l_fi_jZlmjghc� aZ\bkbfhklb� kdhjhklb� y^_jghc� kibg-j_r_lhqghc� j_eZd�
kZpbb�L1

-1
�L�� lZd`_�mdZau\Zxl�gZ�hkh[_gghklv�\�^bZiZahg_� ��-��D��gZ�djb\hc�L1

-1
�L��

gZ[ex^Z_lky� �klmi_gvdZ��� qlh� lZd`_�fh`_l� [ulv� k\yaZgh� kh� kljmdlmjguf� i_j_oh^hf�
ijb���D� 

>ey�kh_^bg_gbb�k�kh^_j`Zgb_f�f_^b�����!�o�!���hlkmlkl\mxl�^Zggu_�h�djbklZe�
eh]jZnbq_kdhc� kljmdlmj_��\�qZklghklb��^Zggu_�h�ihabpbyo�Zlhfh\�\�djbklZeebq_kdhc�
j_r_ld_��<�ki_dljZo�k�kh^_j`Zgb_f�f_^b�x�!���gZjy^m�k��ebgb_c�dh\_eebgZ��gZ[ex^Z�
_lky�_s_�^hihegbl_evgh���YDJ�ebgbb��Ijb�wlhf�ih�f_j_�m\_ebq_gby�kh^_j`Zgby�f_^b�
bgl_gkb\ghklv� �ebgb_c� dh\_eebgZ�� aZf_lgh� iZ^Z_l��<� lh�`_� \j_fy� ihemq_ggu_� gZfb�
ki_dlju�YDJ�63,65Ku�khklhyl�ba�hlghkbl_evgh�madbo�ebgbc��qlh�iha\hey_l�ij_^iheh`blv�
gZebqb_�iylb�klZ[bevguo�djbklZeeh]jZnbq_kdbo�ihabpbc�f_^b�\�^Zgguo�kh_^bg_gbyo��
J_amevlZlu� l_fi_jZlmjguo� bkke_^h\Zgbc� ���-���D�� qZklhl�YDJ� 63,65Ku� bkke_^h\Zgbc�
mdZau\Zxl�gZ� lh�� lh� ljb�gh\uo�ebgbb�bf_xl�\_ebqbgm� G�/dT�ijbf_jgh� ZgZeh]bqgmx�
�ebgb_c�dh\_eebgZ���\�lh�\j_fy�dZd�m�q_l\_jlhc�ebgbb�l_fi_jguc�]jZ^b_gl�qZklhlu�aZ�
f_lgh�\ur_� 

GZfb�lZd`_�[ueb�\uiheg_gu�ab initio hp_gdb�]jZ^b_glZ�we_dljhgghc�iehlghklb�
�=WI�� gZ� y^jZo�f_^b�� JZkq_lu� \uihegyebkv� \� jZfdZo� kZfhkh]eZkh\Zggh]h� g_h]jZgb�
q_ggh]h�f_lh^Z�OZjljb-NhdZ��SCF-LCAO-UHF���Ih�j_amevlZlZf�ijh\_^_gguo�jZkq_lh\�
[ueb� ihkljh_gu� dZjlu� jZkij_^_e_gby� we_dljhgghc� iehlghklb� \� h[eZklb� d\Z^jmihev�
guo�y^_j� 
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M>D������ 

LHQ?QGU?�=JMIIU�DJBKL:EEH<�<�<?DLHJGHF�IJHKLJ:GKL<? 

=_c�K�E� 

=jh^g_gkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��Ygdb�DmiZeu 

Hkgh\gZy� aZ^ZqZ� j_gl]_ghkljmdlmjgh]h� ZgZebaZ�� ih� ^bnjZdpbhgguf� ^Zgguf�
³\hkklZgh\blv� djbklZeebq_kdmx� kljmdlmjm´� -� j_rZ_lky� \� gZklhys__� \j_fy� beb� g_ih�
kj_^kl\_ggh� �klZlbklbq_kdbf�hlukdZgb_f�nZa�beb�agZdh\�kljmdlmjguo�Zfieblm^��beb�
iml_f� jZkq_lZ�f_`Zlhfguo� \_dlhjh\��I_j\u_� ih^oh^u� h[t_^bgyxlky� ih^� gZa\Zgb_f�
ijyfuo�f_lh^h\��\lhju_�ba\_klgu�dZd�iZl_jkhgh\kdb_��ih�bf_gb�E��IZl_jkhgZ��ij_^�
eh`b\r_]h�nmgdpbx�f_`Zlhfguo�\_dlhjh\��jZkij_^_e_gguo�\�\_dlhjghf�ijhkljZgkl\_�
[1]. 

>ey�ihegh]h�\hkijhba\_^_gby�kljmdlmju�djbklZeeZ�f_lh^Zfb�nmjv_-ZgZebaZ�qZklb�
^Zgguo� g_� o\ZlZ_l�� h^gZdh� ba\_klgu� d\Z^jZlu� kljmdlmjguo� Zfieblm^� |Fhkl|

2.� IZl_jkhg�
ijbf_gbe�ba\_klgmx�\�l_hjbb�jy^h\�Nmjv_�nmgdpbx�³k\_jldb´�beb�³dhg\hexpbb �́�b�lZdbf�
kihkh[hf�\u\_e�\�\b^_�jy^Z�Nmjv_�nmgdpbx��aZ\bkysmx�lhevdh�hl� _Fhkl|

2
��dhlhjZy�l_i_jv�

\k_f�ba\_klgZ�ih^�gZa\Zgb_f�nmgdpbb�IZl_jkhgZ�� 
P_evx� jZ[hlu� y\ey_lky� bkke_^h\Zgb_� aZ\bkbfhklb�f_`^m� ijhkljZgkl\hf� djb�

klZeeZ�b�\_dlhjguf�ijhkljZgkl\hf��<�hkgh\_�ZgZebaZ�aZeh`_gZ�ij_^ihkuedZ��qlh�k\hc�
kl\Z�nmgdpbb�g_�aZ\bkyl�hl�dhgdj_lghc�kljmdlmju��Z�hij_^_eyxlky�lhevdh�__�kbff_l�
jb_c�>�@��Mqzl�wlbo�mkeh\bc�hij_^_ey_l�gh\uc�ih^oh^�d�nmgdpbb�IZl_jkhgZ��dZd�kbkl_�
f_�lhq_d�k�hij_^_e_gghc�kbff_ljb_c�bo�jZkiheh`_gby�� 

<_kv�ijhp_kk�jZkrbnjh\db�kljmdlmju�fh`gh�jZa^_eblv�gZ�^\_�klZ^bb��GZ�i_j�
\hc� hlukdb\Zxlky� dexq_\u_� iZl_jkhgh\kdb_� ibdb�� ih� dhlhjuf� hij_^_eyxlky� nZau�
j_ne_dkh\� \� i_j\hf� ijb[eb`_gbb��GZ� \lhjhc� klZ^bb� mklZgZ\eb\Zxlky� agZdb� ^jm]bo�
Zfieblm^�beb�b^_glbnbpbjmxlky��Pbdeu�ih\lhjyxlky��ihdZ�ijb[eb`_gby�n�b��n����g_�
hdZ`mlky�jZ\gufb��>Ze__�fh`gh�bkihevah\Zlv�³f_lh^�ijh[�b�hrb[hd´� 

<�jZ[hl_�ihdZaZgu�hkgh\gu_�khhlghr_gby�f_`^m�kljmdlmjhc�djbklZeeZ�b�_]h�iZ�
l_jkhgh\kdhc�nmgdpb_c�b�h[km`^Z_lky�ijbgpbibZevgZy�\hafh`ghklv�ihkljh_gby�Ze]hjblfZ�
i_j_oh^Z�hl�jZkij_^_e_gby�f_`Zlhfguo�\_dlhjh\�d�kljmdlmj_�djbklZeeZ��Wlh�hagZqZ_l��qlh�
nmgdpbx�IZl_jkhgZ�� khhl\_lkl\mxsmx� kljmdlmj_� ba� ^bkdj_lguo� Zlhfh\��fh`gh� jZk�
rbnjh\Zlv��Lhl�nZdl��qlh�ba�^bnjZdpbhgguo�^Zgguo�\k_]^Z�fh`gh�\uqbkeblv�iZl_jkh�
gh\kdmx�nmgdpbx��dhlhjZy�fh`_l�[ulv�jZkrbnjh\ZgZ��hagZqZ_l��qlh�djbklZeebq_kdZy�
kljmdlmjZ�\�ijbgpbi_�fh`_l�[ulv�hij_^_e_gZ�ih�^bnjZdpbhgguf�^Zgguf�>�@�� 

DZ`^uc�f_lh^�hij_^_e_gby�djbklZeebq_kdbo�kljmdlmj�[_a�agZgby�nZa�\k_]^Z�bf__l�
ij_^_eu�ijbf_gbfhklb��?keb�mjh\_gv�nhgZ�nmgdpbb�IZl_jkhgZ�ijb[eb`Z_lky�d�\ukhlZf�
ibdh\�nmgdpbb��lh�kZfZ�nmgdpby�ijb[eb`Z_lky�d�]jZgbp_�g_jZaj_rbfhklb��K�lZdbf�ih�
eh`_gb_f�ijboh^blky�kqblZlvky�ijb�m\_ebq_gbb�qbkeZ�Zlhfh\�\�we_f_glZjghc�yq_cd_� 

<�^Zevg_cr_f�ieZgbjm_lky�jZkkfhlj_lv�l_hjbx�b�f_lh^�jZkq_lZ�kj_^g_]h�agZ�
q_gby�we_dljhgghc�iehlghklb��kj_^g__�agZq_gb_�nmgdpbb�IZl_jkhgZ�� 

Ebl_jZlmjZ 
1. ;mj]_j�F�� KljmdlmjZ� djbklZeeh\� b� \_dlhjgh_� ijhkljZgkl\h�� -�F��� BBE, 1961. - 

k������ 
2. ;_eh\� G�<��� Bexobg� <�<��� DZebgbg� <�J��� G_\kdbc� G�G�� JZkrbnjh\dZ� kljmdlmj�

kh_^bg_gbc�k�g_ba\_klghc�nhjfmehc��-�F���GZmdZ��������-�k����� 
3. Ebhih�<�:��FZljbqgZy�djbklZeeh]jZnby��=jh^gh��������-�k���� 
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M>D���������� 

BKKE?>H<:GB?�A:<BKBFHKLB�NHLH=J:NBQ?KDBO�K<HCKL<�
=?DK:=HG:EVGUO�IEHKDBO�FBDJHDJBKL:EEH<�AgBr�HL�

<?EBQBGU�PBr�JHKL: 

:nhgvdbgZ�X�G���Khlgbdh\Z�E�<���;_atyauqgZy�F�:� 

D_f_jh\kdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l��Jhkkby 

>ZggZy� jZ[hlZ� ihk\ys_gZ� bkke_^h\Zgbx�nhlh]jZnbq_kdbo� oZjZdl_jbklbd� ieh�
kdbo�fbdjhdjbklZeeh\��L-FD���kljmdlmjZ�dhlhjuo�nhjfbjh\ZeZkv�ijb�jZaebqguo�pBr.  

>ey�wlh]h�gZfb�[ueZ�kbgl_abjh\ZgZ��y^jh\Zy�wfmevkby���wf������kh^_j`ZsZy�L-
FD� kh� kj_^gbf� wd\b\Ze_glguf� ^bZf_ljhf� �d�� �����fdf�b� dhwnnbpb_gl� \ZjbZpbb�ih�
jZaf_jZf��Cv) 29%��f_lh^hf�^\mokljmcghc�djbklZeebaZpbb��>Ze__��y^jh\mx�wfmevkbx��
jZa^_ebeb�gZ�ljb�ihjpbb��\�dhlhjuo�mklZgh\beb�\_ebqbgu�pBr��khhl\_lkl\mxsb_�jhklm�
hij_^_e_gguo�]jZg_c�AgBr���wf����– pBr �����wf����– pBr ���wf����– pBr ������<k_�nhlh�
wfmevkbb�ih^\_j]Zeb�k_jgbklh-ahehlhc�obfbq_kdhc�k_gkb[bebaZpbb��S+Au��b��S+Au) c 
KSCN�b�bkihevah\Zeb�^ey�ihemq_gby�nhlhkeh_\��K_gkblhf_ljbq_kdb_�bkiulZgby�nhlh�
keh_\� ijh\h^beb� \� klZg^Zjlguo� mkeh\byo��OZjZdl_jbklbdb�nhlhkeh_\� �k\_lhqm\kl\b�
l_evghklv� �S���hilbq_kdZy�iehlghklv�\mZeb� �D0��b�fZdkbfZevgZy�iehlghklv� �Dmax), d�b�
Cv��ijb\_^_gu�\�lZ[ebp_��� 

LZ[e��� 
� 

wfmev�
kbb 

pBr 
jhklZ 

d�L-FD��fdf Kv,% [Na2S2O3]x10-5 
 

fhev/fhev Ag 
[KSCN]x10-3 
fhev�fhev�Ag 

[HAuCl4]x10-5 

fhev�fhev�Ag 
S D0 Dmax 

1 1,3 0,40 29 
5,6 
5,6 

- 
2,4 

1,9 
1,9 

55 
100 

0,02 
0,05 

3,7 
4,1 

2 1,5 0,65 48 
5,6 
5,6 

- 
2,4 

1,9 
1,9 

60 
130 

0,06 
0,09 

3,8 
4,8 

3 2,0 0,50 41 
5,6 
5,6 

- 
2,4 

1,9 
1,9 

40 
120 

0,04 
0,07 

3,5 
4,5 

4 2,5 0,45 35 5,6 
5,6 

- 
2,4 

1,9 
1,9 

25 
100 

0,03 
0,06 

3,1 
4,1 

 
Ba�lZ[ebpu�ke_^m_l��qlh�hl�\_ebqbgu�SBr�jhklZ�L–FD�aZ\bkyl�fgh]b_�iZjZf_l�

ju��Kj_^gbc�jZaf_j�L-FD�k�m\_ebq_gb_f�pBr�mf_gvrZ_lky��l�_��FD�jZklml�\�lhesbgm��
H^gZdh�ijb�wlhf�ih\urZ_lky�bo�h^ghjh^ghklv��qlh�\b^gh�ih�mf_gvr_gbx�Kv��Bkke_�
^h\Zgb_�nhlhk\hckl\�ihemq_gguo�L-FD�ihdZaZeh��qlh�nhlhwfmevkbb��k_gkb[bebabjh�
\Zggu_�\�h^bgZdh\uo�mkeh\byo��hlebqZxlky�mjh\g_f�S�b�Dmax��K�m\_ebq_gb_f�\_ebqb�
gu�pBr�jhklZ�L-FD�kgb`Z_lky�S�b�Dmax�nhlhkeh_\��>h[Z\e_gb_�KSCN�ijb��S+Au��ijb�
\h^bl�d�m\_ebq_gbx�S�b�Dmax��GZ[ex^Z_fu_�aZdhghf_jghklb�fh]ml�[ulv�k\yaZgu�k�g_�
h^bgZdh\uf�jZaf_jhf�ihemq_gguo�L-FD��L�d��bkoh^gZy��y^jh\Zy�wfmevkby��bf__l�]jZ�
gmehf_ljbq_kdb_�b�nhlhoZjZdl_jbklbdb�[ebadb_�d�wfmevkbb����Ba-aZ�jhklZ�djbklZeeh\�
\�lhesbgm�gZf�g_�m^Zehkv�dhjj_dlgh�kjZ\gblv�nhlhk\hckl\Z�L-FD�k�aZ^Zgghc�\gmlj_g�
g_c�kljmdlmjhc��H^gZdh�h[gZjm`_ggh_�jZaebqb_�nhlhk\hckl\�L-FD�k\yaZgh�g_�lhevdh�k�
jZaghc� lhesbghc�FD��Ihwlhfm�g_h[oh^bfh�kh\_jr_gkl\h\Zlv�f_lh^bdm�kbgl_aZ�FD��
^ey�h[_ki_q_gby�hilbfZevghc�kljmdlmju�k�wnn_dlb\guf�dhgp_gljbjh\Zgb_f�nhlheb�
lbq_kdh]h�k_j_[jZ� 
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<EBYGB?�HL@B=:�G:�J:KIJ?>?E?GB?�IHEYJBA:PBB�<�
;?KIJBF?KGUO FHGHDJBKL:EE:O�SBN�B�SBN:Cr��K_ 

Fh\qbdh\Z�:�:���FZeurdbgZ�H��<���I_^vdh�;�;� 

L\_jkdhc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Ijb� gZebqbb� \� h[jZap_� g_h^ghjh^gh]h� jZkij_^_e_gby� iheyjbaZpbb� ibjhdhwn�
nbpb_gl�� jZkkqblZgguc� ih� \_ebqbg_� ibjhlhdZ�� aZ\bkbl� hl� kl_i_gb�fhgh^hf_gbaZpbb�
h[jZapZ��LZdbf�h[jZahf��_]h�fh`gh�kqblZlv�wnn_dlb\guf�ibjhdhwnnbpb_glhf��oZjZd�
l_jbamxsbf�mgbiheyjghklv�k_]g_lhwe_dljbdZ�b� aZ\bkysbf�hl�dhhj^bgZlu��<�gZklhy�
s_c� jZ[hl_� bkke_^h\Zeky� oZjZdl_j� jZkij_^_e_gby� wnn_dlb\gh]h� agZq_gby ibjhdhwn�
nbpb_glZ� \� ih\_joghklghf� keh_� [_kijbf_kguo� djbklZeeh\� gbh[ZlZ� [Zjby-kljhgpby�
(SBN��dhg]jmwglgh]h�khklZ\Z�b�SBN��e_]bjh\Zgguo�bhgZfb�K_�b�Cr.�>ey�bkke_^h\Zgby�
iheyjbaZpbb�\�]em[hdbo�kehyo�h[jZaph\�g_h[oh^bfh�bkihevah\Zlv�gbadb_�qZklhlu�fh�
^meypbb� l_ieh\h]h� ihlhdZ�� \� wlhf� kemqZy� h[uqgu_� baf_j_gby� �k� bkihevah\Zgb_f�
\hevlf_ljZ�kj_^gbo�agZq_gbc��g_\hafh`gu��ihwlhfm�gZfb�ij_^eh`_g�pbnjh\hc�f_lh^�
h[jZ[hldb�kb]gZeZ.  

<h�\k_o�iheyjbah\Zgguo�h[jZapZo�SBN�dZd�k�ijbf_kvx�Cr��lZd�b�k�ijbf_kvx�K_��
g_� ih^\_j]Z\rboky� \ukhdhl_fi_jZlmjghfm� hl`b]m�� gZ[ex^Zehkv� g_h^ghjh^gh_� jZk�
ij_^_e_gb_�ibjhdhwnnbpb_glZ�ih�lhesbg_�h[jZapZ��k\b^_l_evkl\mxs__�h�lhf��qlh�ih�
eyjbaZpby�\�wlhf�keh_�[hevr_��q_f�\[ebab�ih\_joghklb�b�\�]em[bg_�djbklZeeZ�� 

Hl`b]��\�\ha^mrghc�Zlfhkn_j_�ijb�l_fi_jZlmj_����hK��ijb\h^bl�d�iheghc�^_�
iheyjbaZpbb� ijbf_kguo� djbklZeeh\� 6%1��<� lh�`_� \j_fy� hl`b]� [_kijbf_kgh]h� djb�
klZeeZ�SBN�ijb\h^bl�d�qZklbqghc�i_j_iheyjbaZpbb�h[jZapZ��LZd��ih�gZijZ\e_gbx�ib�
jhlhdZ�mklZgh\e_gh��qlh�\_dlhj�iheyjbaZpbb�k�h[_bo�klhjhg�h[jZapZ��gZijZ\e_g�ba�]em�
[bgu�d�ih\_joghklb� 

Bkke_^h\Zgby�h[jZaph\��iheyjbah\Zgguo�ihke_�hl`b]Z��ihdZau\Zxl��qlh�\�wlhf�
kemqZ_�jZkij_^_e_gb_�iheyjbaZpbb�ih�lhesbg_�djbklZeeZ�[he__�h^ghjh^gh� 

JZaebqb_�\�iheyjbaZpbb�hlh``_gguo�b�^_\kl\_gguo�h[jZaph\�fh`_l�[ulv�k\y�
aZgh�k�l_f��qlh�hl`b]�ijb\h^bl�d�i_j_jZkij_^_e_gbx�bhgh\�6U�b�%D�\�kljmdlmj_�wlbo�
djbklZeeh\� 

 
:\lhju�[eZ]h^Zjyl�ijhn_kkhjh\�S. Kapphan�b�R. Pankrath��Mgb\_jkbl_l�]��HkgZ[jxd��NJ=��aZ�ij_�
^hklZ\e_ggu_�^ey�bkke_^h\Zgby�djbklZeeu� 

 
 

M>D������������ 

:G:EBA�G?IJ?JU<GH=H�F?LH>:�IHEMQ?GBY�=:EE:F�

S?EHQGUO�F?L:EEH< 

Ebl\bgh\�<�E� 

Lhfkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<�jy^_�hljZke_c�gZmdb�b�ijhfure_gghklb� lj_[mxlky�hkh[h�qbklu_�s_ehqgu_�
f_lZeeu��eblbc��gZljbc��dZebc��b�bahlhiu�eblby��<�gZklhys__�\j_fy�l_ogheh]by�jZa^_�
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e_gby�s_ehqguo�f_lZeeh\�hkgh\ZgZ�gZ�ZfZev]Zfgh-h[f_gghf�f_lh^_��\�dhlhjhf�h^gbf�
ba� hkgh\guo� dhfihg_glh\� y\ey_lky� ZfZev]ZfZ� eblby�� Lj_[h\Zgby� d� wdheh]bq_kdhc�
[_ahiZkghklb� hij_^_ebeb� g_h[oh^bfhklv� jZajZ[hldb� gh\uo� f_lh^h\� jZa^_e_gby�� bk�
dexqZxsbo�ijbf_g_gb_�\ukhdhlhdkbqghc�jlmlb��<�gZklhys__�\j_fy�ij_^eh`_gh�bk�
ihevah\Zlv�gh\u_�h[f_ggu_�kbkl_fu��\�dhlhjuo�jlmlv�aZf_g_gZ�gZ�wdheh]bq_kdb�[_ah�
iZkguc�]Zeebc�� 

<�gZklhys_f� khh[s_gbb�ij_^klZ\e_gZ�nbabdh-fZl_fZlbq_kdZy�fh^_ev�� hibku�
\ZxsZy�g_ij_ju\guc�f_lh^�ihemq_gby�]ZeeZfu�eblby��F_lh^�aZdexqZ_lky�\�ijhp_kk_�
^bnnmabb�eblby�\�]Zeebc�ijb�g_ij_ju\ghf�ijhoh`^_gbb�dZi_ev�`b^dh]h�]Zeeby�ih^�
^_ckl\b_f� kbeu� ly`_klb� q_j_a� kehc� jZkieZ\e_ggh]h� eblby��JZkkfZljb\Zebkv� ke_^mx�
sb_� ijhp_kku�� dZie_h[jZah\Zgb_�� ]jZ\blZpbhggh_� hkZ`^_gb_� dZi_ev�� ^bnnmabhggu_�
ijhp_kku�� 

<�lZdhf�j_`bf_�h[_ki_qb\Z_lky�\ukhdZy�wnn_dlb\ghklv�dhglZdlZ�j_Z]bjmxsbo�
nZa��<� khhl\_lkl\bb� k� wlbf�ijbgpbihf�[ueZ�ij_^eh`_gZ�dhgkljmdpby�mklZgh\db�^ey�
g_ij_ju\gh]h�ihemq_gby�]ZeeZfu�eblby�� 

K�ihfhsvx�jZajZ[hlZgghc�fh^_eb�fh`gh�ih^h[jZlv�hilbfZevgu_�]_hf_ljbq_�
kdb_�b�j_`bfgu_�iZjZf_lju�ijhp_kkZ�\�khhl\_lkl\bb�k�lj_[h\Zgbyfb��ij_^ty\ey_fufb�
d� l_ogheh]bb� ijhba\h^kl\Z� ]ZeeZf� s_ehqguo� f_lZeeh\�� :^_d\Zlghklv� nbabdh-
fZl_fZlbq_kdhc� fh^_eb� ih^l\_j`^_gZ� j_amevlZlZfb� wdki_jbf_glh\� gZ� eZ[hjZlhjghc�
mklZgh\d_� 

 
JZ[hlZ�\uiheg_gZ�ijb�ih^^_j`d_�Fbgh[jZah\Zgby�JN��]jZgl�?��-12.3-�����b�&5')�\�jZfdZo�ijh�
]jZffu�%5+(��ijh_dl������-02). 

 
 

M>D����������� 

BAF?G?GB?�NHLHWFBKKBB�IH<?JOGHKLB�J-F?L:EEH<�IJB�
:>KHJ;PBB�<H>HJH>: 

DZeZ`hdh\�A�O���IhghfZj_gdh�G�K���DZeZ`hdh\�O�O� 
DZ[Zj^bgh-;ZedZjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

<h^hjh^� y\ey_lky� h^gbf�ba� dhfihg_glh\� hklZlhqguo� ]Zah\uo� kj_^� \Zdmmfguo�
ijb[hjh\�>�@��?]h�qZklh�bkihevamxl�\�jZaebqguo�l_ogheh]bq_kdbo�ijhp_kkZo��Ihwlhfm�
\Z`gh�agZlv��dZd�f_gyxlky�ih\_joghklgu_�k\hckl\Z�fZl_jbZeh\�ijb�bo�\aZbfh^_ckl\bb�
k�\h^hjh^hf� 

<� gZklhys_c� jZ[hl_� ijb\h^ylky� j_amevlZlu� wdki_jbf_glZevgh]h� bamq_gby �
dbg_lbdb � Z^khj[pbb � \h^hjh^Z � gZ � ih\_joghklyo � ihebdjbklZeebq_kdbo�lZeeby�
b�heh\Z��Hiulu�ijh\h^bebkv�k�bkihevah\Zgb_f�\ukhdh\Zdmmfghc�f_lZeebq_kdhc�mklZ�
gh\db��hibkZgghc�\� >�@��Bkke_^m_fZy�ih\_joghklv�f_lZeeZ�[ueZ�ihemq_gZ�\�\ukh�
dhf� \Zdmmf_� �J���-5

�IZ��ijh^Z\eb\Zgb_f�`b^dh]h�f_lZeeZ�q_j_a�kl_deygguc�dZibe�
eyj�^bZf_ljhf�da��ff��Bkke_^m_fuc�h[jZa_p��ihemq_gguc�\�ij_^\Zjbl_evgh�gZ]j_lhc�
dhjmg^h\hc�qZr_qd_��kgh\Z�ih^\_j]Zeky�l_jfh\Zdmmfghfm�hl`b]m�\�l_q_gb_�h^gh]h�qZ�
kZ�ijb�l_fi_jZlmj_�L����Lie�^ey�^hklb`_gby�jZ\gh\_kgh]h� khklhygby� _]h�ih\_jogh�
klb��AZl_f�himkdZeb�l_fi_jZlmjm�^h�dhfgZlghc�b�\�dZf_jm�gZimkdZeb�hqbs_gguc�\h�
^hjh^�q_j_a�b]hevqZluc� ]Zah\uc� gZl_dZl_ev��<� ijhp_kk_� Z^khj[pbb� \h^hjh^Z� gZ�
ih\_joghklb�f_lZeeZ�ijh\h^beZkv�g_ij_ju\gZy� aZibkv�nhlhwfbkkbhggh]h� lhdZ� �j) 
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b�^Z\e_gby� �J��\h^hjh^Z��gZl_dZxs_]h�\�j_Zdpbhggmx�dZf_jm�kh�\j_f_g_f��J_�
amevlZlu�wdki_jbf_glh\�ij_^klZ\e_gu�gZ�jbk���b�jbk���� 

K�bkihevah\Zgb_f� djb\uo� j(t��b�p(t��� k^_eZg�jZkq_l�baf_g_gby�jZ[hlu� \uoh^Z�
we_dljhgZ� \� aZ\bkbfhklb� hl� wdkihabpbb�f_lZeebq_kdhc�ih\_joghklb� \� \h^hjh^_��>ey�
\k_o�bamq_gguo�f_lZeeh\�gZ[ex^Z_lky�ihgb`_gb_�nhlhwfbkkbhggh]h�lhdZ��jn��b�ih�
\ur_gb_�jZ[hlu�\uoh^Z�we_dljhgZ�ijb�Z^khj[pbb�\h^hjh^Z� 

 
Ba�h[jZ[hldb�j_amevlZlh\�djb\uo�Z^khj[pbb�hij_^_e_gu�kj_^gyy�wg_j]by�Z^�

khj[pbb� \h^hjh^Z� gZ� ihebdjbklZeebq_kdhc� ih\_joghklb�f_lZeeZ� b� \j_fy� j_eZdkZpbb�
kbkl_fu�ih\_joghklv-]Zah\Zy�nZaZ� 

Ebl_jZlmjZ 
1. HklZlhqgu_� ]Zau�\� we_dljhgguo�eZfiZo� ��FZl_jbZeu�i_j\h]h�b�\lhjh]h�f_`^mgZ�

jh^gh]h� kbfihabmfh\� ����� b����]]�� �Ih^� j_^��DLG� =e_[h\Z� =�>��F��� ©Wg_j]byª��
����]� 

2. DZeZ`hdh\� O�O�� <ebygb_� Z^khj[pbb� dhfihg_glh\� b� Zdlb\guo� ]Zah\uo� kj_^� gZ�
jZ[hlm� \uoh^Z� we_dljhgZ� f_lZeebq_kdbo� kbkl_f� ��>bk�� gZ� khbkd�� mq�� kl�� d�n�-f�g��
GZevqbd��D;=M������]�����k� 

 
 

M>D����������� 

L?FI?J:LMJG:Y�A:<BKBFHKLV�J:;HLU�<UOH>:�WE?DLJHG:�
BG>BY��HEH<:��K<BGP:��L:EEBY 

B�G?DHLHJUO�BO�;BG:JGUO�KIE:<H< 

DZeZ`hdh\�A�O���DZeZ`hdh\�O�O���IhghfZj_gdh�G�K� 

DZ[Zj^bgh-;ZedZjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l 

Bamq_gZ� l_fi_jZlmjgZy� aZ\bkbfhklv� nhlhwe_dljhgghc� wfbkkbb� qbkluo� iheb�
djbklZeebq_kdbo�f_lZeeh\� In, Sn, Pb�b�Tl�b�g_dhlhjuo�[bgZjguo�kieZ\h\�\�l\_j^hf�b�
`b^dhf�khklhygbyo�f_lh^hf�baf_j_gby�nhlhlhdZ��Ijb�wlhf�hkh[h_�\gbfZgb_�m^_e_gh�
baf_g_gbx�nhlhwfbkkbb�\�ijhp_kk_�nZah\h]h�i_j_oh^Z�l\_j^h_�l_eh-`b^dhklv��Hiulu�
ijh\h^bebkv�\�\Zdmmf_�a��-5

�IZ�ijb�g_ij_ju\ghf�baf_g_gbb��m\_ebq_gbb��l_fi_jZlm�

Jbk����Baf_g_gb_� ^Z\e_gby�G2� �����nhlh�
lhdh\�����b�jZ[hlu�\uoh^Z�lZeby�����\�aZ�
\bkbfhklb�hl�\j_f_gb�gZl_dZgby�\h^hjh�
^Z�\�dZf_jm�λ ����gf 

Jbk����Baf_g_gb_�^Z\e_gby�G2 ��������nh�
lhlhdh\��������b�jZ[hlu�\uoh^Z�����heh\Z�
\� aZ\bkbfhklb�hl�\j_f_gb�gZl_dZgby�\h�
^hjh^Z�\�dZf_jm����b���- λ ����gf����b���- 
λ ��� gf
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ju�h[jZapZ�k�aZ^Zgghc�kdhjhklvx�hl�dhfgZlghc�^h�l_fi_jZlmju�ieZ\e_gby�b�\ur_��<�
ijhp_kk_� ih\ur_gby� l_fi_jZlmju� h[jZapZ� ijhba\h^beZkv� g_ij_ju\gZy� j_]bkljZpby�
l_fi_jZlmju�b�nhlhwe_dljbq_kdh]h�lhdZ��<�dZq_kl\_�ijbf_jZ�gZ�jbkmgdZo���b���ij_^�
klZ\e_gu�djb\u_�baf_g_gbc�l_fi_jZlmju�b�nhlhlhdZ�kh�\j_f_g_f��Z�lZd`_�jZ[hlu�\u�
oh^Z�we_dljhgZ�\�aZ\bkbfhklb�hl�l_fi_jZlmju�^ey�heh\Z� 

 

 
Jbk����Baf_g_gb_�l_fi_jZlmju   Jbk����L_fi_jZlmjgZy�aZ\bkbfhklv� 
b�nhlhlhdZ�heh\Z�kh�\j_f_g_f� nhlhlhdh\�b�jZ[hlu�\uoh^Z�we_dljhgZ 
1-baf_g_gb_�l_fi_jZlmju��   �heh\Z 
2-baf_g_gb_�nhlhlhdZ 
 
Ih�ihemq_gguf�^Zgguf�nhlhwe_dljbq_kdbo�baf_j_gbc�\uqbke_gZ�jZ[hlZ�\uoh�

^Z�we_dljhgZ��J<W��k�bkihevah\Zgb_f�nhjfmeu 
1 22

0 0 0

j
1 1

j h h

ϕ ϕ
µ ν ϕ ν ϕ

−
   ∆ ∆= + ⋅ −   − − −   

,    

]^_�µ -�obfihl_gpbZe�we_dljhgh\�\�f_lZee_��Kν -�wg_j]by�nhlhgh\��ϕ0 -�J<W�\�gZqZe_�gZ�
]j_\Z��û3�–�baf_g_gb_�J<W��J_amevlZlu�gZrbo�hiulh\�g_�ih^l\_j`^Zxl�h[gZjm`_ggu_�
\�>�����b�^j�@�©hkh[_gghklbª�l_fi_jZlmjghc�aZ\bkbfhklb�nhlhwfbkkbb��IhdZaZgh��qlh�\�
h[eZklb�l\_j^h]h�khklhygby�l_fi_jZlmjguc�dhwnnbpb_gl�baf_gy_lky�k�l_fi_jZlmjhc��
<� ijhp_kk_� nZah\h]h� i_j_oh^Z� �ieZ\e_gby�� gZ[ex^Zxlky� baf_g_gby� agZdh\� l_fi_jZ�
lmjguo�dhwnnbpb_glh\�nhlhwfbkkbhggh]h�lhdZ�b�J<W��Z�agZq_gb_�J<W�qbklh]h�f_lZe�
eZ�m\_ebqb\Z_lky��<�`b^dhf�khklhygbb�J<W�qbklh]h�f_lZeeZ�fhghlhggh�mf_gvrZ_lky�k�
ih\ur_gb_f�l_fi_jZlmju��H^gZdh��^ey�`b^dbo�k\bgpZ�b�lZeeby�ijb�hlghkbl_evgh�\u�
khdhc�l_fi_jZlmj_�ihke_�ieZ\e_gby�kgh\Z�gZ[ex^Z_lky�m\_ebq_gb_�J<W�b�mf_gvr_gb_�
nhlhwfbkkbb� 

<�kemqZ_�[bgZjguo�kieZ\h\�h[gZjm`_gh�[he__�aZf_lgh_�baf_g_gb_�nhlhwfbkkbb�
b� jZ[hlu� \uoh^Z� \� h[eZklb� l\_j^h-`b^dh]h� khklhygby� kieZ\h\�� >ey� kieZ\Z� khklZ\Z�
35%Pb+65%Sn�h[gZjm`_g�j_adbc�jhkl�nhlhwfbkkbhggh]h�lhdZ�\[ebab�l_fi_jZlmju�i_�
jbl_dlbq_kdhc� j_Zdpbb��Ij_^eh`_gh� dZq_kl\_ggh_� h[tykg_gb_� gZ[ex^Z_fuf� y\e_gb�
yf� 

Ebl_jZlmjZ 
1. Dmjr_\�H�B���R_[amoh\�F�>��Hkh[_gghklb�nhlhwfbkkbb�kieZ\h\�[bgZjghc�kbkl_fu�

heh\h-k\bg_p��GZevqbd��D;=M��<_klgbd�D;=M��K_j��nba��gZmd��������� ���k� 10. 
2. Dmjr_\�H�B���R_[amoh\�F�>��JZ[hlZ�\uoh^Z�we_dljhgZ�kieZ\h\�heh\h-k\bg_p��GZev�

qbd��D;=M��<_klgbd�D;=M��K_j��nba��gZmd��������� ���k� 11-12. 
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M>D��������� 

WFBKKBY�;HEVRBO�DE:KL?JH< 
IJB�BHGGHF�J:KIUE?GBB�F?L:EE: 

Dhqdbg�K�:� 

Ihfhjkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��F�<��Ehfhghkh\Z 

<h�fgh]bo�kemqZyo�wdki_jbf_glZevgu_�bkke_^h\Zgby�ijhp_kkh\�bhggh]h�jZkiu�
e_gby� l\_j^uo� l_e� gZijZ\e_gu� gZ� \uykg_gby�f_oZgbafh\� jZkiue_gby�fgh]hZlhfguo�
qZklbp��H[uqgh�ijh\h^ylky�baf_j_gby�wg_j]_lbq_kdbo�ki_dljh\�b�jZkij_^_e_gbc�g_c�
ljZevguo�b�h^ghdjZlgh�aZjy`_gguo�deZkl_jh\�ih�jZaf_jZf�\�aZ\bkbfhklb�hl�lbiZ�fb�
r_gb��khklZ\Z�b�lhdZ�[hf[Zj^bjmxsbo�qZklbp��Z�lZd`_�aZ\bkbfhkl_c�\uoh^Z�g_cljZev�
guo�b�aZjy`_gguo�deZkl_jh\�hl�l_fi_jZlmju�fbr_gb��g_kmsbo�[he__�ih^jh[gmx�bg�
nhjfZpbx�h�f_oZgbafZo�nhjfbjh\Zgby�deZkl_jh\��JZg__�>����@�gZfb�[ueZ�jZajZ[hlZgZ�
l_hjby�bhggh]h�jZkiue_gby�f_lZeeZ�\�\b^_�[hevrbo�deZkl_jh\�k�qbkehf�Zlhfh\�\�bo�
khklZ\_� 5≥N ��Hkgh\hc�f_oZgbafZ�bhggh]h�jZkiue_gby��kh]eZkgh�wlhc�l_hjbb��y\ey_l�
ky�ij_^klZ\e_gb_�h�jZkiue_gbb�f_lZeeZ�\�\b^_�deZkl_jh\�iml_f�\g_aZighc�©jZa^Zqbª�
bfimevkh\�ZlhfZf�fbr_gb�hl�^\b`ms_]hky�bhgZ��Ih^�\g_aZighc�i_j_^Zq_c�ih^jZamf_�
\Z_lky�� qlh� Zlhfu�fbr_gb� ihemqZxl� bfimevku� aZ� \j_fy�� kms_kl\_ggh�f_gvr__�� q_f�
oZjZdl_jguc�i_jbh^�dhe_[Zgbc�ZlhfZ�fbr_gb��<�l_hjbb�\\h^blky�\Zjvbjm_fuc�iZjZ�
f_lj� q �� bf_xsbc� kfuke� kj_^g_c� \_ebqbgu� bfimevkZ�� ihemq_ggh]h� Zlhfhf�fbr_gb�
ijb�jZa\blbb�dZkdZ^Z�klhedgh\_gbc��AgZq_gby�wlh]h�iZjZf_ljZ�ih^[bjZebkv�ba�wdki_�
jbf_glZevguo�^Zgguo�b�[ueb�lZ[mebjh\Zgu�^ey�jZaebqguo�dhf[bgZpbc�bhg-fbr_gv��
<�gZklhys_c�jZ[hl_�gZ�hkgh\_�nbabq_kdbo�ij_^klZ\e_gbc��ij_^eh`_gguo�Ebg^oZj^hf�
>����@��b�f_lh^Z�jZkq_lZ�ihegh]h�\uoh^Z�deZkl_jh\�>�@�ihemq_gh�ijhklh_�\ujZ`_gb_�^ey�
kj_^g_]h�bfimevkZ� q �� aZ\bkys_]h�hl� wg_j]bb��hij_^_eyxs_c� ]em[bgm�hkpbeeylhjghc�
yfu��\�dhlhjhc�gZoh^blky�dZ`^uc�Zlhf�l\_j^h]h�l_eZ��fZkku�ZlhfZ�b�iZjZf_ljZ�\aZb�
fh^_ckl\by�� e_`Zs_]h� \� hkgh\_� ih^oh^Z�� ij_^eh`_ggh]h�Ebg^oZj^hf��L_f� kZfuf�� \�
^Zgghc�jZ[hl_�mkljZgy_lky�g_^hklZlhd�l_hjbb�bhggh]h�jZkiue_gby��dh]^Z�h^gZ�ba�hk�
gh\guo�nbabq_kdbo�\_ebqbg�g_�\uqbkeyeZkv�ba�i_j\uo�ijbgpbih\� 

<�j_amevlZl_��kh]eZkgh� >�@��\_jhylghklv�\ue_lZ�deZkl_jZ�ba�N�Zlhfh\�b�aZjy^hf�
Qe (e - aZjy^�we_dljhgZ) bf__l�ke_^mxsbc�\b^�� 
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]^_� ( ) ( )ssmq 122 −∆==ε  - \uqbke_ggZy \�jZ[hl_ kj_^gyy�wg_j]by��dhlhjhc�h[eZ^Zxl�
Zlhfu�fbr_gb�ijb�jZa\blbb�dZkdZ^Z�klhedgh\_gbc, ∆ -�]em[bgZ�hkpbeeylhjghc�yfu��\�
dhlhjhc�gZoh^blky�dZ`^uc�Zlhf�l\_j^h]h�l_eZ�� s  -�iZjZf_lj�\aZbfh^_ckl\by�>����@��dh�
lhjuc� ^ey� klhedgh\_gbc�bhgh\� k� wg_j]byfb�ihjy^dZ�g_kdhevdbo� dw<�b� kj_^gbo�fZkk�
Zlhfh\� b� bhgh\� khklZ\ey_l� \_ebqbgm� ihjy^dZ� ^\hcdb�� m –� fZkkZ� ZlhfZ��

32NSU NN δσ ==  –�wg_j]by�k\yab�deZkl_jZ�k�f_lZeehf�>���@��δ -�bf__l�kfuke�wg_j]bb�

k\yab�deZkl_jZ��hlg_k_gghc�d�h^ghfm�Zlhfm�\�khklZ\_�deZkl_jZ��b��\hh[s_�]h\hjy��δ�hl�
ebqZ_lky�hl�∆���<�nhjfme_���� 
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]^_� em  -�fZkkZ� we_dljhgZ� ahgu�ijh\h^bfhklb��V  -�h[t_f�deZkl_jZ�� Θ  -� l_fi_jZlmjZ�

fbr_gb�� γ  -�\Ze_glghklv�Zlhfh\�f_lZeeZ�� !  -�ihklhyggZy�IeZgdZ�� β  -�iZjZf_lj��khhl�
\_lkl\mxsbc�d\Zglh\uf�nemdlmZpbyf�aZjy^Z�ijb�gme_\hc�l_fi_jZlmj_�fbr_gb�� µ∆  - 
jZaghklv�f_`^m�mjh\gyfb�N_jfb�\�f_lZee_�b�\�deZkl_j_�� 

<�jZ[hl_�jZkkqblZgu�\�aZ\bkbfhklb�hl�qbkeZ�Zlhfh\�\�khklZ\_�deZkl_jh\��ihegu_�
\uoh^u� b� wg_j]_lbq_kdb_� ki_dlju� h^ghaZjy^guo� b� g_cljZevguo� deZkl_jh\� lZglZeZ��
gbh[by� b� `_e_aZ� ijb� [hf[Zj^bjh\d_� ZlhfZjgufb� bhgZfb� Zj]hgZ�� ahehlZ� b� dk_ghgZ��
>hklb]gmlh�ohjhr__�kh]eZkb_�k�wdki_jbf_glZfb� 

 
:\lhju�[eZ]h^Zjgu�Fbgh[jZah\Zgbx�JN�aZ�nbgZgkh\mx�ih^^_j`dm�jZ[hlu��rbnj�]jZglZ�:��-2.9-
918). 

Ebl_jZlmjZ 
1. FZl\__\�<�B��JZkij_^_e_gby�deZkl_jh\�ih�aZjy^Zf�b�jZaf_jZf�ijb�bhgghf�jZkiu�

e_gbb�f_lZeeZ����@LN��������L������K�����-119. 
2. FZl\__\�<�B���Dhqdbg�K�:��Wg_j]_lbq_kdb_�ki_dlju�b�l_fi_jZlmjgu_�jZkij_^_e_�

gby�deZkl_jh\�ijb�bhgghf�jZkiue_gbb�f_lZeeZ����@LN��������L������K����-71. 

3. Sigmund P. Theory of Sputtering // Phys. Rev., 1969, Vol. 184, P. 383-416.  
4. NZevdhg_�>��L_hjby�jZkiue_gby����MNG��������L�������K����-117. 

 
 

M>D���������� 

FH>?EBJH<:GB?�>BNNMABHGGUO�O:J:DL?JBKLBD�
LHQ?QGUO�>?N?DLH<�<�HPD�F?L:EE:O 

Qbjdh\�:�K���GZaZjh\�:�<� 

Fhkdh\kdbc�bg`_g_jgh-nbabq_kdbc�bgklblml 
�]hkm^Zjkl\_gguc�mgb\_jkbl_l��� 

Ba\_klgh��qlh�ijb�\ZdZgkbhgghf�f_oZgbaf_�^bnnmabb��dhlhjuc�y\ey_lky�^hfb�
gbjmxsbf� \� qbkluo�f_lZeeZo�� hkgh\gufb� oZjZdl_jbklbdZfb�� hij_^_eyxsbfb� dhwn�
nbpb_gl�^bnnmabb��y\eyxlky�wg_j]by�h[jZah\Zgby�b�fb]jZpbb�\ZdZgkbb��\ebygb_�^Z\�
e_gby�hij_^_ey_lky��\�k\hx�hq_j_^v��\_ebqbghc�Zdlb\Zpbhggh]h�h[tzfZ��y\eyxs_]hky�
kmffhc�^\mo�khklZ\eyxsbo��h[tzfZ�h[jZah\Zgby�b�fb]jZpbb�\ZdZgkbb� 
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f
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v

f
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>ey� hibkZgby� f_`Zlhfguo� \aZbfh^_ckl\bc� \� ^Zgghc� jZ[hl_� ijbf_gzg� f_lh^�
wfibjbq_kdbo�fgh]hqZklbqguo�ihl_gpbZeh\��<�_]h�hkgh\_�e_`bl�nhjfZebaf�NbggbkZ-
Kbgde_jZ�>�@��y\eyxsbcky�ijb[eb`_gb_f�\lhjh]h�ihjy^dZ�l_hjbb�kbevghc�k\yab��>Zg�
guc�ih^oh^�hij_^_ey_l�wg_j]bx�ZgkZf[ey�Zlhfh\�ke_^mxsbf�h[jZahf� 

 ∑∑∑
===≠

=−=
N

j
iji

N

i
i

N

ji
ijij RfRNE

111

)(,)()(
2

1 ϕρρ ,   (2) 

]^_�Nij –�iZjgZy��hl\_qZxsZy�aZ�hllZedb\Zgb_�qZklv�ihl_gpbZeZ��3ij –�\deZ^�\�we_dljhg�
gmx�iehlghklv�\�ihabpbb�ZlhfZ�i�hl�hdjm`Zxsbo�Zlhfh\�j, !i –�we_dljhggZy�iehlghklv�\�
ihabpbb�ZlhfZ�i, f –�fgh]hqZklbqgZy�nmgdpby��Rij –�f_`Zlhfgh_�jZkklhygb_� 

>ey�jZkqzlZ�mdZaZgguo�^bnnmabhgguo�oZjZdl_jbklbd�\�^Zgghc�jZ[hl_�bkihevah�
\ZgZ�gh\Zy�fh^_ev��hkgh\ZggZy�gZ�bkihevah\Zgbb�f_lh^Z�fhe_dmeyjghc�klZlbdb�^ey�hi�
j_^_e_gby�ZlhfZjghc�kljmdlmju�\�hdj_klghklb�^_n_dlZ��Ijb�wlhf�jZkqzlgZy�yq_cdZ�mk�
eh\gh�jZa^_ey_lky�gZ�ljb�ahgu��<�i_j\uo�^\mo�ahgZo�\uihegy_lky�ihhq_jz^gZy�j_eZd�
kZpby�Zlhfh\��ijb�wlhf�Zlhfu�lj_lv_c��ih]jZgbqghc�h[eZklb�hklZxlky�`zkldh�aZnbdkb�
jh\Zgu��<k_� Zlhfu� kqblZxlky�ih]jm`zggufb� \�mijm]mx� kiehrgmx� kj_^m�� kf_s_gby�
Zlhfh\�\�dhlhjhc�k\h^ylky�d�j_r_gbyf�mjZ\g_gbc�klZlbq_kdhc�bahljhighc�mijm]hklb��
<�i_j\hf�ijb[eb`_gbb�wlh�ihe_�kf_s_gbc�ij_^klZ\bfh�ke_^mxsbf�h[jZahf� 

3r

r
Cu

&
& = ; CudSVrel π4==∆ ∫∫ ,   (3) 

]^_�K�–�dhgklZglZ��jZkkqblu\Z_fZy�gZ�hkgh\_�kf_s_gbc�Zlhfh\�\h�\lhjhc�ahg_��>Ze__�\�
khhl\_lkl\bb�k�ba\_klguf� agZq_gb_f�K�kf_sZxlky�Zlhfu�lj_lv_c�ahgu�hlghkbl_evgh�
k\hbo�iheh`_gbc�\�b^_Zevghc�j_rzld_��GZ�hkgh\Zgbb�i_j\h]h�mjZ\g_gby�����ihkljh_gZ�
kZfhkh]eZkh\ZggZy�bl_jZpbhggZy�ijhp_^mjZ��\uihegyxsZy�jZkqzl�dhgklZglu�K�b�kf_�
s_gb_�Zlhfh\�b�ihemq_gZ�mklhcqb\Zy�koh^bfhklb�dhgklZglu�K�d�g_dhlhjhfm�ihklhyg�
ghfm�agZq_gbx��Baf_g_gb_�h[tzfZ�kbkl_fu��k\yaZggh_�k�h[jZah\Zgb_f�jZ\gh\_kghc�\Z�
dZgkbb��hij_^_ey_lky�kmffhc�h[tzfZ��ijboh^ys_]hky�gZ�Zlhf�b�h[tzfZ�j_eZdkZpbb��hi�
j_^_ey_fh]h�ba�agZq_gby�jZ\gh\_kghc�dhgklZglu�K����� 

>Zgguc�Ze]hjblf�fh`_l�[ulv�jZkijhkljZgzg�gZ�kemqZc�fb]jZpbb�^_n_dlZ��>ey�
wlh]h�hkms_kl\ey_lky�ihrZ]h\uc�i_j_ghk�khk_^g_]h�k�\ZdZgkb_c�ZlhfZ�\�gZijZ\e_gbb�
gZb[he__�iehlghc�miZdh\db�HPD�j_rzldb�������d�\ZdZgkbb��Ijb�wlhf�kf_s_gby�Zlhfh\�
i_j_klZxl�[ulv�bahljhigufb��b�^ey�hij_^_e_gby�dhgklZglu�K�\\h^blky�^\Z�p_gljZ�^b�
eZlZpbb��I_j\uc�p_glj�^beZlZpbb�jZkiheZ]Z_lky�\�\ZdZgkbb��Z�\lhjhc�kh\iZ^Z_l�k�gZ�
qZevguf� iheh`_gb_f� fb]jbjmxs_]h� ZlhfZ�� LZdbf� h[jZahf�� fh`gh� jZaeh`blv� ihe_�
kf_s_gbc�gZ�^\_�dhfihg_glu�hlghkbl_evgh�^\mo�mdZaZgguo�p_gljh\�^beZlZpbb��<�j_�
amevlZl_��ihemqZ_f�^ey�h[tzfh\�j_eZdkZpbb�b�fb]jZpbb�ke_^mxsb_�\ujZ`_gby� 

fE

prel
f

v VVV ∆+∆+Ω=    mE
prelrel

m
v VVVV ∆+−′∆= 0    (4) 

Ihke_^gb_�keZ]Z_fu_�\� wlbo�nhjfmeZo�iha\heyxl�mq_klv�\ebygb_�^Z\e_gby�gZ�
kljmdlmjm�\�hdj_klghklb�^_n_dlZ��Z��ke_^h\Zl_evgh��b�gZ�wg_j]bx�kbkl_fu��Baf_g_gb_�
h[tzfZ��k\yaZggh_�k�fb]jZpb_c�Zlhfh\�ih�djbklZeebq_kdhc�j_rzld_��fh`gh�hibkZlv�k�
bkihevah\Zgb_f�jZ\gh\_kguo�l_jfh^bgZfbq_kdbo�ihl_gpbZeh\��b�ihemqblv�^h[Z\db�d�
Zdlb\Zpbhgguf�h[tzfZf��>ey�hij_^_e_gby�wlbo�^h[Z\hd�[ue�bkihevah\Zg�gh\uc�ih^�
oh^��mqblu\Zxsbc�aZ\bkbfhklv�wg_j]bb�kbkl_fu��\�l�q��kbkl_fu�k�^_n_dlhf�hl�^Z\e_�
gby�>�@��<�jZfZo�^Zgghc�l_hj_lbq_kdhc�fh^_eb�ihemq_gh�\ujZ`_gb_�^ey�h[tzfZ�fb]jZ�
pbb� \�ijb[eb`_gbb�iZjguo�ihl_gpbZeh\� >�@��:gZeh]bqgh�� \�jZfdZo�^Zggh]h�ih^oh^Z�
fh`gh�ihemqblv�khhl\_lkl\mxs__�\ujZ`_gb_�^ey�kemqZy�fgh]hqZklbqguo�\aZbfh^_c�
kl\bc� 
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   (5) 

A^_kv�D0 –�fh^mev�\k_klhjhgg_]h�k`Zlby��:gZeh]bqguf�h[jZahf�mqblu\Z_lky�aZ�
\bkbfhklv�wg_j]bb�hl�^Z\e_gby�^ey�h[tzfZ�h[jZah\Zgby�\ZdZgkbb� 

J_amevlZlu�bkke_^h\Zgby�^bnnmabhgguo�k\hckl\�^\mo�HPD�f_lZeeh\ ij_^klZ\�
e_gu� \� lZ[ebp_��OZjZdl_jbklbdb�.-Fe�bkke_^h\Zebkv� k�ihfhsvx�iZjgh]h�ihl_gpbZeZ�
>`hgkhgZ�b�fgh]hqZklbqgh]h�ihl_gpbZeZ�WdeZg^Z��Ackland��>�@��JZkqzlu�^ey��-Zr�ijh�
\h^bebkv� k� ihfhsvx� fgh]hqZklbqgh]h� ihl_gpbZeZ� MbeevyfZ-FZkkh[jbh� �Willaime-
Massobrio) [4]. 

LZ[e��� 

.-Fe 

OZjZdl_jbklbdb 
Fgh]hqZklbqguc�ihl_g�

pbZe�WdeZg^Z 
IZjguc�ihl_gpbZe�

>`hgkhgZ 

�-Zr 
Fgh]hqZklbqguc�ih�

l_gpbZe�WM1 

,f
vE w<  1,70 2,91 1,55 

,m
vE w<  0,79 0,69 0,32 

,SD
vE w<  2,49 3,78 1,87 

/relV∆ Ω  -0,159 -0,132 -0,472 

/fE

pV∆ Ω  0,021 0,015 0,014 

/f
vV Ω  0,862 0,854 0,542 

( )0 /rel relV V′∆ − ∆ Ω  0,009 0,011 10-4
 

/mE
pV∆ Ω  0,041 -0,032 0,089 

/m
vV Ω  0,050 -0,022 0,089 

/SD
vV Ω  0,912 0,832 0,631 

 
Ba�lZ[ebpu���\b^gh��qlh�\_ebqbgZ�g_ljZ^bpbhggh]h�keZ]Z_fh]h�h[tzfZ�fb]jZ�

pbb�\�nhjfmeZo�����hljbpZl_evgZ��qlh�]h\hjbl��\_jhylgh��h�g_Z^_d\Zlghklb�fh^_eb�iZj�
guo� ihl_gpbZeh\�� Khhl\_lkl\mxsZy� \_ebqbgZ�� ihemq_ggZy� ^ey� fgh]hqZklbqgh]h� ih�
l_gpbZeZ� WdeZg^Z�� ohjhrh� kh]eZkm_lky� k� ba\_klgufb� hp_ghqgufb� agZq_gbyfb�� >ey�
pbjdhgby�wg_j]bb�h[jZah\Zgby�b�fb]jZpbb�^h\hevgh�fZeu��Z�agZq_gb_�Zdlb\Zpbhggh]h�
h[tzfZ�fb]jZpbb�hlghkbl_evgh�\ukhdh� 
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M>D���������� 

FH>?EBJH<:GB?�I?J?J:KIJ?>?E?GBY 
WE?DLJHGGHC�IEHLGHKLB�<�HDJ?KLGHKLB�<:D:GKBC 

B�BO�DHFIE?DKH<�<�:EXFBGBB 

Gbdblbg�<�<� 

Fhkdh\kdbc�bg`_g_jgh-nbabq_kdbc�bgklblml 
�]hkm^Zjkl\_gguc�mgb\_jkbl_l� 

L_hjby�f_lh^Z�nmgdpbhgZeZ�we_dljhgghc�iehlghklb�hkgh\ZgZ�gZ�l_hj_f_�Ohwg�
[_j]Z�b�DhgZ��kh]eZkgh�dhlhjhc�\k_�k\hckl\Z�hkgh\gh]h�khklhygby�g_h^ghjh^gh]h�\aZb�
fh^_ckl\mxs_]h�we_dljhggh]h�]ZaZ�fh]ml�[ulv�hibkZgu�k�ihfhsvx�\\_^_gby�g_dhlh�
juo� nmgdpbhgZeh\� hl� we_dljhgghc� iehlghklb� ρ(r)��H[uqguc� ]ZfbevlhgbZg� kbkl_fu�
aZf_gy_lky�gZ�nmgdpbhgZe�ke_^mxs_c�kljmdlmju� 

∫∫∫ ρ+
−
ρρ+υρ=ρ ][

'

)'()(
')()(][ G

rr

rr
drdrrrdrE ext ,    

]^_� )(rextυ -�\g_rg__�ihe_��\�dhlhjh_�\oh^bl�ihe_�y^_j��Z�nmgdpbhgZe�G[ρ@�y\ey_lky�mgb�
\_jkZevguf�b�g_�aZ\bkbl�hl�\g_rg_]h�ihey��R_f�b�Dhg�ij_^eh`beb�ij_^klZ\blv�nmgd�
pbhgZe�G[ρ@�\�\b^_� 

G[ρ] = T[ρ] + EXC[ρ],      
]^_�T[ρ] –�dbg_lbq_kdZy�wg_j]by�kbkl_fu�g_\aZbfh^_ckl\mxsbo�we_dljhgh\�iehlghklb�
ρ(r ��� Z� nmgdpbhgZe� EXC[ρ@� kh^_j`bl� fgh]hwe_dljhggu_� wnn_dlu�� lZdb_� dZd� h[f_g� b�
dhjj_eypby�>�@�LZd`_�^ey�jZkq_lh\�bkihevam_lky�Z^bZ[Zlbq_kdh_�ijb[eb`_gb_�;hjgZ�– 
Hii_g]_cf_jZ��l�_��ij_^iheZ]Z_lky��qlh�we_dljhgu�ijZdlbq_kdb�[_abg_jpbhggh�ke_^mxl�
aZ�^\b`_gb_f�bhgh\�� 

<� ^Zgghc� jZ[hl_� f_lh^� nmgdpbhgZeZ� we_dljhgghc� iehlghklb� ijbf_gyeky� ^ey�
fh^_ebjh\Zgby� i_j_jZkij_^_e_gby� we_dljhgghc� iehlghklb� \� hdj_klghklb� \ZdZgkbc� \�
qbklhf�Zexfbgbb��>ey�jZkq_lZ�[ueZ�\u[jZgZ�yq_cdZ�jZaf_jhf��x4x�������Zlhfh\���;u�
eh�jZkkfhlj_gh�ljb�dhgnb]mjZpbb�kbkl_fu�kh^_j`Zsb_�\ZdZgkbb��fhgh\ZdZgkby��[b\Z�
dZgkby�h[jZah\ZggZy�^\mfy�\ZdZgkbyfb�jZkiheh`_ggufb�\�i_j\uo�dhhj^bgZpbhgguo�
kn_jZo�hlghkbl_evgh�^jm]�^jm]Z�b�[b\ZdZgkby�h[jZah\ZggZy�^\mfy�\ZdZgkbyfb�jZkih�
eh`_ggufb�\h�\lhjuo�dhhj^bgZpbhgguo�kn_jZo�hlghkbl_evgh�^jm]�^jm]Z� 

>ey�[_a^_n_dlgh]h�Zexfbgby�[ue�hij_^_e_g�iZjZf_lj�j_r_ldb�aAl = 4,0468 Å, 
dhlhjuc�ohjhrh� kh]eZkm_lky� dZd� k�^jm]bfb�jZ[hlZfb�ih�fh^_ebjh\Zgbx� >�@�� lZd�b� k�
wdki_jbf_glZevgufb�^Zggufb�� 

>ey�bkke_^m_fuo�\ZdZgkbhgguo�dhgnb]mjZpbc�ijh\_^_g�jZkq_l�kf_s_gbc�Zlh�
fh\�b�i_j_jZkij_^_e_gby�we_dljhgghc�iehlghklb��LZd`_�jZkkqblZgu�wg_j]bb�h[jZah\Z�
gby�\ZdZgkbc�b�bo�dhfie_dkh\��Ihemq_ggu_�j_amevlZlu��jbk���Z�b�[��k\b^_l_evkl\mxl�h�
kms_kl\_gghf� i_j_jZkij_^_e_gbb� we_dljhgghc� iehlghklb� \� [eb`Zcr_c� hdj_klghklb�
\ZdZglgh]h�maeZ�� 

Bkoh^y�ba�ihemq_gguo�j_amevlZlh\�fh`gh�k^_eZlv�\Z`guc�\u\h^�h�lhf��qlh�[b�
\ZdZgkby��h[jZah\ZggZy�^\mfy�fhgh\ZdZgkbyfb��jZkiheh`_ggufb�\�i_j\uo�dhhj^bgZ�
pbhgguo�kn_jZo�hlghkbl_evgh�^jm]�^jm]Z� �jbk�� �Z���ih-\b^bfhfm��^he`gZ�jZkkfZljb�
\Zlvky��dZd�_^bguc�^_n_dl�b�f_lh^�ihabljhgghc�Zggb]beypbb�lZdmx�dhgnb]mjZpbx�[m�
^_l�b^_glbnbpbjh\Zlv�dZd� _^bguc�h[t_dl�� Z�[b\ZdZgkby�h[jZah\ZggZy�^\mfy�fhgh\Z�
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dZgkbyfb� jZkiheh`_ggufb� \h� \lhjuo� dhhj^bgZpbhgguo� kn_jZo� hlghkbl_evgh� ^jm]�
^jm]Z��jbk���[��g_�y\ey_lky�_^bguf�h[t_dlhf��b�fh`_l�jZkkfZljb\Zlvky�dZd�^\_�fhgh\Z�
dZgkbb��qlh��ih-\b^bfhfm��b�ihdZ`_l�f_lh^�ihabljhgghc�Zggb]beypbb�\�^Zgghf�kemqZ_� 

 

 
 
 
Jbk����JZaghklgu_�nmgdpbb�jZkij_^_e_gby�we_dljhgghc�iehlghklb�\�hdj_klghklb�[b\ZdZgkbc��Z��\Z�
dZgkbb�gZoh^ylky�\�i_j\uo�dhhj^bgZpbhgguo�kn_jZo�hlghkbl_evgh�^jm]�^jm]Z��[��\ZdZgkbb�gZoh�
^ylky�\h�\lhjuo�dhhj^bgZpbhgguo�kn_jZo�hlghkbl_evgh�^jm]�^jm]Z 
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