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4	�A�	A��B
 � C�E��B
 '�
���F
��G 
�� '��
����4	� � � �/K
�
 ��	
������ 

��
�	�����L 	
����� 

������
	���� �������	�
��� �
��� �����
���� 
���
����
� � ��
	
� ��� 	 ������� 

������� – Q����� ����
Q
�
��
�
 �����
�� 

��� 54.057 

�7�(�/?�< �.	., �)E�()< �.�., �!'O#D4)<� 	.	. 
��(4�-Q���!@'!;/4"* ;)/'&�!/�<�(($* =#�4�!)��,("+�/4"* '("<�!/"��� 

«�F��», ��(4�-Q���!@'!; 
	 (�/�)D\�� <!�ED �4�'�#?($E D<#D��/D <)B!)/ /�#�4�"<();) B)#'-

+�("D E�//"<� )!"�(�"!)<�(($, ';#�!)&($, (�()�!'@)4 (���) B) G�&�(-
()E' �)B)#);"+�/4)E' G�4)('. ��"@)#�� O"!)4) !�/B!)/�!�(�(($* /B)-
/)@ B)#'+�("D (�()�!'@)4 (��) )/()<�( (� "/B)#?G)<�("" B!)8�//� !�G-
#)%�("D ';#�<)&)!)&)< < B!"/'�/�<"" 4���#"G��)!)< (4���#"�"+�/4)� !�G-
#)%�("� ';#�<)&)!)&)<). 	 4�+�/�<� 4���#"G��)!)< "/B)#?G'C�/D +�/�"8$ 
E���##)< Ni, Co, Cu " Fe !�GE�!)E (�/4)#?4) (�()E��!)<. 

�#D B)#'+�("D )!"�(�"!)<�(($, E�//"<)< �� "/B)#?G'C�/D &<� )/-
()<($, E��)&�: «B!"('&"��#?(�D» )!"�(��8"D '%� <$!)/O", (�()�!'@)4 
", @�G'/#)<(), !)/� )!"�(�"!)<�(($, (�()�!'@)4 +�!�G "/B)#?G)<�("� 
B!)8�//)< 4���#"G�. 

��#?C (�/�)D\�* !�@)�$ D<#D��/D )B!�&�#�("� )/)@�(()/��* /�#�4-
�"<();) !)/�� ��� B!" (�#"+"" #��'+�;) 4���#"G��)!�. Q!)/��*O"E /#'-
+��E ��4);) !)/�� D<#D��/D «#)4�#?()�» (�(�/�("� 4���#"G��)!�. 

	 4�+�/�<� )/()<();) "(/�!'E�(�� &#D �(�#"G� B!)8�//)< !)/�� (�-
()�!'@)4 "/B)#?G)<�#/D !�/�!)<$* =#�4�!)(($* E"4!)/4)B Quanta Inspect, 
� < 4�+�/�<� &)B)#("��#?();) �BB�!��();) /!�&/�<� B!"E�(D#/D 4)EB#�4/ 
Helios NanoLab, B)G<)#DC\"* B!�B�!"!)<��? )@V�4�$ (�()!�GE�!($E 
B'+4)E " !��#"G)<��? !�%"E (�@#C&�("D – !�/�!)<�D B!)/<�+"<�C\�D 
E"4!)/4)B"D (!"/. 1). 

�;#�!)&($� (�()�!'@4" @$#" B)#'+�($ < (�'+()-)@!�G)<���#?()E 
8�(�!� «��()��,()#);""» �Q@�F��. ��EB�!��'!($� '/#)<"D /"(��G� 
<�!?"!)<�#"/? )� 350 &) 800 °�. 	 4�+�/�<� ';#�!)&/)&�!%�\�;) <�\�/�<� 
B!"E�(D#/D ;�4/�(, B"!)#"G B!)"/,)&"# < ��E)/7�!� �!;)(�. �/B)#?G)<�-
#)/? &<� <�!"�(�� <<�&�("D 4���#"G��)!)<: < ;�G)<'C 7�G' " B'��E )/�%-
&�("D E���##)<, ", )4/"&)< " /)#�* (� B)<�!,()/�? B)&#)%4". �<)&($� 
!�G'#?���$ /"(��G� ';#�!)&($, (�()�!'@)4 B!"<�&�($ < ��@#"8�. 
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�     5 

�"/. 1. �G)@!�%�("� E�//"<� ';#�!)&($, (�()�!'@)4, B)#'-
+�(()� / B)E)\?C: �) !�/�!)<);) =#�4�!)(();) E"4!)/4)B�; 
5) 4)EB#�4/� Helios NanoLab < B!)/<�+"<�C\�E !�%"E� 
 

��@#"8�. �<)&(�D ��@#"8� !�G'#?���)< /"(��G� ';#�!)&($, (�()�!'@)4 
 

Q)&#)%4� 
/ 4���#"-
G��)!)E 

����-
#"G��)! 

< ;�G. 
7�G� 

��G'#?��� �G)@!�%�("D / =#�4�!)(();) E"4!)/4)B� 

Si B)&-
#)%4�, 
B)4!$-
��D 
Ni(OH)2 


�-
/'�/�-
<'��  

��G'B)!D&)-
+�(($* E�/-
/"< ��� @)-
#?O);) &"�-
E��!� " E�-
#)* <$/)�$ 
(3–4 E4E)  

Si B)&-
#)%4�, 
B)4!$-
��D )4-
/"&)E 
("4�#D 


�-
/'�/�-
<'��  

��//"<  
!�G'B)-
!D&)+�(-
($, ��� 

 

 10



Q#�/�"-
(� Fe, (� 
B)#)<"-
(' B#�/-
�"($ 
(�(�/�( 
Al2O3 

��!-
!)8�( 

Q#)�($* 
E�//"< 
��� (� 
«+"/�)*» 
B)<�!,()-
/�" B#�-
/�"($ Fe  

Q#�/�"-
(� Fe 

��!-
!)8�( 

��G!)G-
(�(($* 
E�//"< 
��� < 
<"&�  
«<��$» 

 
Q#�/�"-
(� Ni 

��!-
!)8�( 

��G)!"-
�(�"!)-
<�(($* 
E�//"< 
��� 
@)#?O);) 
&"�E��!�  

Q#�/�"-
(� Si 

��!-
!)8�( 

Q#)�($* 
)!"�(�"-
!)<�(($* 
/#)* ��� 

 
SiO2 ��!-

!)8�( 
Q#)�($* 
!�G)!"�(-
�"!)<�(-
($* E�/-
/"< ��� 
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Q)&#)%4� 
Si, (� +�/�? 
B)&#. (�(�-
/�(� B#�(-
4� �#E�G)-
B)&)@();) 
';#�!)&� 

��!-
!)8�( 

Q#)�($* 
)!"�(�"-
!)<�(($* 
/#)* ��� 
�)#?4) (� 
Si 

 
 
��((�D !�@)�� @$#� )!"�(�"!)<�(� (� )B!�&�#�("� '/#)<"*, B!" 4)-

�)!$, /�#�4�"<($* !)/� (�@#C&�#/D @$ B!" <<�&�("" 4���#"G��)!� < ;�G)-
<'C 7�G'. �G@"!���#?($* !)/� (�()�!'@)4 (�@#C&�#/D (� 4!�E("�<)* 
B)&#)%4" / B#�(4)* �#E�G)B)&)@();) ';#�!)&� (�Q�), 4)�)!�D B)("%�#� 
4���#"�"+�/4'C �4�"<()/�? B)<�!,()/�". 
@!�\��� (� /�@D <("E�("� �)� 
7�4�, +�) 4!�E("�<�D B)&#)%4� &�<�#� /�!);) )!"�(�"!)<�(($* E�//"< 
';#�!)&($, (�()�!'@)4. 

��(�/�("� B#�(4" �Q� )/'\�/�<#D#)/? B'��E !�G#)%�("D �!)E��"-
+�/4", ';#�<)&)!)&)< ")(($E B'+4)E. ��4�"+�/4" B#�(4� �Q� <$B)#(D-
#� 7'(48"C E�/4", )@�/B�+"<�D #)4�#"G�8"C !)/�� ��� (� 4!�E("�<)* 
B)&#)%4�. �"/'()4 2 "##C/�!"!'�� B)#()� )�/'�/�<"� ';#�!)&($, (�()�-
!'@)4 (� B)<�!,()/�" B#�(4" �#E�G)B)&)@();) ';#�!)&� " (�#"+"� )!"�(-
�"!)<�(($, /#)�< (�()�!'@)4 (� @)4)<)E /4)#� 4!"/��##� 4!�E("D. 

  
�     5 

�"/. 2. Q)&#)%4� 4!�E("D, B)4!$��D B#�(4)* �#E�G)B)&)@();) ';#�!)-
&�: �) )@\"* <"& B)<�!,()/�" @�G ';#�!)&($, (�()�!'@)4; 5) �)!�8 4!�-
E("�<)* B)&#)%4" / 'B)!D&)+�(($E E�//"<)E ';#�!)&($, (�()�!'@)4 
 

Q!" (�!'O�("" /B#)O()/�" B#�(4" �#E�G)B)&)@();) ';#�!)&� (� 
B)<�!,()/�" B)&#)%4" )�E�+�() )@!�G)<�("� ��� (� B)<�!,()/�" 4!�E-
("D < )@#�/�" E�%&' 4!�E("�<)* B)&#)%4)* " B#�(4)* �#E�G)B)&)@();) 
';#�!)&� (!"/. 3). 
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�     5 

�"/. 3. Q)&#)%4� 4!�E("D / (�!'O�(()* /B#)O()/�?C B#�(4" �#E�G)-
B)&)@();) ';#�!)&�: �) G)(� (�!'O�("D /B#)O()/�"; 5) 7!�;E�(� G)($ 
(�/B#)O()/�" / ';#�!)&($E" (�()�!'@4�E" (� B)<�!,()/�" 4!�E("D 
 

��4"E )@!�G)E, =4/B�!"E�(��#?() '/��()<#�() G(�+"��#?()� !�G#"-
+"� 4���#"�"+�/4)* �4�"<()/�" B)&#)%�4 4!�E("D " B#�(4" �#E�G)B)&)@-
();) ';#�!)&�, +�) B)G<)#"� !�G!�@��$<��? B!)8�//$ �)B)#);"+�/4"  
'B)!D&)+�(();) !)/�� ';#�!)&($, (�()�!'@)4 / <)GE)%()/�?C &)/�"%�-
("D <$/)4)* /�#�4�"<()/�" " B!)/�!�(/�<�(();) !�G!�O�("D. 

���������� 
1. Dane Tipton Christensen «Localized Synthesis, Assembly and Application 

of Carbon Nanotubes»/ A dissertation Doctor of Philosophy university of 
California at Berkeley, 2005, UMI Number: 3210541. 

2. Christian Peter Deck «Carbon Nanotubes: Synthesis, Characterization, and 
Applications»/A dissertation Doctor of Philosophy, university of California, 
San Diego, 2009, UMI Number: 3350004. 
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����
��� �����Q
��� � ���
Q����� ��
�
	 
�����
�� 	 �������������� ���
�������� 


������� � ��������
� ���������� 

��� 537.533.2:621.329-022.532

�#?"+�< F.�., �)G#"�"( �.�., �'B+�(4) �.�., 
Q��!',"( �.�., Q)#�)!�84"* F.�., �$+4)< �.�. 

���Q «��� �"G"+�/4", B!)@#�E "E. �.	. �'4"(�», �#�();!�& 

�'\�/�<'�� !D& G�&�+, !�O�("� 4)�)!$, (� !��#"G'��/D < !�E4�, 
�<�!&)��#?()* =#�4�!)("4". � ��4)<$E )�()/"�/D B)#'+�("� E)\($, " 
4)EB�4�($, /,�E " '/�!)*/�< &#D �	� ;�(�!��)!)< " '/"#"��#�* E)\()-
/�". ��O�("� =�)* G�&�+" �!�@'�� !��#"G�8"" @$/�!)&�*/�<'C\", 4��)&-
($, 'G#)< / B#)�()/�?C �)4� > 10 A//E2 B!" <$,)&()* E)\()/�" < (�-
/4)#?4) 4"#)<���. Q)D<#�("� ��,()#);"* B)#'+�("D ';#�!)&($, (�()/�-
!'4�'! (� )/()<� B!"(8"B)< /�E))!;�("G�8"" </�#"#) (�&�%&$ (� !�O�-
("� )@)G(�+�(($, B!)@#�E < /"#' '("4�#?()/�" ,�!�4��!"/�"4 ���. 


&(�4), (�/E)�!D (� ;!)E�&($� "(<�/�"8"" < =�' )@#�/�?, '/B�," 
B!"@)!($, !�G!�@)�)4 < (�* (�G(�+"��#?($. ��*/�<"��#?(), B#)�()/�" 
�)4)< �<�)=E"���!)< &#D ��� < !�%"E� B)/�)D(();) �)4� (� B!�<$O�C� 
1 �//E2, � )%"&��E$� B!"E�(�("D < B#�(�!($, �� B)4� (� !��#"G)<�($. 
�(�#"G !�G'#?���)< "//#�&)<�("* B)G<)#D�� <$D<"�? )&(' "G )/()<($, 
/&�!%"<�C\", B!"+"( – G(�+"��#?('C &"/B�!/"C < B#)/4)/�" B#�/�"($ 
B)!);)<$, " B!�&�#?($, ,�!�4��!"/�"4 �<�)=E"//"" E�//"<)< ���, +�) 
/<DG�() / <�!"�8"�* ;�)E��!"+�/4", ,�!�4��!"/�"4 ��� B) B#�/�"(�. 
�!)E� �);), B!)8�// !)/�� E�//"<)< ��� D<#D��/D E();)/��&"*($E, � E�-
�)& !)/�� PCCVD – E();)B�!�E��!"+�/4"E. Q!)8�// ),<��$<��� ��4'C 
B)/#�&)<���#?()/�? B!)8�&'! 4�4 7)!E"!)<�("� (�()!�GE�!($, 4���#"-
�"+�/4", )@#�/��* ((�()!��4�)!)< !)/�� ���), +�/�"+('C &"//)8"�8"C 
E)#�4'# ';#�<)&)!)&($, /)�&"(�("* < )@V�E� 4�E�!$, B)#('C &"//)8"�-
8"C E)#�4'# !��;�(�� <@#"G" (�()!�GE�!($, )@#�/��*, &"77'G"C ��)E)< 
';#�!)&� < (�()!�GE�!()* )@#�/�", ", (�4)B#�("� &) B!�&�#?()* 4)(8�(-
�!�8"", 7)!E"!)<�("� 4<�G")&()E�!();) ';#�!)&();) G�!)&$O� ", (�4)-
(�8, B!)8�// !)/�� ���. 

��4"E )@!�G)E, �4�'�#?($E D<#D��/D <$D<#�("� @�G)<$, B�!�E��!)< 
/"(��G� ��� ", < B�!<'C )+�!�&?, B!)8�//)< 7)!E"!)<�("D (�()!��4�)!)< 
���, � ��4%� &"77'G"" " (�4)B#�("D < (", ��)E�!();) ';#�!)&�. 

���&"D 7)!E"!)<�("D (�()!�GE�!()* 4���#"�"+�/4)* 4�B#" 4!�*(� 
<�%(�, ��4 4�4 )(� )B!�&�#D�� ;�)E��!"+�/4"� B�!�E��!$ ��C, ", "&�(-
�"+()/�? " /��B�(? 4!"/��##"+�/4);) /)<�!O�(/�<�, () < (�/�)D\�* !�@)-
�� E$ (� @'&�E �(�#"G"!)<��? B!)8�// )@!�G)<�("D (�()!�GE�!($, 4�B�#? 
" @'&�E /+"���? ", /<)*/�<� G�&�(($E", "&�(�"+($E" " )&()!)&($E". 
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@V�4� "//#�&)<�("* (�/�)D\�* !�@)�$ – B!)8�//$ �!�(/B)!�� " 
(�4)B#�("D ';#�!)&� < (�()!�GE�!()* 4�B#�. Q!�&#�;���/D 7"G"4)-
E���E��"+�/4�D E)&�#?, < )/()<� 4)�)!)* #�%�� 7"G"+�/4"� B!�&/��<#�("D 
) &"77'G"" ��)E)< ';#�!)&� < B)#D, ;!�&"�(�)< 4)(8�(�!�8"* " 'B!';", 
(�B!D%�("*, (� �!�@'C\"� "/B)#?G)<�("D B)&;)()+($, B�!�E��!)<. 

�//#�&)<�("� 7)!E$ 4���#"�"+�/4", 4�B�#? (!"/. 1 " !"/. 2) B)4�G�-
#), +�) )(" )@#�&�C� !�&"�#?()* /"EE��!"�*. �, �/B�4�()� )�()O�("� 
~ 0,3. Q)/#�&(�� D<#D��/D !�G'#?���)E /E�+"<��E)/�" 4�B#�* B)<�!,()/�" 
B)&#)%4", +�) '4�G$<��� (� (�)@,)&"E)/�? '+��� < B!)8�//� &"77'G"" 
��)E)< ';#�!)&� !�&"�#?() /"EE��!"+($, 'B!';", /"#. 
4�G�#)/?, +�) B)-
<�!,()/�? 4�B#" ,)!)O) �BB!)4/"E"!'��/D 7'(48"�* ��'//� 

 
� �

2

0 2( ) exp
2 3

rr
R

� �
� � � �		


 �
��

  

�"/. 1. ��� " �F� (�()!�GE�!($, )@#�/��* 

��#"+"� EE��!"�* B!"<)&"� 4 
&<"%�("C ��)E)<  4�B#" 4 B�!"7�-
!"" ;!�("8$ !�G&�#� 77'G")(()� B�!�-
E�\�("� ��)E)< B!)"/,)&"�? / (�4)�)-
!)* /4)!)/�?C, 'B!';);) B)��(8"�#� 

,  

;&� �(r) – <$/)�� �)+4" B)<�!,()/�" 4�B#" (�& B)&#)%4)*, r – !�//�)D("� 
)� �)+4" B)<�!,()/�" &) )/" /"EE��!"" 4�B#", �0 – <$/)�� 4���#"�"+�/4)* 
+�/�"8$ (� )/" /"EE��!"", � R – =77�4�"<($* !�&"'/. 

 "G)@!�%�("D 4���#"�"+�/4", 
 

'B!';", &�7)!E�8"* / !�&"�#?()* /"
';#�!)&� < (�B!�<#�("" )� B)<�!,()/�"

 4�B#" / B)&#)%4)*. Q!" =�)E &"
B)& &�*/�<"�E 'B!';", /"# @'&�� 

B!)B)!8")(�#?()* ;!�&"�(�' 
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Abstract 

The effects of catalyst support and catalyst preparation on the spatiotem-
poral chemical patterns of catalyzed CO oxidation on Pd disc-shaped supported 
catalysts have been investigated by IR thermography. Sustained patterns on 
Pd/glass-fiber cloth exhibit a hot spot that expands and contracts continuously (a 
breathing pattern), in a temporal pattern that matched the oscillations in exit CO2 
concentration. The oscillations were of the complex relaxation type, with fast (1-
min) oscillations superimposed on the active phase of the long (10-60min.) cy-
cle. A simple slow periodic behavior was observed on a Pd/sintered-glass cata-
lyst and on a Pd/mesh catalyst. The thermal conductivity and heat capacity of 
these three supports differ by almost two orders of magnitudes, accounting for 
the observed change in patterns. A mathematical model, that was developed 
elsewhere, is employed to corroborate these effects. 

 

Keywords: CO oxidation; Glass fiber support; IR thermography; Spatio-
temporal patterns 

1. Introduction 

While catalytic oscillations are thought to be induced by purely kinetic ef-
fects, as they appear in apparently isothermal systems, the catalyst properties 
like heat capacity and heat transfer coefficient affect the domain where oscilla-
tions emerge and their shape. This applies to high-pressure oxidation reactions 
since true isothermal conditions cannot be maintained. Similarly, the catalyst 
heat conductivity should affect the emerging patterns in a distributed system. In 
a recent publication we presented IR thermography studies of oscillatory behav-
ior during catalytic oxidation of CO over Pd supported on a glass-fiber catalytic 
cloth (GFC), in a continuous reactor with feed flowing perpendicular to and 
through the disc-shaped catalyst. Typical thermograms of sustained patterns ex-
hibited a hot spot that expands and contracts continuously (a breathing pattern), 
in a temporal pattern that matched the oscillations in exit CO2 concentration. 
The oscillations were of the complex relaxation type, with fast (1-min) oscilla-
tions superimposed on the active phase of the long (10-60min.) cycle. Our moti-
vation in choosing the glass-fiber cloth catalyst, to study spatiotemporal pat-
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terns, was its simple geometry and its low thermal capacity and low thermal 
conductivity. The novelty of these experimental results lied in the well defined 
pattern and in the short period of the fast oscillations associated with it. These 
results differ from most other observation of catalytic patterns that were con-
ducted with catalyst supported on a disc or a cylinder. 

To find the source of this difference between our observations and other 
reports of Pd-catalyzed CO oxidation we compare below the patterns observed 
with cloth catalysts to those observed on a porous sintered glass catalyst and in-
quire whether the differences can be accounted to different thermal properties of 
the support. Specifically, the heat conductivity and heat capacity of the disk are 
proportional to the planar density (g/m2) of the support: while the density of the 
cloth is 200–600 g/m2, that of the sintered glass is almost two order of magni-
tude larger. We also study a mesh catalyst with an intermediate planar density. 
While the two Pd/glass catalysts are chemically similar, we cannot assure that 
they have the same Pd dispersion and activity. To that end we also study the ef-
fect of Pd loading and preparation mode of the catalyst. A model based on a pub-
lished kinetic (isothermal) oscillator for this reaction, coupled with a solid-phase 
enthalpy and gas-phase mass balances, predicts these main features of the pattern. 

Multiple steady states and periodic or aperiodic behavior are quite com-
mon to catalytic and electrochemical reactions, as was demonstrated in numer-
ous studies of these reactions [1–4]. While the interaction of diffusion and a 
nonlinear reaction is known to induce a plethora of spatiotemporal patterns, the 
observations of well-defined patterns in heterogeneous reactors are still rare, and 
their identification in many cases is ambiguous due to experimental difficulties 
and nonuniformity of the system properties. Catalytic and electrochemical reac-
tors admit several unique features: (a) The interaction of the fluid phase, through 
which the reactants are supplied by convection, and the reactive solid phase may 
produce patterns due to self-imposed gradients in the fluid-phase. Patterns due to 
global (or non-local) interaction have been the subject of intensive research [5–
6]. (b) Nonuniformity of properties, like catalyst loading and transport coeffi-
cients, are common to catalytic systems and may induce patterns [7–9]. (c) 
Boundary conditions that apply to many heterogeneous reactors are different 
than the no-flux or fixed steady-state conditions commonly employed in studies 
of reaction-diffusion patterns. Previous studies of spatiotemporal patterns were 
reviewed by Sheintuch and Schvartsman [10], Nekhamkina et al. [11] and 
Digilov et al. [12]. Patterns observed with catalytic wires or ribbons were well 
defined: Most patterns observed on two-dimensional catalytic systems did not 
conform to any known motion of reaction-diffusion systems. Most investigators 
attribute the ambiguity to nonuniformity of surface properties. Several studies 
demonstrated the existence of one or more pacing centers that determine the mo-
tion of the whole surface. In several cases aperiodic solutions were shown to be 
associated with two or more such pacing centers. 
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2. Experimental 

2.1. Design of the reactor 

Experimental set-up and the operation procedure are similar to those de-
scribed elsewhere [12, 13]. We give only a brief description of the experimental 
system and repeat the most pertinent details.  The disc-shaped catalyst of 38 mm 
diameter was Pd supported on a commercial glass support (either a cloth, GFC, 
mesh, GFM, or sintered glass, SG). The catalyst was mounted in a specially de-
signed cylindrical aluminum flow reactor of 42-mm inner-diameter and 70 mm 
depth with wall thickness of 5 mm (Fig. 1). The catalysts were fixed between the 
inlet and outlet ports and parallel to an infrared-transparent sapphire window by 
38-mm aluminum rings. The reactor was housed in a thermally insulated electri-
cal oven with a controlled (within ±0.5 °C) temperature by a PID controller 
(TFC-400). To exclude artifacts from IR images due to the reflection of thermal 
energy from the reactor walls, a disc-shaped fiberglass cloth mounted behind the 
catalyst and parallel to it shielded the catalyst. The top flange of the reactor was 
equipped with an IR-transparent sapphire window (ISP Corporation) of 38 mm 
in diameter and 2 mm thickness that provided viewing the temperature field over 
the catalyst surface during reaction from the direction opposite the feed-port. 
The distance between the catalyst and the window was about 14 mm. 

 

Fig. 1. Continuous flow aluminum reactor 
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2.2. Operation procedure 

The reactor operated at atmospheric pressure. The flow rates of CO, oxy-
gen and nitrogen were controlled by mass flow meters (Brooks), which were 
previously calibrated with a bubble flow meter. The exit CO2 concentration was 
measured by a CO2-analyzer (Emproco Ltd, with accuracy ±0.01 % and re-
sponse time of 1.0 s). The data of CO2 concentration were collected by data-
login and displayed graphically on PC. 

2.3. Catalyst preparation and characterization  

Three types of the catalyst support materials have been employed in this 
study (Table 1). 

Table 1. List of supports used for the catalyst preparation 
 

Support and  
composition  

(SiO2; Al2O3; CaO) 

Area/weight 
[cm2/g] 

Thick 
[mm] 

Density 
[g/cm3] 

BET area  
before/after acid 
etching [m2/g] 

Mesh, GFM  
(55; 15; 19 %) 

18 0.7 0.79 0.22/145 

Cloth, GFC  
(63; 15; 17 %) 

50 0.15 1.33 0.59/1.17 

Sintered, SG 1.6 4.5 1.37 0.05 
1. Commercial aluminoborosilicate Glass Fiber Cloth (GFC) of thickness 0.15 mm 

and planar density ~200 g/m2, (product of Steclovolokno, Belarus, Polotsk). 
2. Commercial aluminoborosilicate Glass Fiber Mesh (GFM) of thickness 

0.7 mm and planar density ~600 g/m2 (SSF-4, product of Steclovolokno, Be-
larus, Polotsk). 

3. Commercial porous (25–37 %) Sintered Glass (SG) disc of 40 mm diameter 
and 4.5–5.6 mm thickness (product Duran Virdrio Jena). 

 
Catalyst preparation. The commercial materials were thoroughly rinsed 

with 5 % HCl and water in order to remove salts and glass dust and baked in air 
at 300 °C (overnight). The three types of aluminoborosilicate materials were 
pre-treated with 5 % HCl for 72 h in order to create porosity and surface rough-
ness and for enlargement of the surface area to be different from glass disk. Af-
ter rinsing in deionized water the mesh and fabrics were dried overnight at 
300 °C. Solutions for Pd(II) on supports were prepared with PdCl2 dissolved in 
37 % HCl (1 g in 2 ml) or in 25 % NH4OH (1 g in 50 ml) and diluted (dihydro-
gen tetrachloropalladate (II), H2PdCl4 or Pd(NH3)4(OH)2) with water. GFC was 
immersed in these solutions (~20 g in 200 ml) overnight. SGD surfaces were 
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placed in calculated volumes of the H2PdCl4 solutions, which were completely 
adsorbed (the wetness impregnation method) by the supports. The impregnated 
supports were then dried at room temperature overnight and calcined in air at 
300 °C for 3 h. The Pd(II)/supports were reduced with hydrogen to metallic Pd 
for 1 h at 200 °C. 

Analysis. The palladium contents in the prepared catalysts and solutions 
were analyzed by ICP-ES (Inductively Coupled Plasma Emission Spectrometry, 
Perkin-Elmer Optima 3000 DV). The surface morphology of all prepared cata-
lysts was investigated by SEM/EDS, using a JEOL 5400 microscope with X-ray 
detector for peak identification and quantitative analysis for SiO2 , Al2O3 , CaO, 
MgO contents (Noran Instrument Co.). By this means we determined the sizes 
of the Pd particles and the glass granules of the SG, as well as the diameters of 
the fibrils. The Pd particles size was determined (for 0.2 % Pd/SG) by an 
Atomic Force Microscope (AFM). The specific surface area of the supports and 
Pd catalysts were measured by BET, using N2 adsorption-desorption at 77 K 
with Flowsorb 2300 II (Micromeritics). The palladium metal surface area and 
dispersion of Pd were determined by carbon monoxide adsorption using a Mi-
cromeritics ASAP 2010 apparatus (static volumetric technique). The BJH ad-
sorption cumulative pore volume and “Horvath-Kawazoe” median pore diame-
ters were also determined by a Micromeritics ASAP 2010 apparatus (static 
volumetric technique).  Before the determinations all samples were degassed for 
2–4 h at 473 K under 5 �m Hg vacuum. 

2.4. IR imaging technique  

A THERMACAM PM350 infrared camera with a 256×256 platinum sili-
cide detector array was used for thermal imaging of the catalyst surface. The 
camera was operated in the short-wave range of 3–5 �m, which made it suitable 
for applications of up to 450 °C. IR radiometer provided quantitative measure-
ments of the thermal profile in the line mode, the average temperature in the 
area mode and the temperature of a given point in the point mode. The mean 
temperature of the catalyst in the ignited and extinguished parts can be defined 
with an accuracy ± 2 % at ~ 250 °C when the emissivity of the catalyst surface 
was defined or calculated. The mean emissivity of Pd/GFC and Pd/SG catalysts 
at 200 °C were determined, by adjusting the radiometer reading to the tempera-
ture measured by thermocouple in the absence of the reaction, to be 0.7 and 0.8, 
respectively, with weak temperature dependence. IR images were recorded in 
real time by a videocassette recorder (‘Umatic’ SONY VO-5800PS) at 25 
frames per second and single frames were transferred to a digital format and 
stored on a PC hard disk for qualitative and quantitative analysis. 
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3. Results and discussion 

3.1. Short Results 

There exists a long literature on pattern formation and we will denote here 
three motions that are possible on a uniform disk and that will assist us in under-
standing the results: 

(i) A breathing motion, as described in the Introduction, in which a front 
separates the hot center from the cooler boundaries, and the front position oscil-
lates; this will characterize the motion on Pd/GFC and Pd/GFM. 

(ii) An in-phase oscillatory motion, where the whole catalyst oscillates in 
phase and the temperature cross-section is somewhat parabolic; this will charac-
terize the motion on Pd/SG. 

(iii) Rotating spirals, and other complex motions, may emerge also but 
will require special initial conditions. In a nonuniform system, as in most cata-
lysts, the motion may appear more complex and the identification may be am-
biguous. As opposed to patterns on GFC, which exhibited a complex breathing 
motion, patterns on sintered glass support were typically characterized by in-
phase, slow (1 hr), usually periodic and simple oscillations. Fig. 2a depicts 5 IR 
snapshots observed with 0.4% Pd/SG catalyst along a periodic cycle, of 15 min. 
in period (2b), at oven temperature of 213 °C. The patterns exhibit a hot disk 
with cooler boundaries; the corresponding temperature cross-sections along a 
certain diameter (2c) exhibit small and moderate spatial variation but the tem-
perate varies with time. Note that the first snapshot corresponds to the lower 
conversion peak (about 60 %) while the last one corresponds to almost complete 
conversion. Yet, they appear quite similar but the average catalyst temperature 
varied. The catalyst was not completely extinguished at any time of the cycle. 
By changing the oven (reactor) temperature we were able to map the oscillatory 
domain (Fig. 3b). For the conditions specified the system oscillates for oven 
temperatures between 150 and 250 °C. It should be noted that the largest tem-
perature difference between the catalyst and the reactor �T increases with reactor 
temperature up to 210 °C where it starts to decline. The conversion amplitude 
(or amplitude of effluent CO2 , see Fig. 3a) varied in a similar way. Patterns on 
the GFC, on the other hand, exhibited a breathing motion (Fig. 4a) with a rela-
tively sharp front and complex conversion oscillations (4b, c) showing slow re-
laxation oscillations superimposed with fast oscillations. Fig. 4a presents a se-
quence of snapshots observed along one fast (2 min) oscillation. The hot do-
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main(s) expand and contract continuously, in tandem with the fast oscillations. 
After several fast oscillations at 203 °C (Fig. 4b), the system undergoes com-
plete extinction before igniting and resuming the fast oscillations. The period of 
the slow oscillations is similar to that on the SGD catalyst. The effect of reactor 
temperature is presented elsewhere [13], showing that �T is almost independent 
of it. Here, we show the conversion temporal patterns at three temperatures (Fig. 
4b–d). It should be noted that the catalyst activity in Fig. 4a is not uniform; this 
is especially evident from the last snapshot. This is more pronounced at a higher 
oven temperature, where for part of the cycle we find two hot patches in an oth-
erwise extinguished support. At 213 °C (Fig. 4d) the conversion oscillations are 
aperiodic and fast; the slow-oscillations disappear, probably, due to the interac-
tion of the two patches, which were out of phase. While we have not obtained 
spiral patterns some rotation was evident on GFC under certain conditions like 
the motion presented in Fig. 5a: Here, ignition occurred on the left edge of the 
disk and the front propagates and conquers the center and then the whole disk, 
before another front is initiated (between 2.3 and 3.4 min) and an extinction 
front conquers the surface. The associated conversion oscillations are simple, 
periodic and fast (period is about 3 min, Fig. 5b). A somewhat more complex 
pattern is presented in Fig. 4(c, d), which is associated with complex multipeak 
oscillations. To explain the difference between the motions in Fig. 5 and previo-
us motions recall that with the SG catalyst, temperature gradients across the disk 
were small and the disk has not been totally extinct during the cycle, while in the 
breathing motion on the GFC the disk ignites at a certain inner spot and this spot 
is kept ignited throughout the active phase of the cycle. In both motions the hot-
test point remains the same throughout the cycle. In the motions presented in 
Fig. 5 we cannot find a point that seem to be the most active. The behavior on 
the GFM, which is of higher planar density than the GFC but also of lower wea-
ving density (evident in the Fig. 6), exhibit a breathing motion: Typical thermo-
grams for one semi-cycle of the catalytic activity of the 0.4 wt % Pd/GFM cata-
lyst are shown (Fig. 6); the associated conversion exhibits pulses of the same 
amplitude but the period varies from one cycle to another. A cross-section along 
a certain diameter exhibits relatively steep fronts that bind the hot zone. 
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Fig. 2. Spatiotemporal patterns during CO oxidation over 0.4 % 
Pd/SG catalyst observed with 1.0 % CO in feed at reactor temperature 
226 °C and with 1 l/min of feed flow rate: (a) IR thermograms show a 
sequence of snapshots over 14 min cycle for corresponding CO2 con-
centration. (b) The periodic CO2 effluent concentrations. (c) Tempera-
ture distribution in the indicated cross section. Low curve: at 0.65 % 
CO2; middle curve: at 0.85 % CO2; and top curve: at 0.95 % CO2 
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Fig. 3. Bifurcation diagram versus the reactor temperature showing the re-
gion of oscillations, the effluent CO2 amplitude (a), and the temperature dif-
ference between the hottest spot and the reactor  (b) (conditions as in Fig. 2) 
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Fig. 4. Breathing patterns with complex temporal patterns observed with 
a 0.6 % Pd/GFC cloth catalyst at 203 °C (b); at 206 °C (c); at 213 °C (d). 
Also is shown a sequence of IR-thermograms over one fast breathing cy-
cle (a). Conditions: Feed flow rate of 1 l/min, 1.0 % CO in feed 
 

 28



(a) 
 

                   
                           0:00                    0:17                    0:22                    0:28                    0:33        

                        
                           1:45                     2:32                   3:41                     3:47                     3:52 
 

(b)

0

0.5

1

Time, min

C
o
n
ce

n
tr
a
ti

o
n
 

C
O

2
 %

0 3 6 9

 

(c)

0

0.5

1

Time, min

C
o

n
c
e
n

tr
a
ti
o
n

 

C
O

2
 %

10 20 4030

 
  

(d) 
 

 
         0:0                       0:02                    0:05                    0:18                   2:32                    2:39                    

 
         2:45                    3:36                    3:42                    3:47                    3:53                    4:08                

 
           5:07                   5:12                   5:23                    6:20                    6:25                     6:31  

Fig. 5. Two sequences of snapshots (a, d) and the correspond-
ing effluent CO2 profiles (b, c) observed with a 0.4 % Pd/GFC 
cloth catalyst. Conditions: Feed flow rate of 2 l/min, 1.5 % CO 
in feed, reactor temperature 230 (a, b) or 221 °C (c, d) 
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Fig. 6. Spatiotemporal patterns during CO oxidation over 0.2 % Pd/GFM 
catalyst observed with 1.0 % CO in feed at reactor temperature 207 °C 
and with 1 l/min of feed flow rate: (a) IR-thermograms showing a se-
quence of snapshots over 28 sec. (b) The periodic CO2 effluent concen-
trations. (c) Temperature distribution in the indicated cross section 
 

3.2. Analysis 

The experimental results demonstrated a significant difference between 
patterns on Pd/GFC and on Pd/SG and we argued that this results from different 
thermal conductivity and heat capacity values. In turn, these parameters vary 
with the material density and for thin catalysts these parameters will vary with 
the planar density (g/cm2) of the catalyst. The planar density of GFC is two or-
ders of magnitude smaller than that of a 4-mm SG. Now, we want to support the 
qualitative arguments presented above by simulating these effects in a mathe-
matical model that was derived elsewhere. We briefly describe, therefore, the 
model features and equations before presenting the simulations. In a previous 
study [11] we constructed a model that predicts the main features observed with 
GFC support: A breathing pattern which usually implies the existence of a sta-
tionary unstable front solution, temporal conversion patterns which are of the re-
laxation-oscillations type superimposed with fast small-amplitude oscillations. 
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Such multipeak oscillations (also termed mixed-mode) indicate the existence of  
three time scales: the turnover frequency is less than 1s in order magnitude, the 
relaxation oscillations period range from 10 to 60 min., while the fast superim-
posed oscillations have a period of about 1 min. Another feature of the observed 
oscillations is the nonuniformity of the pattern, probably due to nonuniformity 
of catalytic activity and of catalyst loading. We employ the mathematical model, 
recently studied by Nekhamkina et al. [11], which incorporates a published os-
cillatory kinetics model (STM model [12] that was modified later by Slinko et 
al. [14]) and is coupled there with an enthalpy and gas-phase balances. The sur-
face kinetic model is described by 

 � � �1 1 31CO
dx k P x y k x k xy k xz
dt
� � � � � � �5  , (1a) 

 � � �
2

2
2 31z

O
dy k P e x y k xy k y z
dt

��� � � � � �4 1�� �� � , (1b) 

 � �4 1dz k y z k xz
dt
� � � 5 , (1c) 

where x and y are the concentration of adsorbed carbon monoxide and adsorbed 
oxygen respectively; z is the concentration of oxygen in a subsurface layer. The 
kinetic parameters (pre-exponential constants and activation energies) are those 
suggested by Slinko et al. [14]. The mathematical model incorporates a fast ac-
tivator (x or y) and a slow inhibitor. Such an activator-inhibitor system with lo-
calized inhibitor will typically yield homogeneous steady and oscillatory states 
in systems with uniform properties, and will not account for a stationary or os-
cillating front. Rotating patterns may emerge with special asymmetric initial 
conditions [15]. The heat and mass balances assume that the catalyst is thin, but 
its temperature (as well as x, y and z) is spatially distributed. The heat balance 
accounts for accumulation �sCps is the heat capacity), conduction (�s is the con-
ductivity), reaction and heat transfer, assuming the fluid temperature Tg is fixed, 
while the gas-phase balance is described as a mixed reactor and accounts for 
flow (at a rate q measured at Tref , �R ��V/q is the residence time) and reaction av-
eraged over the catalyst, of surface area S. These balances are of the form 
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T and PCO are the solid temperature (K) and reactant concentration (Pa), respec-
tively. The heat generation term should account for the three processes (oxygen 
and CO adsorption and surface reaction) and their corresponding enthalpy, but 
since they are equal for most of the cycle we choose RCO=k3xy with the corre-
sponding overall enthalpy as >�H. The distributed-model should be subject to 
boundary conditions of fixed temperature (Dirichlet) or mixed conditions at its 
perimeter. The transport parameters of the GFC system were estimated based on 
a planar density of 200 g/m2 = 0.02 g/cm2 leading to a heat capacity of 
0.005 cal cm>2 K>1, and a solid thermal conductivity of 
2.4×10>2 cal cm>1 s>1 K>1. For cloth thickness of 0.02 cm the characteristic front 
width is 2

T sL d h� � � 0.018 cm2 or LT � 0.14 cm, and the dimensionless system 
size is about 15. The corresponding thermal time scale is �T = 0.03 min ~ 2 s. In-
stead of determining the concentration of catalytic sites (b, Eq. 2), we estimated 
the rate factor 0

COBP , and the temperature rise �Tm from experimental results. 
Stationary patterns may emerge due to the interaction through the fluid phase 
(global coupling), but we showed that for the negative-order kinetics that char-
acterizes CO oxidation global-coupling tend to preserve the symmetry. Nek-
hamkina et al. [11] showed that imposing fixed-temperature boundary condi-
tions, forcing the disk edge to be at the reactor temperature, or mixed conditions 
with a high heat-transfer coefficient at the edge will cause this boundary to repel 
the front and will lead to breathing symmetric patterns. This model can predict 
the temporally-complex spatially-breathing patterns that were observed on GFC. 
Numerical simulations of the lumped and distributed systems [11] map the do-
mains of the simple- and complex-oscillations and characterize their transition. 
While the figure qualitatively predicts the features observed, for a reasonable 
range of operating conditions, it predicts fast oscillations, with a period of 20s as 
compared with 1000s or so experimentally. Before we amend this feature, let us 
study the effect of thermal properties. Note that by varying the planar density of 
the support we vary three parameters linearly: The heat conductivity �s, the heat 
capacity and the rate factor B, if we assume the same Pd loading (wt. %) in all 
samples. The latter assumption is questionable, since Pd dispersion is high on 
the GFC and small on the SG (Table 2). The center temperature exhibits much 
lower temperature amplitude. Increasing the planar density further resulted in 
even smaller amplitudes and eventually the oscillations disappear. All simula-
tions exhibited axisymmetric patterns. Several attempts to obtain spiral patterns 
or asymmetric patterns even at lower thermal conductivity and using appropriate 
initial conditions, failed; this probably results from the imposed boundary condi-
tions and the relatively small size of the system. 
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Table 2. Characteristics of Pd supported catalysts 
 

Support  
(% Pd) Condition of catalysts SBETª  

[m2/g catalyst]
Pd sizeb

[nm] 
Pd dispersion 

[%] 
SG (0.2) Fresh 0.11 41 2.21 
SG (0.4) Fresh 0.18 204 0.44 
SG (0.4) After reaction CO+O2 0.06 126 0.71 
SG (0.4) Repeat reduction by H2  191 0.47 
GFC (0.49) Fresh 3.58 33 2.75 
GFC (0.49) After reaction CO+O2 3.13 50 1.79 
GFC (0.19) Fresh 3.37 21 4.36 
GFM (0.2) Fresh 72.3 3 25.72 
GFC (0.65) After reaction CO+O2 3.15   

ªSBET is BET surface area. 
bPd size- average particle size calculated assuming semi-spherical particles, 

d=89.8 nm/(Pd dispersion). 

5. Conclusions 

The effects of catalyst support and catalyst preparation on the spatiotem-
poral chemical patterns of catalyzed CO oxidation on Pd, supported on GFC, SG 
or GFM, have been investigated by IR thermography. The thermal conductivity 
and heat capacity of these supports differ by almost two orders of magnitudes, 
accounting for the observed change in patterns.  Sustained patterns on Pd/GFC 
exhibit a breathing pattern, in a temporal pattern that matched the oscillations in 
exit CO2 concentration. The oscillations were of the complex relaxation type, 
with fast (1-min) oscillations superimposed on the active phase of the long (10–
60 min.) cycle. A simple slow periodic behavior was observed on a Pd/sintered-
glass catalyst and on a Pd/GFM catalyst. A mathematical model, that was devel-
oped elsewhere, is employed to corroborate these effects. Careful analysis of Pd 
dispersion on these three supports shows that Pd crystallites on GFC are much 
smaller than those on SG. 

This work explains the differences between our observations with Pd/GFC 
and previous results with SG or even alumina supports. It also explains why 
high-pressure catalytic patterns are not as rich as those observed in other chemi-
cal systems. The mathematical model allows testing certain untested conditions 
like a support with very low thermal conductivity, as was demonstrated here. 
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("� B"!)=#�4�!"+�/4", B#�()4 (� (�*�!�#?()* "#" E)()4!"/��##"+�/4)* 
B)&#)%4� " B)#'+�("� 7)�)#"�);!�7"�* "#" &!';"E" /B)/)@�E" D+��4 
('%($, !�GE�!)<. ��)!��"+�/4"* B!�&�# B)!);)<)* +'</�<"��#?()/�" ��-
B!"�E();) '/�!)*/�<� )B!�&�#D��/D /))�()O�("� B)#'+�(($E < [8]. 

	 (�/�)D\�� <!�ED "G<�/��( !D& !�@)�, B)/<D\�(($� B)#'+�("C " 
"//#�&)<�("C /<)*/�< B"!)=#�4�!"+�/4", B#�()4 [8–16, 17>25]. �#D B)#'-
+�("� E�//"<($, E)()4!"/��##"+�/4", B"!)=#�4�!"4)< /'\�/�<'C� @)#�� 
"#" E�(�� )�!�@)��(($� ��,()#);"" <$!�\"<�("D. �)#�� /#)%()* G�&�+�* 
D<#D��/D B)#'+�("� �)(4", B#�()4 4)(�!)#"!'�E)* �)#\"($ / (�"GE�(-
($E /��,")E��!"+�/4"E /)/��<)E " +"/�)�)*. 

�#�;)&�!D /<)"E <$/)4"E B?�G)=#�4�!"+�/4"E " E�,�("+�/4"E 
/<)*/�<�E, < �)E +"/#� " <$/)4)* &)@!)�()/�", (")@�� #"�"D " �"��(�� 
/<"(8� D<#DC�/D (�"@)#�� B�!/B�4�"<($E" E���!"�#�E" &#D "G;)�)<#�("D 
B!�)@!�G)<���#�* !�G#"+();) (�G(�+�("D. �)(4"� (�)#\"()* )4)#) )&();) 
E"4!)E��!�) B#�(4" (")@��� #"�"D, B)#'+�C� 4��)&($E !�/B$#�("�E < 
<�4''E�, 4)�)!$�  B!�&/��<#DC� /)@)* )!"�(�"!)<�(($� B)#"4!"/��##"-
+�/4"� ��4/�'!$, 4)�)!$� E);'� @$�? "/B)#?G)<�($ < 4�+�/�<� B!"�E("-
4)< "(7!�4!�/();) "G#'+�("D. 

	 !�@)�� [15] "G'+�($ 7�G)<$� B!�<!�\�("D, B!)"/,)&D\"� < �)(-
4)B#�()+($, /�!'4�'!�, Pb/Ti/Si " Ti/Pb/Si B!" B)/#)*()E E�;(��!)(()E 
!�/B$#�("" /<"(8� " �"��(� (� B)&#)%4' E)()4!"/��##"+�/4);) 4!�E("D 
" B)/#�&'C\�E )�%";� < ��E)/7�!� 4"/#)!)&�. �<�)!$ '/��()<"#", +�) 
&"=#�4�!"+�/4"� /<)*/�<� B#�(4" G�/<"/�"� )� B)/#�&)<���#?()/�" (�B$-
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#�("D E���##"+�/4", /#)�< " B)#'+�($ B#�(4" �)#\"()* 3 E4E / /�;(��)-
=#�4�!"+�/4"E" /<)*/�<�E" < !�G'#?���� &<',/�'B�(+��);) )�%";� B!" 
T1=473 K " T2=973 K < ��+�("� 10 E"(. Q!" =�", B�!�E��!�, B)#'+��E�D 
B#�(4� "E��� G(�+�("� /B)(��(()* B)#D!"G�8"" Ps=16,8 E4�E//E2. 

�(�#);"+($� "//#�&)<�("D B!)<)&"#"/? " < [16]. �)(4"� B#�(4" 
Pb(ZrxTi1>x)O3 7)!E"!)<�#"/? B)/#)*($E E�;(��!)(($E !�/B$#�("�E E�-
��##)< / B)/#�&'C\"E )4"/#�("�E < /!�&� 4"/#)!)&�. 	 !�G'#?���� B)#'-
+"#" B#�(4" / �"B"+($E" &#D /�;(��)=#�4�!"4)< /<)*/�<�E" " / 7�G)<$E 
B�!�,)&)E B!" ��EB�!��'!� 663 �. 

�������!#�� � �������*�� )��&���  
�����*� .�����% �� )���=��!���!�� 

Q!�&/��<#DC�/D &<� )/()<($, <�!"�(�� !�GE�\�("D B"!)=#�4�!"+�-
/4)* E"O�(" )�()/"��#?() E"4!)4�(�#?()* B#�/�"($. 

Q) B�!<)E' <�!"�(�' B"!)=#�4�!"+�/4�D E"O�(? !�/B)#�;���/D (�-
B)/!�&/�<�(() (� <,)&()E �)!8� /��4#D(()* "#" 4!�E("�<)* E"4!)4�-
(�#?()* B#�/�"($, "E�D ��B#)<)* " =#�4�!"+�/4"* 4)(��4� / (�*. 

Q) <�)!)E' <�!"�(�' B"!)=#�4�!"+�/4"* 4!"/��## " ��Q !�GE�\�C�-
/D &!'; )�()/"��#?() &!';� @�G ��B#)<);) " =#�4�!"+�/4);) 4)(��4��. Q!" ��-
4)E !�GE�\�("" B"!)4!"/��## B)E�\���/D (� &"=#�4�!"+�/4)* B)&#)%4�. 

	 G�<"/"E)/�" )� <$@!�(();) E���!"�#� B"!)=#�4�!"4� E);'� "/-
B)#?G)<��?/D !�G($� ��,()#);"". �"&4)7�G(�D =B"��4/"D E)%�� "/B)#?-
G)<��?/D, (�B!"E�!, &#D (�(�/�("D �!";#"8"(/'#?7��� "#" B)#"E�!($, 
B#�()4. �#D (")@��� #"�"D "/B)#?G'��/D ��,()#);"D E�;(��!)(()� (�B$-
#�("�, � &#D �"��(��� /<"(8� – B)/#)*()� ��!E"+�/4)� (�B$#�("� �"��(� " 
/<"(8� / B)/#�&'C\"E )�%";)E < 4"/#)!)&�. Q"!)4!"/��## E)%(), ��4%�, 
E)(�"!)<��? E��)&�E" B�*4" (� B)&#)%4' ((�B!"E�!, B�*4� ("G4)��EB�-
!��'!($E" B!"B)DE" O#"7)<�(();) 4!"/��##� (� ��Q, B!" 7)!E"!)<�-
("" �)B)#);"" ���, (")@��� #"�"D, �"��(��� /<"(8� " &!. B"!)4!"/��##)< 
E)%() "/B)#?G)<��? /��(&�!�('C 7)�)#"�);!�7"C " B)&)@!��? ��,()#)-
;"C "G@"!���#?();) �!�<#�("D. 

���������� 

 
1. Miniature X-Ray Generator with Pyroelectric Crystal. URL:  

http://www.amptek.com/coolx.html 
2. XR-100CR Additional Performance Spectra and Detector Properties. URL: 

http://www.amptek.com/xrspectr.html  
3. Pyroelectric infrafed sensor & sensor module. Catalog � S21E-2. Murata 

manufacturing Co., Ltd. URL:  
http://www.symmetron.ru/suppliers/murata/sensors/s21e2.pdf 
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����� ��Q�
Q�
	
��
��� Q
�������� 
�
�Q
���� Q
��	������
���� (Q	�) � ��������-

�����
����������� F����
������ (���) 

��� 621.315.592 

��B)<� �.�., ',)<� �.�., �)G��< 	.�., �,�4�,)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 !�@)�� <B�!<$� < !�E4�, ��)!"" )@)@\�(()* /!�&$ )8�("<���/D 
��B#)B!)<)&()/�? B)#"E�!()* 4)EB)G"8"" Q	�+���-26. Q)4�G�(), +�) c 
'<�#"+�("�E &)#" Q	� ��B#)B!)<)&()/�? 4)EB)G"8"" B)("%���/D. 

�#�;)&�!D '("4�#?()E' /)+���("C 7"G"4)-,"E"+�/4", /<)*/�< B)-
#"E�!($, 4)EB)G"8"* Q	�+��� (�,)&D� O"!)4)� B!"E�(�("� (� B!�4-
�"4�, ��4%� =�" 4)EB)G"8"" B!�&/��<#DC� "(��!�/ 4�4 E)&�#?($� B)#"-
E�!($� E���!"�#$, (� 4)�)!$, B!)<�!D��/D /B!�<�&#"<)/�? ��, "#" "($, 
B!"@#"%�("* B!" ��)!��"+�/4)E E)&�#"!)<�("" [1]. 

	 (�/�)D\�* !�@)�� < !�E4�, ��)!"" )@)@\�(()* /!�&$ )8�("<���-
/D 4)=77"8"�(� =77�4�"<()* ��B#)B!)<)&()/�" B)#"E�!()* 4)EB)G"8"" 
Q	�+���-26, 4)�)!�D !�//E��!"<���/D 4�4 /�!'4�'!� / <G�"E)B!)("-
4�C\"E" 4)EB)(�(��E". �#D B)&)@($, /�!'4�'! �.�. �'#?(�<$E " �.Q. 
�!"+(D4)E [2] B)#'+�(� 7)!E'#� &#D )8�(4" 4)=77"8"�(�� =77�4�"<-
()* ��B#)B!)<)&()/�" 

� � � �� �2 12
1 1 2 1 1c y c yc c yc c �� �� � � � � � � � �� � , 

;&� 2 1� � � � , �1, �2 – 4)=77"8"�(�$ ��B#)B!)<)&()/�" ���-26 " Q	�, 
/))�<��/�<�((). �#D ���-26 4)=77"8"�(� ��B#)B!)<)&()/�" 
�1 = 0,43 	�/(E·;!�&.), � &#D Q	� �2 = 0,14 	�/(E·;!�&.) [3]. 

�0,5 cos 3c �� � � � , 270°� � � 360. 
Q!" 0� m2 � 0,5, A = > 1, � �2arccos 1 2m� � � . Q!" 0,5 < m2 � 1, A = 1, 

, ;&� m2 – )@V�E(�D &)#D Q	� < ���. � 2arccos 2 1m� � � �
��G'#?���$ <$+"/#�("* B)4�G�($ (� !"/. 1 (("%(DD 4!"<�D), "G 4)�)-

!);) <"&(), +�) G(�+�("� 4)=77"8"�(�� =77�4�"<()* ��B#)B!)<)&()/�" 
4)EB)G"8"" Q	�+��� B#�<() 'E�(?O���/D / '<�#"+�("�E )@V�E()* &)#" 
Q	�, �. 4. ��B#)B!)<)&()/�? Q	� E�(?O�, +�E ' ���-26. �(��!�/() )�E�-
�"�?, +�) B#)�()/�? 4)EB)G"8"" Q	�+���, (�)@)!)�, B)("%���/D / '<�#"-
+�("�E &)#" ��� [4]. �(�#);"+(�D G�<"/"E)/�? &#D =77�4�"<();) 4)=77"-
8"�(�� ��B#)B!)<)&()/�" (�@#C&���/D " < !�@)�� [5], ;&� E��)&)E E)#�4'-
#D!()* &"(�E"4" )8�("<�#/D 4)=77"8"�(� ��B#)B!)<)&()/�" (�()%"&4)-
/��* (&<',7�G($� /"/��E$, /)/�)D\"� "G (�/'\�* %"&4)* /!�&$ " (�()+�-
/�"8 !�GE�!)E )� 1 &) 100 (E). �� !"/. B!"<�&�($ ��4%� G(�+�("D =77�4-
�"<()* ��B#)B!)<)&()/�" B!" "GE�(�("" �2 )� 0.14 &) 0.3 	�/(E·;!�&), �. �. 
�/#" <E�/�) Q	� < ���-26 @'&'� <<)&"�?/D &!';"� B)#"E�!$. 
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 Q	�   

�"/. �<"/"E)/�? 4)=77"8"�(�� =77�4�"<()* ��B#)B!)-
<)&()/�" 4)EB)G"8"" Q	�+��� )� )@V�E()* &)#" Q	� 
 

��4"E )@!�G)E, B)4�G�(), +�) ��)!"D )@)@\�(()* /!�&$ B)G<)#D�� 
)8�("<��? =77�4�"<('C ��B#)B!)<)&()/�? B)#"E�!()* (�()4)EB)G"8"" 
Q	�+���-26. 

 
��@)�� <$B)#(�(� B!" 7"(�(/)<)* B)&&�!%4� �"("/��!/�<� )@!�G)-

<�("D " (�'4" �� (4)& B!)�4�� ��Q 2.1.2.25). 

���������� 
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Q�������� �	
���	� �������
���� Q���
� SnO2 
� TiO2 , ��
����
	����� �� �	����	
� Q
��
��� 

��� 535.3 

�)()< �.�., �"/4�!)<� �.�., �)#)4�()< 
.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

Q!)G!�G($� =#�4�!)B!)<)&D\"� )4/"&$ E���##)<, ��4"� 4�4 SnO2, 
TiO2 " &!';"� O"!)4) "/B)#?GC�/D &#D /)G&�("D <$/)4)/��@"#?($, !�G"-
/�)!)<, /�(/)!($, B�!�4#C+���#�*, =#�4�!))B�"+�/4", '/�!)*/�<, 7)�)-
=#�4�!"+�/4", B!�)@!�G)<���#�*, /�#�4�"<($, G�!4�#, ;�G)<$, /�(/)!)<, � 
��4%� &���4�)!)< "G#'+�("D < )B�"+�/4)E &"�B�G)(�. Q#�(4" SnO2 (�,)-
&D� B!"E�(�("� < 4�+�/�<� G�\"�($, " 4)(��4�($, B)4!$�"* /)#(�+($, 
7)�)=#�E�(�)<. Q�!/B�4�"<($E B!�&/��<#D��/D, ��4%�, "/B)#?G)<�("D B)-
#'B!)<)&("4)<$, /<)*/�< B#�()4 SnO2 " TiO2. 

	 (�/�)D\�* !�@)�� "G'+�($ ,�!�4��!"/�"4" /<��)B!)B'/4�("D 
=#�4�!)B!)<)&D\", B!)G!�G($, B#�()4 SnO2 " TiO2 < )@#�/�" &#"( <)#( 
)� 185 &) 1200 (E. 

Q#�(4" SnO2 " TiO2 �)#\"()* 0,3 E4E 7)E"!)<�#"/? (� 4<�!8�<$, 
B)&#)%4�, B'��E )4"/#�("D B!�&<�!"��#?() (�(�/�(($, B)&#)%' )#)<� " 
�"�"(� /))�<��/�<�((). 	 4�+�/�<� B)&#)%�4 "/B)#?G)<�($ B)#"!)<�(($� 
&"/4" "G B#�<#�(();) 4<�!8� &"�E��!)E 25 EE " �)#\"()* 2 EE.  

Q#�(4" )#)<� )/�%&�#"/? E��)&)E E�;(��!)(();) !�/B$#�("D, � �"-
��(� – <�4''E()-��!E"+�/4"E (�B$#�("�E. 	 )@)", /#'+�D, )/�%&�("� 
B!)<)&"#)/? (� B)&#)%4", B)&);!��$� &) ~ 200 °� 	!�ED )/�%&�("D B#�-
()4 /)/��<#D#) 2–4 E"('�$. Q)#'+�(($� B#�(4" )4"/#D#"/? B!" ��EB�!�-
�'!� 200–800  � B�!)4"/#)!)&()* /E�/?C, B)#'+��E)* @�!@��"!)<�("�E 
4"BD\�* &"�("G)<�(()* <)&$ 4"/#)!)&)E. ��+�/�<) " �)#\"(� B)#'+�(-
($, )4/"&($, B#�()4 4)(�!)#"!)<�#"/? E��)&�E" =##"B/)E��!"" " ���. 

�)=77"8"�(�$ B!)B'/4�("D " B);#)\�("D "G'+�#"/? / B)E)\?C 
/B�4�!)7)�)E��!� ��-26 < &"�B�G)(� &#"( <)#( )� 185 &) 1200 (E, �) �/�? 
< @#"%(�* ��-, <"&"E)* " @#"%(�* ��-)@#�/�D, /B�4�!� B!" ()!E�#?()E 
B�&�("" /<��)<);) B'+4� (� )@!�G�8. 

�)=77"8"�(�$ B!)B'/4�("D B)#'+�(($, B#�()4 B!�&/��<#�($ (� 
!"/'(4� 1, � /))�<��/�<'C\"� "E 4)=77"8"�(�$ B);#)\�("D B!�&/��<#�-
($ < 4))!&"(���, ��'8� (� !"/'(4� 2. 

�G<�/�(), +�) &#D O"!"($ G�B!�\�(()* G)($ "E��� E�/�) !�GE�!-
($* =77�4�. 
&(�4), < !�@)�� [1] =4/B�!"E�(��#?() B)4�G�(), +�) &#D 
B#�(4" �)#\"()* 0,3 E4E B!" &#"(�, <)#( (� B!�<)/,)&D\", 1200 (E 
!�GE�!($E =77�4�)E /#�&'�� B!�(�@!�+?. Q) !�G'#?����E, B!"<�&�(($E 
(� !"/. 2, B)#'+�($ G(�+�("D O"!"($ G�B!�\�(()* G)($, 4)�)!$� B!"<�-
&�(($ < ��@#"8� < /!�<(�("" / #"��!��'!($E" &�(($E". 
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�"/. 2. �)=77"8"�(�$ B);#)\�("D SnO2 " 

TiO2 �)#\"()* 0,3 E4E < 4))!&"(���, ��'8� 
 

��4 <"&() "G ��@#"8$, B)#'+�(($�  (�E" G(�+�("D /);#�/'C�/D / #"-
��!��'!($E" &�(($E" < +�/�" ", E"("E�#?($, G(�+�("*. 	 /<DG" / =�"E 
E)%() )�E��"�?, +�) E();"� B�!�E��!$ )4/"&($, B#�()4 (O"!"(� G�B!�-
\�(()* G)($, B!)B'/4�("�, B)4�G���#? B!�#)E#�("D, B!)@"<()� (�B!D%�-
("�, �&;�G"D &!.) )B!�&�#DC�/D (� �)#?4) ��,()#);"�* 7)!E"!)<�("D =�", 
/#)�<, () " +"/�)�)* "/,)&($, E���!"�#)<. 	 +�/�()/�", E�#)� G(�+�("� 
O"!"($ G�B!�\�(()* G)($ < (�O�E /#'+�� E)%�� @$�? )@'/#)<#�() B!"-
E�/DE", <(�/�(($E" "/B)#?G)<�(($E 4"/#)!)&)E. 
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��@#"8�. (�+�("� O"!"($ G�B!�\�(()* G)($ 
 

P"!"(� G�B!�\�(()* G)($, =	 
@!�G�8 /)@/�<�(($� &�(($� #"��!��'!($� &�(($� 

SnO2 3,28  2,8–3,3 [2] 
 3,54 [2] 

TiO2 3,01 

3, 0 (E)()4!"/��##) [3] 
 3,05 [4, 5] 
 3.25 [6] 
 3,2–3,8 [7, 8] 
3,6 (E)()4!"/��##) [9, 10] 

 

�)�D ��,()#);"D 7)!E"!)<�("D &")4/"&� TiO2 &)/�";#� )B!�&�#�(-
($, '/B�,)<, < @'&'\�E E)%() )%"&��? &�#?(�*O�;) !�G<"�"D =�)* ��,-
()#);"" B!" /)G&�("" 4�/4�&($, /)#(�+($, =#�E�(�)< / B)<$O�(($E 
�Q�. &�/? B�!/B�4�"<�( E��)& )4"/#�("D �"��(� 7)�)(($E "#" #�G�!-
($E "EB'#?/($E )�%";)E. 

���������� 
1. �.�. �)(+�!)<, �.�. �</C4)<, �.�. �)/�"(, �.	. ���8�(4), �.�. �!)#)-

<�, �.�. �'!�(4). �"(��G (�()4!"/��##"+�/4", B#�()4 &")4/"&� �"��-
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�������� F����� ���Q������� �
������
�
 
Q��	����� ������
	, ���
������� Q
� ��	������ 

��� 699.017.17 

�'&"�<� 
.	.1, �)!)�4)< Q.�.2, �)G��< 	.�.1, 2 

1��<�!)-��<4�G/4"* ;)!()-E���##'!;"+�/4"* "(/�"�'�, 	#�&"4�<4�G 
2��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�G'+�("C B!)8�//)< 4)(��4�();) B#�<#�("D (�Q) E���##"+�/4", 
/"/��E < '/#)<"D, <$/)4", </�/�)!)((", &�<#�("* B)/<D\�($ !�@)�$ [1–
4]. F4/B�!"E�(��#?() B)4�G�(), +�) < /"/��E�, Bi-Pb " In-Cd ��EB�!��'!� 
�Q B)<$O���/D / !)/�)E P < "(��!<�#� )� 0 &) 15 4@�!. 	 /"/��E� Bi-Sn 
��Q /(�+�#� 'E�(?O���/D / !)/�)E P &) 7 4@�! )� 139 &) 129 °�, � G���E 
E)()�)(() B)<$O���/D < "//#�&)<�(()E "(��!<�#� &�<#�("*. 	 /"/��E� 
Bi-Cd, (�)@)!)�, ��Q <(�+�#� !�/��� )� 144 &) 155 °� / !)/�)E &�<#�("D &) 
5 4@�!, � G���E 'E�(?O���/D. 
/)@�(()/�" (� G�<"/"E)/�" ��Q )� P < /"/-
��E�, Bi-Sn " Bi-Cd, <"&"E), /<DG�($ / B)D<#�("�E ()<$, B!)E�%'�)+($, 
7�G B!" &�<#�("D, B)!D&4� 7 " 5 4@�!, /))�<��/�<�(() [4]. 

��)!��"+�/4"� )8�(4" <#"D("D &�<#�("D (� ��Q , (�/4)#?4) (�E "G-
<�/�(), < #"��!��'!� )�/'�/�<'C�. �#�&'�� )�E��"�? ��4%�, +�) =4/B�!"-
E�(�$ [1–4] B!)<)&"#"/? (� E�4!)/4)B"+�/4", )@!�G8�,. 

	#"D("� &�<#�("D (� ��Q E"4!)- " (�()!�GE�!($, )@!�G8)< (� "G'+�(). 
	E�/�� / ��E, B)&)@($� &�(($� (�)@,)&"E$ &#D )B�"E"G�8"" ��,-

()#);"" 4)(��4�()-!��4�"<()* B�*4" B)& &�<#�("�E [5]. 
	 (�/�)D\�* !�@)��, < !�E4�, ��!E)&"(�E"4" B)<�!,()/�($, D<#�-

("*, !�//E��!"<���/D <#"D("� &�<#�("D (� ��EB�!��'!' �Q E"4!)- " (�()-
/�!'4�'! E���##"+�/4", /"/��E. �/B)#?G'D "G<�/�('C !�GE�!('C G�<"/"-
E)/�? B)<�!,()/�();) (��D%�("D B) �. �)#E�(' " "/,)&D "G '/#)<"D !�<-
()<�/"D E�%&' 4!"/��##"+�/4)* 4!'B"(4)* !�&"'/� r, B!�&/��<#DC\�* 
�<�!&$* !�/�<)! A " B, " ", !�/B#�<)E / '+��)E B)<�!,()/�();) &�<#�("D, 
� ��4%� <(�O(�;) </�/�)!)((�;) &�<#�("D E)%() B)#'+"�? G�<"/"E)/�? 
��Q )� &�<#�("" �: 

 � � � ��Q �Q expP PT r T r "# $� % &�' (
, (1) 

;&� 

 � � � � � �
� ��Q �Q

2
exp 1

2 2
T r T

r r
� �) * " +�� * � � �
, -	 �� � + � +
 �� �

. (2) 

	 7)!E'#�, (1) " (2) + – B)/�)D((�D �)#E�(�, r – !�&"'/ +�/�"8$, )(¡) – 
B)<�!,()/�(�D =(�!;"D &#D E�//"<();) E���!"�#�, � – ��B#)�� B#�<#�("D 
�<�!&);) !�/�<)!� AxB1–x, " – )@V�E, B!",)&D\"*/D (� ��)E < �<�!&)* 7�G�, 
T�Q(¡) – ��EB�!��'!� �Q E�//"<($, )@!�G8)< < )�/'�/�<"� &�<#�("D. 
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	 7)!E'#� (1) ��4%� E)%() "/B)#?G)<��? '�)+(�(('C !�GE�!('C G�<"-
/"E)/�? B#�<#�("D E�#)!�GE�!($, E���##"+�/4", +�/�"8, B)#'+�(('C < [6]: 

 � � � � � �
12 23 1

1 21 12 2

2exp 1 cosa rT r T
r r b a

# $� �� �) ) �. .� * � � � /% &, -	� � � + ) �
 �. .
�

� �' (
, (3) 

;&� a " b – (�4)�)!$� B�!�E��!$ !�<($� 1,.3 " 2 /))�<��/�<�((), / – ';)# 
/E�+"<�("D (0 < / < 10–20 ;!�&.), �21 – ��B#)�� B#�<#�("D �<�!&);) ��#�, 
B!",)&D\�D/D (� )&(' +�/�"8', + – �)#\"(� %"&4);) /#)D, �1 " �2 – B#)�-
()/�" �<�!&)* +�/�"8$ " �� !�/B#�<�. 

�G 7)!E'#$ (1) <"&(), +�) ,�!�4��! !�GE�!($, G�<"/"E)/��* T�Q(r) 
B)&)@�( ��E, +�) B)#'+�($ < )�/'�/�<"� <(�O(", <)G&�*/�<"*, () B!" B)-
<$O�("" &�<#�("D =�" G�<"/"E)/�" /E�\�C�/D <<�!, B) ��Q . 	 =�)E )�-
()O�("" G�4)()E�!()/�? B)&)@(� �)*, +�) B)#'+�(� B!" <#"D("" =#�4�!)-
E�;("�();) B)#D (� ��Q [7]. 

 
��@)�� <$B)#(�(� B!" B)&&�!%4� ;!�(�� ���� �09-02-96501-�/�. 
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	������ ��
	
�
 Q����
�� �	����	
� 
Q
��
��� �� ����	
� ��
� �����	���� �	���
� 

��� 539.2 

�$O�4)<� �.�., ��!E)4)< �.�., �)#)4�()< 
.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 ��+�("� B)/#�&(", &�/D�"#��"* O"!)4)� B!"E�(�("� < !�G#"+($, 
)@#�/�D, (�'4" " ��,("4" B!")@!�#" B!"!)&($� " "/4'//�<�(($� 4!"/��#-
#$ < 4�+�/�<� �4�"<($, =#�E�(�)< !�G#"+($, '/�!)*/�< !�&")-, �4'/�)- " 
)B�)=#�4�!)("4". �<DG�() =�) / ��E +�), 4!"/��##$ )@#�&�C� E();)+"/-
#�(($E" B!�4�"+�/4" G(�+"E$E" 7"G"+�/4"E" /<)*/�<�E" " /B)/)@($ 
E�(D�? /<)" /<)*/�<� " ,�!�4��!"/�"4" B)& <#"D("�E !�G#"+($, <(�O(", 
<)G&�*/�<"* " 7�4�)!)<, ��4",, 4�4 =#�4�!"+�/4"� " E�;("�($� B)#D, ��E-
B�!��'!�, )B�"+�/4)� "G#'+�("� " �. B. �!"/��##$, "/B$�$<�C\"� 7�G)-
<$* B�!�,)& B!���!B�<�C� "GE�(�("D ��B#)<$,, E�,�("+�/4",, =#�4�!"+�-
/4", " &!';", /<)*/�<. 	 /<DG" / ��E, +�) <) E();", 4!"/��##�, !��#"G'-
C�/D /�!'4�'!($� 7�G)<$� B�!�,)&$, <�/?E� <�%($E &#D 8�#�* B!�4�"+�-
/4);) B!"E�(�("D D<#D��/D "G'+�("� )/)@�(()/��* B)<�&�("D /�!'4�'!$ " 
7"G"+�/4", /<)*/�< 4!"/��##)< <@#"G" �)+�4 7�G)<$, B�!�,)&)<. Q)("E�-
("� 7"G"4)-,"E"+�/4", B!)8�//)<, B!)��4�C\", (� ;!�("8� !�G&�#� 7�G, 
<) E();", /#'+�D, )B!�&�#D�� !�G<"�"� ()<$, ��,()#);"* " E���!"�#)<, 
!�G!�@)�4' ()<$, E��)&)< "//#�&)<�("D <�\�/�<�. F�"E )B!�&�#D��/D (�-
)@,)&"E)/�? !�G<"�"D )@\", B!�&/��<#�("* )@ )/)@�(()/�D, /�!'4�'!$ " 
7"G"+�/4", /<)*/�< �<�!&$, 4!"/��##)< B!" !�G#"+($, ��EB�!��'!�,, )/)-
@�(() <@#"G" �)+�4 /�!'4�'!($, 7�G)<$, B�!�,)&)< " (�)@,)&"E)/�? "G'-
+�("D ��!E"+�/4);) B)<�&�("D /�!'4�'!$ " 7"G"+�/4", /<)*/�< 4!"/��##)<. 

	 &�(()* !�@)�� B!"<)&D�/D !�G'#?���$ "//#�&)<�("D <#"D("D 7�G)-
<);) B�!�,)&� 4<�!8�<)* B)&#)%4" (� 4!��<)* ';)# /E�+"<�("D ¢ /<"(8)E. 
�G'+�(� ��EB�!��'!(�D G�<"/"E)/�? 4!��<);) ';#� /E�+"<�("D, B)G<)#DC-
\�D )B!�&�#"�? =(�!;��"+�/4)� /)/�)D("� E)#�4'# (� ;!�("8� !�G&�#� 
&<', 7�G " �&;�G")(($� /<)*/�<� B)<�!,()/�" (� )/()<�("" &�(($, ) G(�-
+�("D, 4!��<);) ';#� /E�+"<�("D. 	 4�+�/�<� =4/B�!"E�(��#?();) )@!�G8� 
"/B)#?G)<�#�/? B)&#)%4� 4!"/��##"+�/4);) 4<�!8�, 4)�)!$*, 4�4 "G<�/�(), 
"E��� &<� 4!"/��##);!�7"+�/4"� E)&"7"4�8"": ;�4/�;)(�#?('C ("#" £-
4<�!8) " �!";)(�#?('C (¤-4<�!8).  

��;!�< 4!"/��##� 4<�!8� B!"<)&"� 4 7�G)<)E' B�!�,)&' £¥¤ B!" 
846 �. 	 !�G'#?���� <('�!�((�* /�!'4�'!()* B�!�/�!)*4" ��)E$ Si G�("-
E�C� ()<$� B)#)%�("D < B#)/4)/�D,, B�!B�(&"4'#D!($, 4 B#)/4)/�" !"-
/'(4� 1. Q!" =�)E £-7�G�, )�()/D\�D/D 4 �!";)(�#?()* 4!"/��##"+�/4)* 
/"/��E� / /"EE��!"�* D3, B�!�,)&"� < ¤-SiO2 ;�4/�;)(�#?()* 4!"/��##"+�-
/4)* /�!'4�'!$ / @)#�� <$/)4)* /"EE��!"�* D6 . 
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�"/. 1. ��!'4�'!� ("G4)��EB�!��'!()* (£-7�G�) "  
<$/)4)��EB�!��'!()* (¤-7�G�) E)&"7"4�8"" 4<�!8� 
 

�/��()<4� &#D "GE�!�("D 4!��<);) ';#� /E�+"<�("D B) E��)&' @)#?-
O)* 4�B#" /)/�)"� "G /#�&'C\", =#�E�(�)<: <�4''E();) B)/�� / !�@)+�* 
4�E�!)*; <$/)4)��EB�!��'!()* "GE�!"��#?()* D+�*4" / (�;!�<���#�E; 7)-
�);!�7"+�/4)* /"/��E$; @#)4� B"��("D " !�;'#D�)!� ��EB�!��'!$. 	 <�!,-
(�* +�/�" <�4''E()* 4�E�!$ &"�E��!�#?() <<�!�($ &<� 7#�(8� &#D )4)(, 
+�!�G 4)�)!$� B!)"G<)&"�/D )/<�\�("� " 7)�);!�7"!)<�("� )@!�G8�. 
4(� 
<$B)#(�($ "G B#)/4);) )B�"+�/4);) 4<�!8�. 	�4''E(�D 4�E�!� )/(�\�(� 
<)&D()* ),#�%&�C\�* !'@�O4)*. �\"\�((�D �#'(&)<)* �!'@4)* ,!)-
E�#?-�#CE�#�<�D ��!E)B�!� "E��� ��B#)<)* 4)(��4� / B)&#)%4)*. �)(/�-
!'48"D D+�*4" B)G<)#D�� B!)"G<)&"�? C/�"!)<4' B)&#)%4". Q!)7"#? 4�B-
#" 7)�);!�7"!'��/D 8"7!)<)* 7)�)4�E�!)* «Canon �480» +�!�G /B�8"-
�#?('C )B�"+�/4'C �!'@'. 

F4/B�!"E�(��#?($* )@!�G�8 4<�!8�<)* B)&#)%4" @$# "GVD� "G 
4<�!8�<);) !�G)(��)!� �� 170 / +�/�)�)* 6000 4�8. Q)&#)%4� B)&<�!;�#/D 
�!�<#�("C < /E�/" �G)�()* " /)#D()* 4"/#)�, < /))�()O�("" 1:3, < ��+�("� 
2÷3 E"(. B)/#� +�;) (�/4)#?4) !�G B!)E$<�#�/? < &�")("G)<�(()* <)&� " 
<$/'O"<�#�/?. �<"(�8, "/B)#?G'�E$* &#D =4/B�!"E�(��, )�()/"#/D 4 
4#�//' +"/�$, E���!"�#)< (99,99 %). 

Q)/#� )�4�+4" <�4''E()* 4�E�!$ &) &�<#�("D 1,3·10>2 Q�, < 4�E�!' 
(�B'/4�#/D �!;)( E�!4" ��. Q)&#)%4� ,#)!"&� (��!"D (�;!�<�#�/? &) 
��EB�!��'!$ B#�<#�("D /<"(8� (327 °C), B)/#� +�;) </D /"/��E� <$&�!%"-
<�#�/? &) ��!E)&"(�E"+�/4);) !�<()<�/"D B!" &�(()* ��EB�!��'!� 
(~ 10 E"('�).  

Q!)7"#? 4�B#" (� B)&#)%4� 7)�);!�7"!)<�#" B) E�!� /�'B�(+��);) 
B)<$O�("D ��EB�!��'!$ / B!�&<�!"��#?()* <$&�!%4)* (� 4�%&)* ��EB�-
!��'!()* B)#4�. Q)#'+�(($� 7)�);!�7"" )@E�!D#"/? (� Q� / B)E)\?C 
B!);!�EE$ Corel Draw. ��G'#?���$ "GE�!�("* B!�&/��<#�($ (� !"/'(4� 2. 
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�"/. 2. ��EB�!��'!(�D G�<"/"E)/�? 4!��<);) 
';#� /E�+"<�("D /<"(8)E 4<�!8�<)* B)&#)%4" 
 

(�+�("D 4!��<);) ';#� /E�+"<�("D, B)#'+�(($� B!" B�!<)E (�;!�<� 
"/B$�$<�C� /4�+4))@!�G()� /("%�("� B!" ��EB�!��'!� 570–580 °C, +�) 
/))�<��/�<'�� ��EB�!��'!� 7�G)<);) B�!�,)&� £¥¤ 4<�!8� !�<()*, 573 °� 
[1] (B'(4�"!(�D #"("D (� !"/. 2). 
� ��EB�!��'!$ B#�<#�("D /<"(8� &) 
/4�+4� ¢ �BB!)4/"E"!'��/D #"(�*()* G�<"/"E)/�?C )� ��EB�!��'!$. �(�-
#);"+() =�)E' "GE�(D��/D ¢ < )@#�/�" ��EB�!��'!, <$O� /4�+4�. Q)<�)!-
()� "GE�!�("� 4!��<);) ';#� /E�+"<�("D (� �)* %� B)&#)%4�, )�O#"7)-
<�(()* )�B)#"!)<�(()* G�()<) (B)<�)!($* (�;!�<) B)4�G$<��� /("%�("� 
B�!<)(�+�#?();) G(�+�("D 4!��<);) ';#� /E�+"<�("D (� 0 20>25°. �!)E� 
=�);), B!" B)<�)!()E (�;!�<� /4�+)4 )4�G$<���/D !�GE�G�(($E " B!)"/,)-
&"� < )@#�/�" 530–575 °C. 
+�<"&(), =�) /<DG�() / +�/�"+($E G�E)!�%"-
<�("�E <$/)4)��EB�!��'!()* 1-7�G$ < B!" ),#�%&�("" B)/#� B�!<);) (�-
;!�<�, +�) B!"<)&"� 4 &<',7�G()E' /)/�)D("C: 1-7�G� < �-E��!"8�. Q)-
/#�&(�� )@/�)D��#?/�<) &)#%() B!"<)&"�? 4 /("%�("C B)<�!,()/�();) 
(��D%�("D 4<�!8�, +�) " B!)D<#D��/D B!" B)<�)!()E (�;!�<� B)&#)%4". 

�/B)#?G'D B)#'+�(($� G(�+�("D 4!��<);) ';#� /E�+"<�("D "G<�/�-
($� G(�+�("D B)<�!,()/�();) (��D%�("D ) 4<�!8� [2] " /<"(8� [3] B) 
'!�<(�("C �(;� @$#) !�//+"��() E�%7�G()� B)<�!,()/�()� (��D%�("� 
"//#�&)<�(()* /"/��E$. ��EB�!��'!(�D G�<"/"E)/�? E�%7�G();) B)<�!,-
()/�();) (��D%�("D /"/��E$ 4<�!8 – /<"(�8 B)4�G�(� (� !"/. 3. 
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�"/. 3. ��EB�!��'!(�D G�<"/"E)/�? E�%7�G();) 
B)<�!,()/�();) (��D%�("D /"/��E$ SiO2>Pb 
 

	<"&' )�/'�/�<"D &)/�)<�!($, #"��!��'!($, &�(($, B) B)<�!,()-
/�()E' (��D%�("C E)()4!"/��##"+�/4);) 4<�!8� B!" !�/+���, "/B)#?G)-
<�#"�G(�+�("� )=0,35 �%/E2 [2]. 
8�(4� E�%7�G();) B)<�!,()/�();) (�-
�D%�("D B!" ��4", &)B'\�("D, B)4�G$<���, +�) <@#"G" 7�G)<);) B�!�,)&� 
4<�!8� E�%7�G()� (��D%�("� (� ;!�("8� 4<�!8 – /<"(�8 'E�(?O���/D B)+-
�" < 2 !�G�. �/B)#?G'D =�" !�G'#?���$ E)%() )8�("�? "GE�(�("� B)<�!,-
()/�();) (��D%�("D 4<�!8� B!" 7�G)<)E B�!�,)&�. 

Q)/4)#?4' B!" ��EB�!��'!�,, @#"G4", 4 )@#�/�" /4�+4� 4!��<);) ';-
#� /E�+"<�("D, B)<�!,()/�()� (��D%�("� /<"(8� "GE�(D��/D #"(�*(), �) 
E)%() B!�&B)#)%"�?, +�) !�G4)� "GE�(�("� E�%7�G();) (��D%�("D B!)-
"/,)&"� "G-G� /4�+4� G(�+�("D B)<�!,()/�();) (��D%�("D 4<�!8� B!" 7�-
G)<)E B�!�,)&� B)&#)%4". �/,)&D "G =�);) E)%() )8�("�? G(�+�("� B)-
<�!,()/�();) (��D%�("D ¤-7�G$ 4<�!8� ¦¤ / '+��)E 7)!E'#$ �(;�. 
8�(-
4� &��� G(�+�("� 0,17 �%/E2. 

���������� 

1. Q#)(/4"* �.�. �<�!8�<$� !�G)(��)!$. �. �)/=(�!;)"G&��, 1954. 98 /. 
2. W. Stumm. Chemistry of the Solid-Water Interface. NY: John Wiley & 

Sons, Inc.,1992. 
3. Landolt-Bornstein. Physikalisch-Chemische Tabellen, Bd 1. Berlin, 1923, 

S. 198. 
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������
� 	���
�����	�� ����
�
 
�	���� � ���
��
-���
������ �
���� 

��� 532 

�$O�4)<� �.�., �)#)4�()< 
.�., ��!E)4)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 /)<!�E�(($, =(�!;��"+�/4", D&�!($, '/��()<4�, / �D%�#$E" ��B-
#)()/"��#DE" "/B)#?G'��/D %"&4"* /<"(�8 " �;) /B#�<$. 	 B!)8�//� ��B-
#))@E�(� <�%()� G(�+�("� "E��� +"/�)�� "/B)#?G'�E);) !�/B#�<�. F�) 
/<DG�() / ��E, +�) B!"E�/", /)&�!%�\"�/D < !�/B#�<�, 4!)E� =77�4�)< (�-
4)B#�("D !�&")�4�"<()/�" E);'� <G�"E)&�*/�<)<��? / 4)(/�!'48")(($E" 
E���!"�#�E" 8"!4'#D8")(();) 4)(�'!� !��4�)!�. 

	 /<DG" / =�"E < (�/�)D\�� <!�ED <�&��/D "(��(/"<($* B)"/4 ()<$, 
4)(/�!'48")(($, E���!"�#)<, 4)�)!$� E);'� @$�? "/B)#?G)<�($ < !��4-
�)!�,, � ��4%� E��)&)< )+"/�4" �D%�#$, %"&4)E���##"+�/4", ��B#)()/"-
��#�*. Q!" "/B)#?G)<�("" %"&4);) E���##� (/<"(8�) 4�4 ��B#)()/"��#D < 
D&�!($, =(�!;��"+�/4", '/��()<4�, < /#'+�� B#),);) /E�+"<�("D /��()4 
��B#))@E�(("4� E)%�� <)G("4('�? B#�()+($* !�%"E 4"B�("D, +�) !�G4) 
/("%��� ��B#)B�!�&�+'. �GE�!�("� 4!��<);) ';#� /E�+"<�("D %"&4"E" 
E���##�E" B)<�!,()/�" �<�!&$, ��# /B)/)@/�<'�� B!�<"#?()E' )B!�&�#�-
("C B)<�!,()/�();) (��D%�("D, 4)�)!)� D<#D��/D )&()* "G <�%(�*O", ,�-
!�4��!"/�"4 /"/��E$, ��4 4�4 )�!�%��� =(�!;��"+�/4"* B�!�E��! <G�"E)-
&�*/�<"D E�%&' &�(()* B�!)* <�\�/�< – !�@)�' �&;�G"" ", /#�&)<���#?(), 
7"G"4)-,"E"+�/4"� /<)*/�<� <�\�/�<�. 

�!�&" /'\�/�<'C\", E��)&)< )+"/�4" /<"(8�, < (�/�)D\�� <!�ED 
(�"@)#�� !�/B!)/�!�(�(($E" D<#DC�/D =#�4�!)#"�"+�/4)� !�7"("!)<�("� 
[1]; &!)@(�D 4!"/��##"G�8"D; B"!)E���##'!;"+�/4)� !�7"("!)<�("� [2]; 
G)((�D B�!�4!"/��##"G�8"D [2, 3], � ��4%� \�#)+()� !�7"("!)<�("� [1, 3]. 
Q)/#�&("* E��)& G�4#C+���/D < �)E, +�) +�!�G /#)* !�/B#�<#�(($, /)#�* 
" \�#)+�* B!)B'/4�C� %"&4"* /<"(�8. 
 E�,�("GE� <G�"E)&�*/�<"D B!"-
E�/�* /<"(8� / 4)EB)(�(��E" /)#�<);) !�/B#�<� (�� �&"()* �)+4" G!�("D. 
	 !�E4�, &�(()* !�@)�$ B!)"G<�&�(� B)B$�4� "//#�&)<�("D 7"G"4)-
,"E"+�/4", B!)8�//)<, B!)��4�C\", (� ;!�("8� %"&4);) /<"(8� / �<�!-
&$E" ,#)!"&�E" (��!"D " 4�#"D, � ��4%� @!)E"&)E 4�#"D. 

F4/B�!"E�(��#?(�D '/��()<4� " E��)&"4� "GE�!�("D B)&!)@() )B"-
/�($ < [4]. 	 4�+�/�<� B)&#)%�4 "/B)#?G)<�#"/? E)()4!"/��##$ ,#)!"&)< 
4�#"D " (��!"D, � ��4%� @!)E"&� 4�#"D, B)#'+�(($� E��)&)E �),!�#?/4)-
;). �/B)#?G)<�(($� E���!"�#$ )�()/D�/D 4 4#�//' )/)@) +"/�$, <�\�/�< " 
/))�<��/�<'C� �!�@)<�("DE �� 2621-006-26083472-2006, «
��(�)23-3». 

Q)&#)%4" B)#'+�#" E��)&)E /4)#� "/,)&($, 4!"/��##)< &) !�GE�-
!)< 25×15×15 EE " B)&<�!;�#" B)#"!)<4� < &�")("G)<�(()* <)&� < ��+�-
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("� 3–5 E"(. �)!7)#);"C B)<�!,()/�" B)&#)%�4 4)(�!)#"!)<�#" / B)-
E)\?C /4�("!'C\�;) G)(&)<);) E"4!)/4)B� Solver Pro. 

Q�!�E��!$ O�!),)<��)/�" B)<�!,()/�" E)()4!"/��##)< &) " B)/#� 
B)#"!)<4", <$+"/#�(($� B) &�(($E ���, B!�&/��<#�($ < ��@#"8�. 

��@#"8�. Q�!�E��!$ O�!),)<��)/�" 
;!�(" (100) NaCI &) " B)/#� B)#"!)<4" 
 
Q�!�E��!$  

O�!),)<��)/�" 
�) B)#"-

!)<4" 
Q)/#�  

B)#"!)<4"  
B�!�B�& <$/)�, (E 452,5 176,5 
B) 5 E�4/. " 5 E"(., (E 225,9 210,5 
/!. �!"7E. Ra, (E 49,9 15,2 
/!. ;�)E��!. Rq, (E 63,3 18,3 

 
��EB�!��'!($� G�<"/"E)/�" 4!��<);) ';#� /E�+"<�("D /<"(8)E E)-

()4!"/��##)< ,#)!"&)< (��!"D " 4�#"D, � ��4%� @!)E"&� 4�#"D )!"�(��8"" 
(100) B!�&/��<#�($ (� !"/. 2. 

 

�"/. 2. ��EB�!��'!($� G�<"/"E)/�" 4!��<);) ';#� /E�+"<�("D 
/<"(8)E E�!)4 �0000 " �0 E)()4!"/��##)< MeHal (Me > Na, 
K; Hal > CI, Br) )!"�(��8"" (100) < ;�#"" " < <�4''E� 
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�G !"/'(4� <"&(), +�) "GE�!�(($� 4!��<$� ';#$ /E�+"<�("D ¢ &#D 
KBr < !�G#"+($, '/#)<"D, "E�C� @#"G4"� G(�+�("D " B)+�" (� !�G#"+�C�-
/D B) ��EB�!��'!()* G�<"/"E)/�" ¢. Q!" =�)E < /!�&� ;�#"D ¢ <$O�, +�E < 
<�4''E�. Q!" B!)+", !�<($, '/#)<"D, 4!��<)* ';)# /E�+"<�("D �<�!&$, 
;�#);�("&)< \�#)+($, E���##)< 'E�(?O���/D < !D&' KCl, KBr, NaCl. 
�!)E� =�);), &#D B)&#)%4" NaCl / '<�#"+�("�E 4)(8�(�!�8"" B!"E�/" < 
/<"(8� (B�!�,)& )� �0000 4 �0) 4!��<)* ';)# /E�+"<�("D 'E�(?O���/D, � 
��EB�!��'!(�D G�<"/"E)/�? =�);) ';#� /��()<"�/D 4!'+�. F�" 7�4�$ B)G<)-
#DC� B!�&B)#)%"�?, +�) )�E�+�(($� 'E�(?O�("D 4!��<);) ';#� B!)"/,)-
&D� G� /+�� <G�"E)&�*/�<"D B!"E�/�* < /<"(8� / /)#�<)* B)&#)%4)*, � 
<G�"E)&�*/�<"� B!"E�/�* < /<"(8� / !�//E)�!�(($E" /)#DE" @)#�� <�!)-
D�() &#D /#'+�D NaCl. 

���������� 

1. �)G"( �.�., �)!�+�</4"* �.�. �"G"4)-,"E"D " E���##'!;"D <$/)4)-
+"/�);) /<"(8�. �.: ����##'!;"D, 1991. 224 /. 

2. �)!�+�</4"* �.�., 	�*/;�(� .�., ��E"&)< �.�. F#�4�!),"E"D /<"(8� 
< ")(($, !�/B#�<�,. �Q@: �"E"D, 1994. 152 /. 

3. ��#D�< �.�. �"G"4)-,"E"+�/4"� )/()<$ )+"/�4" E���##)< " B)#'B!)-
<)&("4)<$, E���!"�#)<. �.: ����##'!;"D, 1973. 

4. Q)(�%�< �.�., �)G��< 	.�., �)G��<� �.�. 	#"D("� E�#$, &)@�<)4 \�-
#)+($, E���##)< (� B)<�!,()/�($� /<)*/�<� #�;4)B#�<4", E���!"�#)<. 
/ �!'&$ II ��%&'(�!)&();) /�E"(�!� «��B#)7"G"+�/4"� /<)*/�<� <�-
\�/�<», ��#?+"4, 2006. �. 98–100. 
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����� Q�������� ����
��������
�
 
	���
�����	�� 	 ������� (SiC)1>x(AlN)x 

��� 621.315.592 

�</��< 	.�.1, ��!#�E)< �.�.1, �'G(�8)< �.�.1, �"#�#)< �.�.2 

1��8")(�#?($* "//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"���  
«���"�», �)/4<� 

2��;�/��(/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��,�+4�#� 

��)@,)&"E)/�? )8�(4" B�!�E��!)< E�%E)#�4'#D!();) <G�"E)&�*/�-
<"D /<DG�(� / <)GE)%()/�?C B!);()G"!)<�("D /)/��<� �<�!&$, !�/�<)!)< 
(� )/()<� AlN-SiC B!" /)G&�("" ;���!)/�!'4�'! '/�!)*/�< =#�4�!)(()* 
��,("4", !�@)��C\", < =4/�!�E�#?($, '/#)<"D,. 

��/+�� B!)<�&�( < B!"@#"%�("" #"(�*()* G�<"/"E)/�" B�!�E��!� <G�-
"E)&�*/�<"D £ )� /)/��<� x < /))�<��/�<"" / B!"(D�)* E)&�#?C /'@!�;'#D!-
();) !�/�<)!� [1] &#D �<�!&$, 7�G, )@!�G'C\",/D < )@#�/�" !�/B�&� /"/��E$: 
 £=a+b·x. (1) 

	 '!�<(�("" (1) 4)=77"8"�(� a "E��� /E$/# B�!�E��!� <G�"E)&�*-
/�<"D E�%&' SiC " AlN < @�/4)(�+() !�G@�<#�(()E �<�!&)E !�/�<)!� (� 
)/()<� SiC, � /'EE� a+b – < @�/4)(�+() !�G@�<#�(()E �<�!&)E !�/�<)!� (� 
)/()<� AlN. �!�<(�("� E)#D!()* "G@$�)+()* /<)@)&()* =(�!;"" �"@@/� 
G"G@ B!")@!����� /#�&'C\"* <"&: 
 G"G@=(a + b·,)·�·(1 – �). (2) 


�4'&� E)%() )B!�&�#"�? 4)(8�(�!�8")(($� G�<"/"E)/�" 4)=77"-
8"�(�)< !�/B!�&�#�("D 4)EB)(�(�)< /"/��E$: 
 R·T·ln�s

SiC=(a – b + 2b·�)·�2;  (3) 
 R·T·ln�s

AlN=(a + 2b·�)·(1 – �)2. (4) 
�G '/#)<"D !�<�(/�<� ,"E"+�/4", B)��(8"�#)< 4)EB)(�(�)< < &<', 

!�<()<�/($, �<�!&$, 7�G�, / "/B)#?G)<�("�E '!�<(�("* (3) " (4) E)%�� 
@$�? B)#'+�(� /"/��E� '!�<(�("*, )B"/$<�C\'C 4'B)# !�/B�&�: 
 (a > b + 2b·�I)·(�I)2 > (a > b + 2b·�II)·(�II)2 = R·T·ln(1 > �II)/(1 > �I), (5) 
 (a + 2b·�I)·(1 > �I)2 > (a + 2b·�II)·(1 > �II)2 = R·T·ln(�II/�I), (6) 
;&� "(&�4/ I )�()/"�/D 4 �<�!&)E' !�/�<)!' (� )/()<� 4�!@"&� 4!�E("D, � 
"(&�4/ II – 4 �<�!&)E' !�/�<)!' (� )/()<� ("�!"&� �#CE"("D. 

�"/��E� '!�<(�("* (5) " (6) #"(�*(�D )�()/"��#?() 4)=77"8"�(�)< 
a " b, B)G<)#D�� )B!�&�#"�? ", G(�+�("D B) "G<�/�($E "G &"�;!�EE$ /)-
/�)D("D /)/��<�E !�<()<�/($, 7�G B!" G�&�(($, ��EB�!��'!�,. Q)#'+�(-
($� G(�+�("D 4)=77"8"�(�)< a " b B)&/��<#D#"/? < '!�<(�("� (1), +�) B)-
G<)#"#) )B!�&�#"�? G�<"/"E)/�? B�!�E��!� <G�"E)&�*/�<"D )� /)/��<� 
!�/�<)!�. ��G'#?���$ !�/+��� B!"<�&�($ < ��@#"8�. 
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��@#"8�. �<"/"E)/�? B�!�E��!� /E�O�("D )� 4)(-
8�(�!�8"" !�<()<�/($, 7�G " ��EB�!��'!$ !�/B�&� 
 
T, ºC �' �'' £', �%/E)#? £'', �%/E)#? �'!�/+ �''!�/+ 
1500 0,09 0,94 35026 38962 0,094 0,928 
1600 0,11 0,91 35522 37528 0,104 0,909 
1700 0,12 0,87 37160 36621 0,110 0,890 
1800 0,16 0,85 36500 37026 0,142 0,868 
1900 0,22 0,8 35617 36534 0,211 0,826 

 

@)/()<�("� <$@)!� E��)&"4" " B!)<�!4� !�G'#?���)< @$#" B!)<�-

&�($ B)&/��()<4)* B)#'+�(($, G(�+�("* B�!�E��!� E�%E)#�4'#D!();) 
<G�"E)&�*/�<"D 4)EB)(�(�)< < "G<�/�()� '!�<(�("� &#D )8�(4" B!�&�#� 
!�/�<)!"E)/�" B!"E�/" < �<�!&)E 4!"/��##� B!" G�&�(()* ��EB�!��'!�, 
B!�&/��<"< �;) < <"&�: 
 x = exp(>£/RT). (7) 

��G'#?���$ B)&/��()<4" < /!�<(�("" / "/,)&($E" &�(($E" &�($ < 
<$O�B!"<�&�(()* ��@#"8�, 4�4 �'!�/+ " �''!�/+ . 
+�<"&(� &)/���)+() @#"G4�D 
/,)&"E)/�? !�/+��($, " =4/B�!"E�(��#?($, !�G'#?���)<. 

F�" &�(($� B)&�<�!%&�C� ��4 %� B)/�!)�(($� B) =�"E !�/+���E 
<��<" 4!"<$, !�/B�&� /"/��E$ (!"/'()4 1 " !"/'()4 2). 
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�"/. 1. �<"/"E)/�? !�/+��()* 4)(8�(�!�8"" �<�!&);) 
!�/�<)!� (� )/()<� 4�!@"&� 4!�E("D )� ��EB�!��'!$ 
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�"/. 2. �<"/"E)/�? !�/+��()* 4)(8�(�!�8"" �<�!&);) 
!�/�<)!� (� )/()<� ("�!"&� �#CE"("D )� ��EB�!��'!$ 
 

���������� 

1. Zangvil A., Ruh R. Phase relatiohoships in the silicon carbide-aluminum ni-
tride system. // J. Amer. Ceram. Soc., 1988, V. 71, N 10, P. 884>890. 

2. ��#�4"( �.�., �<�*@�4 �.�., �)4)#)< �.�., ��<+�(4) �.�., �"!"+�(-
4) 
.	. // �'!(�# (�)!;�("+�/4)* ,"E"". 1989, �. 34, <. 12. 

3. �)@!$("( �.	. ��!E)&"(�E"+�/4�D '/�)*+"<)/�? !�/�<)!)< (� )/()<� 
("�!"&)< =#�E�(�)< �III. // �G<�/�"D 	�)<, /�!. �F�, 2000, � 3. 
�. 48>53. 

4. �</��< 	.�., �'G(�8)< �.�., ��E+�(4)<� �.�. 
B!�&�#�("� B�!�E��!)< 
/E�O�("D 4)EB)(�(�)< < /"/��E� SiC-AlN c '+��)E !�/B!�&�#�("D B) 
B)&!�O��4�E !�/�<)!"��#D. / �!'&$ I E�%&'(�!)&()* ��G�,/��(/4)-
�)//"*/4)-�B)(/4)* (�'+()* 4)(7�!�(8"" " VI �)//"*/4)-�B)(/4);) 
/�E"(�!� «Q�!/B�4�"<($� ��,()#);"", )@)!'&)<�("� " �(�#"�"+�/4"� 
/"/��E$ &#D E���!"�#)<�&�("D " (�()E���!"�#)<». ���"� – interac-
tive Corp. – 	����. �. 2008. �G&���#?/�<) ����. �. 598>601. 
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 �
�	����� 	 ���
� ��Q�� ���������
	���
� 
	
��, ������������� Q
 ������
� �	���
� 
Q
	����
��� �
����
-�������
�
 ������ 

��� 518.8:53 

��(+'4)�< 	.., ��/�< 	.�., Q'("/ 	.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"��� "E. �.�. ��!@�4)<�, 
��#?+"4 

�//#�&)<�("D /E�+"<��E)/�" < /"/��E� �<�!&)� ��#) – %"&4)/�? 
B!)<)&"#"/? <) E();", !�@)��, [1–9]. �), (�/E)�!D (� "/4#C+"��#?('C ", 
<�%()/�?, B!)8�//$, B!)��4�C\"� < B)&)@($, /"/��E�,, &) /", B)! (�-
&)/���)+() ,)!)O) "G'+�($, � (�4)�)!$� 7'(&�E�(��#?($� B!)@#�E$ 4�-
B"##D!()/�" (�+"(�C� !�O��?/D #"O? ��B�!?. ��%� &#D /"/��E, < 4)�)!$, 
%"&4)/�? (� <G�"E)&�*/�<'�� ,"E"+�/4" / �<�!&$E ��#)E, B)4� )�/'�/�-
<'C� B!"@#"%�(($� !�O�("D, 4)�)!$� @$ '&)<#��<)!"��#?() )B"/$<�#" 
</� /��&"" B!)8�//� !�/��4�("D %"&4)/�" B) B)<�!,()/�" �<�!&);) ��#�. 	 
�) %� <!�ED, B)&)@($� B!)8�//$ D<#DC�/D (�)�V�E#�E$E" /��&"DE" <) 
E();", /)<!�E�(($, ��,()#);"D,, /<DG�(($, / B�*4)* " B!)B"�4)*. 

�'&�E "//#�&)<��? B!)8�// �/��/�<�(()* 4)(<�48"" < %"&4)* 4�B#� 
B!" 4<�G")&()E�!()E �� !�/��4�("" /) /<)@)&()* B)<�!,()/�?C B) ;)!"-
G)(��#?()* �<�!&)* B)&#)%4� / ��EB�!��'!)* TS. Q!" (�B)#()E /E�+"<�-
("" %"&4)/�?C );!�("+�(();) )@V�E� V B)<�!,()/�" �<�!&);) ��#� " 
/"EE��!"" B!)7"#D 4�B#" )�()/"��#?() B#)/4)/�" x = 0, < B!"@#"%�("" 
��)!"" /E�G4" " �'//"(�/4� [10] "//#�&'�E$* B!)8�// &)B'/4��� E)&�#"-
!)<�("� 'B!)\�(()* /"/��E)* '!�<(�("* 

 
2

2

1 0xP
x z
� � 2
� ! �

� � �
, � �1 1 S

P g T T
z

0�
� �� � 1 � �� �� �

, (1) 

 0x z

x z
�2 �2
� �

� �
, 

2

2 0T
y
�
�

�
, (2) 

/ &)B)#("��#?($E" '/#)<"DE": 

 0T T
z
�
� � �

�
, 0x

z
�2
�

�
, � � � �, ,z x

dhx z x z
dx

2 � 2 , 
2

0 23 2

d hP P
dx

� � �)  B!" � �z h x� , (3) 

 , , � �, ST x z T� � �, 0x x z2 � � �,z x z 02 �  B!" 0z � , (4) 

 , � � 0h x h� 0dh
dx
�  B!" x = 0, (5) 

 � �tgdh T
dx
� � / , � � 0h x �  B!" x = x0, (6) 

;&� , � �,T x z � �,P x z
�

, � �,x z2
�

 – ��EB�!��'!�, &�<#�("� " /4)!)/�?, /))�<��-
/�<�((),  – '!�<(�("� B!)7"#D /<)@)&()* B)<�!,()/�", x0 – (�"G-
<�/�(�D �@/8"//� �)+4" �!�,7�G();) 4)(��4��, ¢ – 4!��<)* ';)# /E�+"<�-

� �z h x�
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("D, )23 – E�%7�G()� B)<�!,()/�()� (��D%�("� (� ;!�("8� %"&4)/�? - )4-
!'%�C\�D /!�&�, g – '/4)!�("� /"#$ �D%�/�", � " 1 – 4)=77"8"�(�$ ��B-
#))�&�+" " ��B#)<);) !�/O"!�("D, ! " � – 4"(�E��"+�/4�D <DG4)/�? " 
B#)�()/�? %"&4)* 4�B#". 

	 !�E4�, B!"<�&�(()* E)&�#" B)#'+"E G�4)( !�/B!�&�#�("D ��EB�-
!��'!$ < /�+�("" 4�B#" 

 � �, 1
1S

zT x z T
h

��� �	
�
�� �
 �

 (7) 

B!" "G<�/�()E '!�<(�("" /<)@)&()* B)<�!,()/�" � �z h x� . 
�/B)#?G'D &�#�� '!�<(�("D (1), / '+��)E (7), ;!�("+($, '/#)<"* (3) 

" (4), B)#'+"E (�"G<�/�()� '!�<(�("� /<)@)&()* B)<�!,()/�" 

 
� �

3
2

23

1 0,7251
1S

d h h dha T h
dx dxh

� �� �
� � �1 �,

� �, -� �
0- , (8) 

;&� 2
23a g� ) � . 

�(��;!"!'D (8), / '+��)E /"EE��!"" B!)7"#D 4�B"##D!()* B)<�!,-
()/�" )�()/"��#?() /�+�("D x = 0 " ;!�("+($, '/#)<"* (5), (6), B)#'+��E 

 � � � �0
dha c h h F
dx
� � � � h , (9) 

;&� 

� �2 2 2 2
0 0 0 0

0

1 tg 0,725 0,9 0,35 0,9 ln 1STc a h h h h h
h

1# $� �� � / � � � � � � � � � �% &� ��' (
0 , 

� � � �� �

� �

2 2
0

0 0 0
0

1 0,725

0,35 1ln 0,9 ln 1 ln 1
1

S

S

F h T h h

T h h h h h h
h

� � 1 � �

� �1 � �
� � � � � � �, -� � � �� �

h� �
. 

� '+��)E ;!�("+($, '/#)<"* (5) " (6), "G '!�<(�("D (9) <$!�G"E (�-
"G<�/�('C �@/8"//' �)+4" �!�,7�G();) 4)(��4�� 

 
� � � �

0

0
0 0

h a dhx
c h h F h

�
� �3 . (10) 

� &!';)* /�)!)($, / '+��)E (10), "G (9) )4)(+���#?() B)#'+"E '!�<-
(�("� /<)@)&()* B)<�!,()/�" 

 
� � � �0

0 0

h a dhx x
c h h F h

� �
� �3 . (11) 


@V�E %"&4)/�", /))�<��/�<'C\"* ��!E)&"(�E"+�/4)E' B�!�E��!' ¢ 
" ;�)E��!"+�/4"E B�!�E��!�E 4�B#" x0 " h0 , )B!�&�#D��/D '!�<(�("�E /<DG" 

 
� � � �

0

0 0

2h aLhdhV
c h h F h

�
� �3 , (12) 
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;&� L – ,�!�4��!(�D &#"(� “B#)/4)*” 4�B#". 
	 )@\�E /#'+�� <$+"/#�("� )B!�&�#�(($, "(��;!�#)< (10)–(12) /<D-

G�() / @)#?O"E" �!'&()/�DE" " B!" B!)<�&�("" <$+"/#"��#?();) =4/B�-
!"E�(�� (� )/()<� &�(()* E)&�#" "/B)#?G)<�#"/? 4<�&!��'!($� 7)!E'#$ 
�"EB/)(� <$/)4);) B)!D&4� �)+()/�". 

	 !�E4�, "//#�&'�E)* E)&�#" 7'(48"D �)4� � �,x z4 , 4)�)!�D B)G<)-
#D�� (�*�" / '+��)E (3) 4)EB)(�(�$ /4)!)/�" x z2 � ��4 � , z x2 � ��4 � , 
)B!�&�#D��/D <$!�%�("�E 

� � � � � � � �
� �

2 3 3 22

0 2

7 2 9
,

240 1
S

z h z zhg Tx z c h h F h
a h

� �1 �
4 � � �

��
. 

�#D !�G#"+($, G(�+�("* ��EB�!��'!$ B)<�!,()/�" @)!��()-
@�!"'E();) /��4#� E�!4" �230, 4)�)!)� D<#D��/D 4)(/�!'48")(($E E���-
!"�#)E &#D E"4!)4�(�#?($, B#�/�"(, @$#" !�//+"��($ B!)7"#" /<)@)&-
()* 4�B"##D!()* B)<�!,()/�" " ;!�7"4" 7'(48"" �)4� B!" 4)(<�4�"<()E 
&<"%�("" 4�B�#? &"/�"##"!)<�(()* <)&$. ��4)�)!$� !�G'#?���$ B!)<�-
&�(();) <$+"/#"��#?();) =4/B�!"E�(�� B!�&/��<#�($ (� !"/'(4�, 1 " 2. 

 

�"/. 1. ��7)!E�8"D B!)7"#D /<)@)&()* B)<�!,()/�" 4�B#" / "GE�(�("�E 
��EB�!��'!$ B)&#)%4" ( ,h a x a5 � � � ): 1 – 293 �; 2 – 298 �; 3 – 303 � 
 

��/+��$ B)4�G$<�C�, +�) / '<�#"+�("�E ��EB�!��'!$ �<�!&)* B)-
<�!,()/�" 4!��<)* ';)# /E�+"<�("D 'E�(?O���/D <E�/�� / <$/)�)* 4�B#" < 
�B�4/�, �@/8"//� �)+4" �!�,7�G();) 4)(��4�� '<�#"+"<���/D, � 7'(48"D �)-
4� B!)B)!8")(�#?(� dh dx , �. �. "(��(/"<()/�? &<"%�("D %"&4)/�" < 4�B-
#� B!" B!)+", !�<($, '/#)<"D, )B!�&�#D��/D ';#)E /E�+"<�("D . F�" !�-
G'#?���$ B!)<�&�(();) <$+"/#"��#?();) =4/B�!"E�(�� (�,)&D�/D < /);#�-
/"" / ,)!)O) "G<�/�($E" =4/B�!"E�(��#?($E" (�@#C&�("DE". 

/
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�"/. 2. �GE�(�("� 7'(48"" �)4� / <$/)�)* 4�B#" (5 = z/a, 
T = 293 �): 1 – 5 = 0,186; 2 – 5 = 0,319; 3 – 5 = 0,479 
 

	 G�4#C+�("" )�E��"E, +�) B)#'+�(($� !�G'#?���$ E);'� @$�? "/-
B)#?G)<�($ B!" !�O�("" G�&�+ )@!��($, "//#�&)<�(()*, �. �. G�&�+ /<D-
G�(($, / !�/+��)E ��EB�!��'!()* G�<"/"E)/�" 7"G"4)-,"E"+�/4", B�!�-
E��!)< ( ) �!�,7�G()* /"/��E$ B) &�7)!E�8"" B!)7"#D /<)@)&()* 
B)<�!,()/�" 4�B#" [11]. 

, ,ija ) /

 
�<�)!$ <$!�%�C� @#�;)&�!()/�? B!)7�//)!' 	.�. �)G��<' G� 8�(-

($� G�E�+�("D " B)&&�!%4' < !�@)��. 
���������� 

1. �'EE �.�., �)!C()< �.	, �"G"4)-,"E"+�/4"� )/()<$ /E�+"<�("D " 
!�/��4�("D. – �.: �"E"D, 1976. – 231 /. 

2. �$,)</4"* �.�. ��/��4�("�. – �"�<: ��'4)<� �'E4�, 1983. – 191 /. 
3. �� ��( Q.�. // ���, 1987, �. 151, �4, /. 619–681. 
4. ��*&"+ �.	. �)(��4�($� D<#�("D < E���##"+�/4", !�/B#�<�,. – �"�<: 

��'4)<� �'E4�, 1972. – 162 /. 
5. "E)( �.�. �&;�G"D " /E�+"<�("�. – �.: �"E"D, 1976. – 413 /. 
6. �"@@/ �%.	. ��!E)&"(�E"4� " /���"/�"+�/4�D E�,�("4�. – �.: ��'4�, 

1982. – 584 /. 
7. �&'E4"( �.�., �)4)()< �.�. �"G"4� E�%7�G($, D<#�("*. �. 1. – 

��#?+"4: ����, 1978. – 84 /. 
8. �'/�()< �.�. ��G)<$� !�<()<�/"D " B)<�!,()/�($� D<#�("D. – �.: �"-

E"D, 1967. 388 /. 
9. Q)B�#? �.�. Q)<�!,()/�($� D<#�("D < !�/B#�<�,. – �.: ����##'!;"D, 

1994. – 440 /. 
10. Q�<#)< �.�., �)E�()< �.�., P�,)!"( �.Q. // �"/#�(($� E��)&$ E�,�-

("4" /B#)O()* /!�&$. 1986. �. 17. � 3. – �. 132. 
11. �E�#?D(�(4) �.�., �)*()<"+ �.�. // �)##)"&($* %'!(�#. 2001. �. 63. 

� 2. – �. 178. 
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	���� 
Q�������� �	
���	 �
���� 
Q���
� ������� �������, Q
�������� 

���
�
� 	������
� �����
� ������� 

��� 537.9, 539.23, 539.198 

��!;"( �.�.1, �'/�< �.�.1, �$(&D �.�.2, �)(&�!�(4) �.�.2, �"#�#)< �.�.3 
1��8")(�#?($* "//#�&)<���#?/4"* D&�!($* '("<�!/"���  

«����», �)/4<� 
2���Q «����� "E. �.�. ��!B)<�», �)/4<� 

3��;�/��(/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��,�+4�#� 

��!@"& 4!�E("D, @#�;)&�!D !D&' '("4�#?($, /<)*/�<: @)#?O)* O"-
!"(� G�B!�\�(()* G)($, <$/)4)E' 4!"�"+�/4)E' B)#C #�<"(();) B!)@)D, 
,"E"+�/4)* " !�&"�8")(()* /�)*4)/�" – (�,)&"� B!"E�(�("� < !�G#"+($, 
)@#�/�D, /)<!�E�(()* =#�4�!)("4". �)(4)B#�()+($� /�!'4�'!$ (� �;) )/-
()<� )@#�&�C� B!�"E'\�/�<�E" / �)+4" G!�("D ��4", B�!�E��!)< 4�4: 4!"-
�"+�/4�D (�B!D%�(()/�? =#�4�!"+�/4);) B)#D " ��B#)B!)<)&()/�?. 


&("E "G (�"@)#�� B�!/B�4�"<($, E��)&)< B)#'+�("D �)(4", B#�-
()4 O"!)4)G)(($, E���!"�#)< D<#D��/D E��)& <�4''E();) #�G�!();) "/-
B�!�("D. ��(�/�("� �)(4", B#�()4 )/'\�/�<#D#)/? B!" B)E)\" =4/B�!"-
E�(��#?();) ��,()#);"+�/4);) 4)EB#�4/� "EB'#?/();) #�G�!();) "/B�!�-
("D, /)G&�(();) (� @�G� AYG:Nd3+ #�G�!� �"B� LS-2138 " <�4''E()* 4�E�-
!$ '/��()<4" «Varicoat-430». 	�4''E(�D /"/��E� '/��()<4", )/(�\�((�D 
�'!@)E)#�4'#D!($E (�/)/)E, B)G<)#D�� B!)<)&"�? B!)8�// (�(�/�("D B!" 
)/���)+()E &�<#�("" 10-4 ÷10-5 Q�. �#D #�G�!()* �@#D8"" B!"E�(D#"/? 
E"O�(", B)#'+�(($� E��)&)E B!�//)<�("D E�#4)&"/B�!/();) B)!)O4� 
6H-SiC / B)/#�&'C\"E )�%";)E B!" ��EB�!��'!� 1000 °C < ��+�("� 1 +�-
/�. ��/B$#�("� E���!"�#� E"O�(" )/'\�/�<#D#)/? /7)4'/"!)<�(($E "G-
#'+�("�E AYG:Nd-#�G�!� (§ = 532 (E), !�@)��C\�;) < !�%"E� E)&'#D8"" 
&)@!)�()/�". F(�!;"D (�4�+4" 18 6 20 �%, &#"��#?()/�? #�G�!();) "E-
B'#?/� 15 (/, +�/�)�� B)<�)!�("D 50 �8. 

	 4�+�/�<� E���!"�#� B)&#)%4" "/B)#?G)<�#"/? B#�/�"($ E)()4!"-
/��##"+�/4);) /�B7"!� )!"�(��8"" (0001). �"(��G �)(4", B#�()4 SiC @$# 
B!)<�&�( B!" ��EB�!��'!�, B)&#)%4": 300, 500, 700 " 800 °C. 

�� !"/. � B!�&/��<#�($ /B�4�!$ )B�"+�/4);) B!)B'/4�("D =4/B�!"-
E�(��#?($, )@!�G8)<. 
�/'�/�<"� < /B�4�!�, B!)B'/4�("D !�G4);) 4!�D 
/)@/�<�(();) B);#)\�("D ;)<)!"� )@ �E)!7()* /�!'4�'!� B)#'+�(($, 
B#�()4 " (�#"+"" E()%�/�<� &�7�4�)<. Q�!�/�!)*4� /B�4�!)< )B�"+�/4);) 
B!)B'/4�("D < 4))!&"(���, ��'8� (!"/. 5) &#D (�B!DE)G)(($, B)#'B!)-
<)&("4)< (G�<"/"E)/�? [£h¨]1/2 )� =(�!;"" 7)�)()< h¨) B)G<)#D�� )B!�&�-
#"�? O"!"(' G�B!�\�(()* G)($ Eg ()B�"+�/4'C \�#?). (�+�("D O"!"($ 
G�B!�\�(()* G)($ " �)#\"( )/�%&�(($, B#�()4 4�!@"&� 4!�E("D B!"<�-
&�($ < ��@#"8�. 
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�#"(� <)#($, (E  
�"/. a – /B�4�!$ B!)B'/4�("D �)(4", B#�()4 SiC B)#'+�(($, B!" 
!�G#"+($, ��EB�!��'!�, !)/��, 5 – /B�4�! 4!�D B);#)\�("D B#�(4" 
SiC (��EB�!��'!� !)/�� 300 °C), B)/�!)�(($* < 4))!&"(���, ��'8� 
 

��@#"8�. Q�!�E��!$ B#�()4 SiC 
 

� )@!�G8� �, °C �)#\"(� d, (E P Eg, =	 
1 300 150 2,02 
2 500 35 2,05 
3 700 540 1,96 
4 800 300 1,92 

��4 <"&() "G ��@#"8$ </� )@!�G8$ "E�C� B!�4�"+�/4" )&"(�4)<'C 
O"!"(' G�B!�\�(()* G)($, B!"+�E B)#'+�(($� G(�+�("D E�(?O� O"!"($ 
G�B!�\�(()* G)($ #C@);) "G B)#"�"B)< 4�!@"&� 4!�E("D (2,3 =	 – 3C-SiC, 
3,0 =	 – 6H-SiC). ��(?O�� G(�+�("� O"!"($ G�B!�\�(()* G)($ E)%() 
)@VD/("�? �E)!7()/�?C /�!'4�'!$ " (�#"+"�E #)4�#"G)<�(($, /)/�)D("* 
< G�B!�\�(()* G)(� /<DG�(($, / &�7�4��E". Q)#'+�(($� !�G'#?���$ /)-
;#�/'C�/D / &�(($E" B!"<)&"E$E" < #"��!��'!� [1]. 

��@)�� <$B)#(�(� B!" B)&&�!%4� �"("/��!/�<� )@!�G)<�("D " (�'-
4" �)//"*/4)* ��&�!�8"" B) ��E� «�)G&�("� 4)EB)G"8")(($, 4�!�E"+�-
/4", E"O�(�* (� )/()<� 4�!@"&� 4!�E("D " !)&/�<�(($, �E' E���!"�#)< 
&#D )/'\�/�<#�("D B!)8�//� <�4''E()* #�G�!()* �@#D8""» (O"7! G�D<4" 
��-619Q/33). 

���������� 

1. H. Muto, T. Kusumori, T. Nakamura et al. New PLAD apparatus and fabri-
cation of epitaxial films and junctions of functional materials: SiC, GaN, 
ZnO, diamond and GMR layers. // Applied Surface Science. – 2006. – 
V. 252. – �. 4886–4896. 
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���
�� 	��
�� F�����
�� �
���� Q���
� 
�Q��	
	 ���
���� ������
	 �� ������� 

� ��F������������ Q
������� 

��� 532.61:546.442

��O�%�< �..1, �)!)�4)< Q.�.1, �'E$4)< 	.�.1, 
��('4D(8 �.�.2, ��!;��< �.�.1, �)G��< 	.�.1, 2 

1��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 
2��<�!)-��<4�G/4"* ;)!()-E���##'!;"+�/4"* "(/�"�'�, 	#�&"4�<4�G 

e-mail: sozaevv@kbsu.ru 

�)(4"� B#�(4" / '+�/�"�E \�#)+($, E���##)< B�!/B�4�"<($ B!" 
!�G!�@)�4� 7)�)4��)&)< " <�)!"+($, =E"���!)< [1]. 

��#)+($� E���##$ " /B#�<$ (� ", )/()<� D<#DC�/D ,"E"+�/4" �4-
�"<($E", +�) )/#)%(D�� =4/B�!"E�(��#?($� "//#�&)<�("D B)<�!,()/�($, 
/<)*/�< " B!"<)&"� 4 !�G();#�/"DE =4/B�!"E�(��#?($, &�(($, B) B)<�!,-
()/�()* =(�!;"" (QF) " !�@)�� <$,)&� =#�4�!)(� (�	F). ��B!"E�!, < !�@)-
�� [2] (� "G)��!E� �	F %"&4);) /B#�<� (��!"*-8�G"* )@(�!'%�( E"("E'E. 

&(�4) B) "GE�!�("DE 4)(8�(�!�8")(()* G�<"/"E)/�" �	F /"/��E$ (�-
�!"*-8�G"* < !�@)�� [3] E"("E'E)< )@(�!'%�() (� @$#). ��)@,)&"E) )�-
E��"�?, +�) &�(($� < [2, 3] B)#'+�($ (� E�4!)/4)B"+�/4", )@!�G8�,. 	 �) 
%� <!�ED =4/B�!"E�(��#?($� "//#�&)<�("D �	F �)(4", B#�()4 /B#�<)< 
\�#)+($, E���##)<, ;!�("+�\", / &"=#�4�!"+�/4"E B)4!$�"�E, < #"��!�-
�'!� B!�4�"+�/4" )�/'�/�<'C�. 

	 (�/�)D\�* !�@)�� < B!"@#"%�("" )&()!)&();) 7)(� )8�("<���/D 
<#"D("� &"=#�4�!"+�/4)* /!�&$ (� 4)(8�(�!�8")(($� G�<"/"E)/�" �	F 
(�()B#�()4 / '+�/�"�E \�#)+($, E���##)<. 

�)&�#? B#�(4" /B#�<� G�E�\�("D �x
1–x !�//E)�!�(� < !�@)��, [4, 5]. 
	/#�&/�<"� B)<�!,()/�()* /�;!�;�8"" < B#�(4� �)#\"()* L 7)!E"-

!'��/D B)<�!,()/�($* /#)* �)#\"()* D, < 4)�)!)E B#)�()/�? B)#)%"-
��#?();) G�!D&� ns )�#"+���/D )� ��4)<)* < 8�(�!� B#�(4" n0. Q#�(4� B!"-
<�&�(� < 4)(��4� / &"=#�4�!"+�/4"E B)4!$�"�E �)#\"()* " " B!)("8��-
E)/�?C 7. 

��@)�� <$,)&� =#�4�!)(� / B)<�!,()/�" B#�(4" < &"=#�4�!"4 <$+"/-
#D��/D B) 7)!E'#�, B)#'+�(()* / '+��)E B!�<"#� /'EE: 

� �� � � �
2

0
0 0

1 4
�

2 2 2 8
ss

j

qL n L LD D
n n

7 � 8� �� � � � � �� � � � � � � � � �	 � 	 � 	 �, - 87
 � 
 � 
 �� �
E n , 

;&� qs – B#)�()/�? =#�4�!"+�/4);) G�!D&� (� E�%7�G()* ;!�("8�; 4(n0) – 
B#)�()/�? 4"(��"+�/4)*, )@E�(()* " 4)!!�#D8")(()* =(�!;"*; �(L/2) " 
�(L/2 – D) – G(�+�("D =#�4�!)/���"+�/4);) B)��(8"�#� �(z) (� B#)/4)/�D, 
z = L/2 " z = L/2 – D, /))�<��/�<�((), 4)�)!$� (�,)&D�/D "G '!�<(�("D Q'-
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�//)(� / '+��)E ;!�("+($, '/#)<"* " '/#)<"* (�B!�!$<()/�" B)��(8"�#� 
" �;) B!)"G<)&()* (� E�%7�G()* ;!�("8�. 


8�(4" �	F B!)<�&�($ &#D !D&� (�()B#�()4 / '+�/�"�E \�#)+($, 
E���##)<, < �)E +"/#� " &#D B#�()4 /"/��E Pb-�� " Al-�� (;&� �� – Li, 
Na, K, Rb, Cs). 	 4�+�/�<� B!"E�!� (� !"/'(4� 1 B!"<�&�(� 4)(8�(�!�8")(-
(�D G�<"/"E)/�? �	F (� ;!�("8� B#�(4� /B#�<� /"/��E$ Na-Cs (�)#\"()* 
L = 10 �0, ;&� �0 – @)!)</4"* !�&"'/) – &"=#�4�!"+�/4)� B)4!$�"� (�)#\"-
()* " = 10 �0), � (� !"/'(4� 2 B)4�G�(� !�//+"��((�D < !�E4�, E��)&� 7'(-
48")(�#� =#�4�!)(()* B#)�()/�" (��FQ) G�<"/"E)/�? �	F �)(4", B#�-
()4 /B#�<)< /<"(8� /) \�#)+($E" E���##�E" (10 ��. % Me: Li, Na, K, Rb, 
Cs) )� !�&"'/� /7�!$ 	";(�!�–�*�8� <) <(�O(�E =#�4�!"+�/4)E B)#�. 

�G !"/'(4� 1 <"&(), +�) / '<�#"+�("�E &"=#�4�!"+�/4)* B!)("8��-
E)/�" 7 �	F 'E�(?O���/D <) </�* 4)(8�(�!�8")(()* )@#�/�", " +�) E"("-
E'E$ (� "G)��!E� �	F )�/'�/�<'C�. Q)4�G�(), +�) B)<�!,()/�(�D 4)(8�(-
�!�8"D 4)EB)(�(�� / @)#�� ("G4"E" QF " �	F '<�#"+"<���/D / '<�#"+�("-
�E 7, +�) " B!"<)&"� 4 'E�(?O�("C �	F B#�(4" /B#�<� B)& &�*/�<"�E &"-
=#�4�!"+�/4);) B)4!$�"D. � 'E�(?O�("�E �)#\"($ B#�(4" �j '<�#"+"<�-
��/D. �/��()<#�(), +�) G�<"/"E)/�" ln )j (;&� )j – E�%7�G(�D =(�!;"D) " 
ln �j )� )@!��();) G(�+�("D �)#\"($ (1/L) #"(�*($. 

 

�"/. 1. �)(8�(�!�8")((�D G�<"/"E)/�? !�@)�$ <$,)&� =#�4�!)(� (� 
;!�("8� B#�(4� – &"=#�4�!"+�/4)� B)4!$�"�: 1 – 7 = 1; 2 – 7 = 1,9; 
3 – 7 = 81; 4 " 5 – =4/B�!"E�(��#?($� &�(($� B) �	F �<�!&$, 
(� = 153 K) " %"&4", (� = 373 K [3]) /B#�<)< Na–Cs, /))�<��/�<�(() 
 

�G !"/'(4� 2 <"&(), +�) 4�4 < )�/'�/�<"", ��4 " B!" (�#"+"" 
<(�O(�;) B)#D �	F B#�()4 'E�(?O���/D B!" B�!�,)&� &)@�<4" )� 
Li Na K Rb Cs, �.�. B!" '<�#"+�("" !�&"'/� /7�!$ 	";(�!�–�*�8� 
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rs ��)E� &)@�<4". 	(�O("� B)#D "GE�(DC� �	F < G�<"/"E)/�" )� 
(�B!�<#�("D B)#D, +�) !�(�� ��4%� @$#) B)4�G�() &#D �)(4", B#�()4 
/B#�<)< \�#)+($, E���##)< [6]. ��4 <"&() "G !"/'(4� 2, <(�O("� B)#D / 
(�B!D%�(()/�?C 4 = 92,6:107 	//E "GE�(DC� �	F (� 3–4 %. 

 

�"/. 2. �	F �)(4", B#�()4 /B#�<)< /<"(8� /) \�#)+($E" E���##�E" 
(10 ��. % Me: Li, Na, K, Rb, Cs) <) <(�O(�E =#�4�!"+�/4)E B)#� / 
(�B!D%�(()/�?C: 1 – 4 = –2,6:107 	//E; 2 – 4 = 0; 3 – 4 = 2,6:107 	//E 
 

���������� 

1. �. �. �!"8, �.�. '/E�(. �B#�<$ \�#)+($, " \�#)+()G�E�#?($, E�-
��##)<. �B!�<)+()� "G&�("�. �.: ����##'!;"D. – 1986. – 248 /. 

2. I. N. Malov, M. D. Shebzukhov, V. B. Lazarev. Work function of binary al-
loys in systems with different kinds of phase diagrams // Surf. Sci., 44 (1), 
21–28 (1974). 

3. �. �. �#+�;"!)<, �. �. �!,�/�)<. ��@)�� <$,)&� =#�4�!)(� @"(�!()* 
/"/��E$ (��!"* – 8�G"* // ��/B#�<$, 3, 22–27 (1993). 

4. 	.�. �)G��<, �. �. ��!($O)<�. ��%7�G(�D =(�!;"D " !�@)�� <$,)&� (� 
;!�("8� !�G&�#� �)(4"� B#�(4" /B#�<)< \�#)+($, E���##)< – &"=#�4-
�!"4. // Q"/?E� < ���, 29 (2), 62–69 (2003). 

5. �. �. �!�(�</4"*, �. 	. ��#�4)<�, �.. ��O�%�<, 	.�. �'E$4)<, 
	.�. �)G��<. Q)<�!,()/�(�D =(�!;"D " !�@)�� <$,)&� =#�4�!)(� (�()-
/�!'4�'! E���##"+�/4", /B#�<)< // 	)B!)/$ ��)E()* (�'4" " ��,("4". 
��!"D <�4''E, +"/�$� E���!"�#$, /<�!,B!)<)&("4" (18), 6, 149–
153, (2009). 

6. 	.. ��(+'4)�<, �.. ��O�%�<, �.�. ��E@��)<, 	.�. �)G��<. 	#"D("� 
=#�4�!"+�/4);) B)#D (� B)<�!,()/�('C =(�!;"C " !�@)�' <$,)&� =#�4-
�!)(� �)(4", B#�()4 /B#�<)< \�#)+($, E���##)< // Q"/?E� < ���, 28 
(12), 57–61, (2001). 
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�� 	��
�� F�����
�� ���
������ 
�������� �� ������� � ��F����������
� ����
� 

��� 537.533.2.001 

��O�%�< �.., �)!)�4)< Q.�., �)G��< 	.�., �,�4�,)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 B)/#�&(�� <!�ED /��#" !�G!�@��$<��?/D B)#"E�!($� E���!"�#$, 
�!E"!)<�(($� (�()+�/�"8�E" E���##)< [1]. Q)&)@($� (�()E���!"�#$ )@-
#�&�C� <$/)4)* /B)/)@()/�?C B);#)\��? =#�4�!)E�;("�($� <)#($. Q)-
#"E�!$ "/B)#?G'C�/D < 4�+�/�<� B�//"<"!'C\", B)4!$�"* (�()+�/�"8 
E���##)< <$/)4)* !��48")(()* /B)/)@()/�". 	 !D&� !�@)� B)4�G�(), +�) 
&"=#�4�!"+�/4"� �#E�G)B)&)@($�, B)#"E�!($�, )4/"&($� B#�()+($� B)-
4!$�"D, (�(�/�(($� (� E���##$, E);'� /("%��? !�@)�' <$,)&� =#�4�!)(� 
(�	F) "G E���##�. ��4, < !�@)�� [2] =4/B�!"E�(��#?() B)4�G�(), +�) �	F 
<)#?7!�E)<);) 4��)&�, B)4!$�);) B#�(4)* B)#"&"7�("#�(7��#"&� (Q��) 
(� B)!D&)4 ("%� �	F <)#?7!�E� @�G B)4!$�"D. 	 !�@)�� [3] < !�E4�, E�-
�)&� 7'(48")(�#� =#�4�!)(()* B#)�()/�" (��FQ) B)4�G�(), +�) &"=#�4-
�!"+�/4)� B)4!$�"� /("%��� �	F (�()("��* �#CE"("D. 

	 (�/�)D\�* !�@)�� B!�&B!"("E���/D B)B$�4� )8�("�? <#"D("� &"-
=#�4�!"+�/4)* /!�&$ (� �	F (�()+�/�"8 �#CE"("D. 

Q'/�? E���##"+�/4�D (�()+�/�"8� !�&"'/)E R " B#)�()/�?C B)#)-
%"��#?();) G�!D&� n0 ;!�("+"� / &"=#�4�!"+�/4"E B)4!$�"�E �)#\"()* H 
" &"=#�4�!"+�/4)* B!)("8��E)/�?C 7. �� ;!�("8�, (�()+�/�"8� – B)4!$-
�"� " (�()+�/�"8� – <�4''E /'\�/�<'�� E�%7�G($* G�!D& B#)�()/�?C qs1 " 
qs2 , /))�<��/�<�((). 

��/B!�&�#�("� B#)�()/�" B)#)%"��#?();) n+(r) " )�!"8���#?();) n>(r) 
G�!D&)< < (�()+�/�"8� G�&���/D ��4 %�, 4�4 " < [3]. ��&"'/ !�G&�#DC\�* B)-
<�!,()/�" �"@@/� RG (�,)&"�/D "G '/#)<"D /),!�(�("D G�!D&� (�()+�/�"8$: 

 � �22 3
1 2 0 0 0 2

4 4 84 4
3 3 3

G
s s G

3 Rq R q R H n R n R n8 � 8 � � 8 � 8 � 8
1

. (1) 

��/B!�&�#�("� =#�4�!)/���"+�/4);) B)��(8"�#� < (�()+�/�"8� (�,)-
&"�/D "G '!�<(�("D Q'�//)(�, G�B"/�(();) < /7�!"+�/4", 4))!&"(���,: 

 � � � �
� �� � � � � � � �

2
2

1 4
n r n r

r
r r r r R R H r R r r R H

� ��� ��� � � � 8	 �� � 7 5 � / � � � / � � / � �
 �
, (2) 

;&� 7(5) – &"=#�4�!"+�/4�D B!)("8��E)/�? /!�&$, G�<"/D\�D )� /��B�(" 
B)4!$�"D 5. 

�G '!�<(�("D (2) / '+��)E ;!�("+($, '/#)<"* " '/#)<"* (�B!�!$<()-
/�" �(r) " �/(r) B)#'+"E <$!�%�("D &#D !�/B!�&�#�("D =#�4�!)/���"+�/4);) 
B)��(8"�#� (� E�%7�G()* ;!�("8� (�()+�/�"8� – &"=#�4�!"+�/4)� B)4!$�"�. 

 66



Q!" RG < R0: 

 � �

� �

� �

� � � �

� �

1 1

2
1

2 0 2

2
2

2 3

2

, , 0 ,

4, ,
3 2
4

, ,

, ,

G

G

s

F r C r R

r AF r n C R r R
rr

q R H
F r C R r R H

r
F r r R H

1 � ; ;#
.
. 1 � 8 � � ; ;..� � %

8 �. 1 � � ; ; �. 7
.
1 < �.'

,

,
, (3) 

;&� 

 � � � � � � � �0
1 2

sh4, exp ch 2G
rnF r R r

r
1# $8

1 � �1 1 �% &1 1' (
, (4) 

 � � � � � � � �0
2 2

exp4, sh exp 2G

rnF r R r
r

# $�18
1 � � 1 �1 �% &1 1' (

, (5) 

 22
02

01

42 CnRnC G �
1
8

�8� , (6) 

 � �� �2 2
2 2 0 1

4 11( , ) 1 2 4 s
s

q R H
C F r n R q R

R
8 � 7 �� �� � 1 � � 8 � 8 � �	 �7 7
 �

3C , (7) 

 � � � �2
3 2

4 1, 1sq R H
C F R H

8 � � �� � 1 � �	7 7
 �
� , (8) 

 � 23 2
1 0 1 2

4 4 4
3 s s �A n R q R q R H� 8 � 8 � 8 � . (9) 

Q!" RG > R0: 

 

� �
� �

� � � �

� �

1 1 0

2
2 1

0 2

2
2 2

3

2

, , 0 ,

, 4 , ,
3 2( )

, 4
, ,

, , ,

G

s
G

F r C r R

F r r An C R r R
rr

F r q R H
C R r R H

r
F r r R H

1 � ; ;#
.

1. � 8 � � ; ;. 7 7 7.� � %
1 8 �. � � ; ;. 7 7

.
1 < �.'

�

, (10) 

;&� 

 � � 2 1
1 2 0 1

1 4, 1 2 4 s
s

q RC F r n R q R C8� �� � 1 � � 8 � 8 � �	 �7 7
 �
2 , (11) 

 32
0

2
0

2

42 CnRnC G �
71
8

�
7
8

� , (12) 

 � �2
3 2

4 , 1sq RC F R H8 �� � 1 � �	7 7
 �
1 �
� , (13) 
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 � 23 0
2 0 22

4 8 4
3

G
G s

n R �A n R q R H8
� 8 � � 8 �

1
. (14) 

� '+��)E !�/B!�&�#�("D �(r) (�*&�E E�%7�G('C =(�!;"C < B!"@#"-
%�("" )&()!)&();) 7)(� (%�#�-B!"@#"%�("�) B) 7)!E'#�: 

� � � � � � � � � � � � � � � �= >2 2
2 2

0 0

1 1, [ , ] ,
2j r n r n r r dr wn r w n r n n r r dr
R R

* *

� � � � � �) 1 7 � � � � 7 � 7 7 7� � � � � �� � � � � �3 3 , , . 

  (15) 
�"("E"G"!'D )j(1, 7) B) <�!"�8")(()E' B�!�E��!' 1, (�,)&"E G(�-

+�("� 1 &#D )8�(4" �	F B) <$!�%�("C [3]: 

 � � � � � � �
2 2

0
0 0

1 1� 1 1
4 8j

D R r D R �R E n
n R n R
� � � � �� �� � � � � �	 � 	 �8 7 8 7
 � 
 �

, (16) 

;&� �r ~ 1 (E, D(R) = – 48qs1, E(n0) – B#)�()/�? 4"(��"+�/4)*, )@E�(()* " 
4)!!�#D8")(()* =(�!;"*, �(R) – G(�+�("� =#�4�!)/���"+�/4);) B)��(8"�#� 
�(r) (� E�%7�G()* ;!�("8� r = R. 

Q!" <$+"/#�("D, &"=#�4�!"+�/4�D B!)("8��E)/�? /!�&$ 7 E�(D#�/? 
)� 1 &) 6. ���B�(? B)4!$�"D B)#�;�#�/? 5 = 1. 	 !�@)�� "G'+�#"/? (�()+�-
/�"8$ �#CE"("D !�&"'/)E R )� 12 &) 16 (E. Q)#'+�(($� !�G'#?���$ B) 
�	F E)%() B!�&/��<"�? < <"&�: 
 � � 2� j A B C7 � � 7 � 7 . (17) 

��4�D G�<"/"E)/�? /);#�/'��/D / B)#'+�(()* (�E" < [3] &#D (�()("�" 
�#CE"("D, � ��4 %� / &�(($E" !�@)�$ [4]. 

���������� 

1. Q)E);�*#) �.�., �)G�(@�!; �.�., �7#D(& �.�. ��()+�/�"8$ E���##)< < 
B)#"E�!�,. �.: �"E"D, 2000, 672 /. 

2. �E�;'G"( �.�., �)!("#)< 	.�., ��+"()< �.�. F(�!;��"+�/4"� !�/-
B!�&�#�("D =#�4�!)()< < /"/��E� E���##-B)#"E�!-<�4''E. // �F��, 
2006, �. 130, 	. 2 (8). �. 303–308. 

3. �)!)�4)< Q.�., �)G��< 	.�., �,�4�,)< �.�., �D(��<� .�. ��@)�� <$,)&� 
=#�4�!)(� (�()("�" �#CE"("D (� ;!�("8� / &"=#�4�!"+�/4)* /!�&)*. // 
�G<�/�"D ���, ��!. 7"G"+�/4�D, 2009, �. 73, � 7. � 1038–1040. 

4. ��@"+ �.	., Q);)/)< 	.	. ��@)�� <$,)&� =#�4�!)()< " B)<�!,()/�()� 
(��D%�("� E���##"+�/4)* B)<�!,()/�" / &"=#�4�!"+�/4"E B)4!$�"�E. 
// ���, 2008, �. 106, � 4, �. 346–354. 
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�
����
��� ������� �
��
�� 	 �������� 
�� ������� ���
�����
��������� InGaP/Ge 

��� 681.382.473 

�)@�#�<� �.Q., �!+'4 �.�., ��#("( �.	., �'G?E"( �.�., ��E�!)< �.	. 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("� <$/O�;) 
B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($* "//#�&)<���#?/4"* 

��,()#);"+�/4"* '("<�!/"��� «���"�», �)/4<� 

�();)4�/4�&($� /)#(�+($� =#�E�(�$ B)G<)#DC� E�4/"E�#?() =7-
7�4�"<() B!�)@!�G)<��? /)#(�+('C =(�!;"C < =#�4�!"+�/4'C G� /+�� '<�-
#"+�("D &)#" B);#)\�(()* =(�!;"". 	 ;���!)/�!'4�'!($, E();)4�/4�&-
($, 7)�)=#�E�(��, (� )/()<� /)�&"(�("* �3	5 &)/�";('�� =77�4�"<()/�? 
@)#�� 30 % < '/#)<"D, 4)(8�(�!"!)<�(($, /)#(�+($, B)�)4)<. �#D �!�,-
4�/4�&($, /)#(�+($, =#�E�(�)< O"!"(� G�B!�\�(()* G)($ &#D E�4/"-
E�#?();) G�B)#(�("D /)#(�+();) /B�4�!� &)#%(� /)/��<#D�? B)/#�&)<�-
��#?() 2,0/1,4/0,7 =	. F�) )@/�)D��#?/�<) (�!D&' / @)#?O"E G(�+�("�E 
B)&<"%()/�" ()/"��#�* G�!D&� )B!�&�#"#) <)GE)%()/�? "/B)#?G)<�("D < 
4�+�/�<� =#�E�(�� B�!<);) 4�/4�&� ;�!E�("D. 	 !�@)�� E();)4�/4�&($� 
/)#(�+($� =#�E�(�$ InGaAs/InGaP/Ge B)#'+�#" E��)&)E )/�%&�("D ", 
B�!)<)* 7�G$ < !��4�)!� VEECO. �#D /)G&�("D p-n-B�!�,)&� (� B)&#)%4� 
Ge(p) / N� = 1,5×1018 /E>3 B!)<)&"#" &"77'G"C 7)/7)!� < �)4� 7)/7"(� 
B!" ��EB�!��'!� 630–640 °� < ��+�("" 4 E"(. �#'@"(' p-n-B�!�,)&� " 4)(-
8�(�!�8"C =#�4�!"+�/4" �4�"<()* B!"E�/" )B!�&�#D#" E��)&)E =#�4�!)-
,"E"+�/4);) B!)7"#"!)<�("D. 

�#D =77�4�"<();) 'B!�<#�("D ;#'@"()* G�#�;�("D p-n-B�!�,)&� (�-
)@,)&"E !�/+�� &"77'G")(();) B!)7"#D #�;"!)<�("D 7)/7)!� < ;�!E�-
("". ��#?C &�(()* !�@)�$ D<#D��/D !�G!�@)�4� 4)EB?C��!()* B!);!�EE$ 
!�/+��� &"77'G")(();) B!)7"#D #�;"!)<�("D " ��)!��"+�/4�D )8�(4� (� 
�� )/()<� <)GE)%()/�" <�!"�8"" �;) B�!�E��!)<, +�) /)4!�\��� G��!��$ 
(� B!)<�&�("� /))�<��/�<'C\", ��,()#);"+�/4", =4/B�!"E�(�)<. 

�();)+"/#�(($� "//#�&)<�("D B!)8�//)< &"77'G"" #�;"!'C\", 
B!"E�/�* < ;�!E�("" " 4!�E("" B)4�G$<�C� /'\�/�<�(('C G�<"/"E)/�? 
4)=77"8"�(�� &"77'G"" )� 4)(8�(�!�8"" B!"E�/", )/)@�(() < ��, )@#�/-
�D, B!)7"#D !�/B!�&�#�("D B!"E�/", < 4)�)!$, 4)(8�(�!�8"D B!"E�/" 
B!�<$O��� /)@/�<�(('C 4)(8�(�!�8"C B)&<"%($, ()/"��#�* G�!D&� B!" 
��EB�!��'!� B!)<�&�("D &"77'G")(();) B!)8�//�. 	 /#'+�� 4)(8�(�!�8"-
)(()* G�<"/"E)/�" 4)=77"8"�(�� &"77'G"" '!�<(�("� &"77'G"" < )&()-
E�!()E /#'+�� B!")@!����� <"& 

 � � � �� � � �& x C
D C x

t x x
� �� ��

� 	� � �
 �

x
� , (1) 

;&� C(�) – 4)(8�(�!�8"D #�;"!'C\�* B!"E�/"; D(C(x)) – 4)=77"8"�(� 
&"77'G"", G�<"/D\"* )� 4)(8�(�!�8"". 	 ��4)E <"&� '!�<(�("� &"77'-
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G"", 4�4 B!�<"#), (� "E��� �(�#"�"+�/4);) !�O�("D, " �!�@'C�/D +"/#�(-
($� E��)&$. 

��O�("� '!�<(�("D &"77'G"" B!)<)&"#" < !�G()/�()* 7)!E�. Q!" 
!�O�("" #"(�*($, �#;�@!�"+�/4", /"/��E, E��!"8$ 4)�)!$, D<#DC�/D 
/#�@) G�B)#(�(($E", �. �. /)&�!%�\"E" (�E();) (�('#�<$, =#�E�(�)< " 
"E�C� �!�,&"�;)(�#?('C /�!'4�'!', (�"@)#�� B!"�E#�E$E D<#D��/D E�-
�)& B!);)(4" [1]. 

Q!);!�EE� !�/+��� B)G<)#D�� B!)<)&"�? /!�<(�("� !�G'#?���)< E)-
&�#"!)<�("D G�;)(4" 7)/7)!� < ;�!E�("* < O"!)4)E "(��!<�#� ��EB�!�-
�'! " 4)(8�(�!�8"* &#D E)&�#" B)/�)D(();) 4)=77"8"�(�� &"77'G"" B!" 
&�(()* ��EB�!��'!� [3] D=2,5×exp(>2,48/kb/T) /E2// (E)&�#? �) " E)&�#" 
4'@"+�/4);) 4)=77"8"�(�� &"77'G"" [5] (E)&�#? @): 

 
2 3

2 3eff

i i

nD D D
n n

� �� � � �
� �	 � 	 �


 � 
 �

n
. (2) 

�#D E)&�#" @1 '!�<(�("� &"77'G"" B!�&/��<#D��/D < <"&� 
C J
t x
� �
� �

� �
, 

 eff effC CJ D D n
x n x
� �

� � �
� �

,  (3) 

;&� J – /'EE�!($* B)�)4 B!"E�/", <4#C+�C\"* &"77'G")(('C /)/��<-

#DC\'C eff CD
x
�

�
�

 " &!�*7)<'C eff C nD
n x
�

�
�

. (�+�("� 1 n
n x
�
�

 <) <�)!)E /#�-

;��E)E <$!�%�("D (3) B) /'�" D<#D��/D <�#"+"()*, )B!�&�#DC\�* G(�+�-
("� (�B!D%�(()/�" =#�4�!"+�/4);) B)#D, )@'/#)<#�(();) ;!�&"�(�)E 4)(-

8�(�!�8"" B)&<"%($, ()/"��#�* G�!D&� ( bk T nE
qn x
�

�
�

 [2]). 	)B!)/$ <#"D-

("D G�!D%�(($, <�4�(/"* (� &"77'G"C #�;"!'C\", B!"E�/�* &)/���)+() 
B)&!)@() !�//E)�!�($ &#D 4!�E("D [4]. 	 �)%� <!�ED B!�&#�;���/D /#�-
&'C\"* /B)/)@ '+��� =#�4�!"+�/4);) B)#D, )@!�G'�E);) B)&<"%($E" ()-
/"��#DE" G�!D&�. 	<)&"�/D &)B)#("��#?($* E()%"��#? 4 4)=77"8"�(�' 
&"77'G"" (E)&�#" �2 " @2 &#D B)/�)D(();) " G�<"/D\�;) )� 4)(8�(�!�8"" 
=#�4�!)()< 4)=77"8"�(�� &"77'G""): 

 
� �2

21
2 1

i
e

i

C nf
C n

� �
�

. (4) 

Q!" B!)<�&�("" !�/+��)< B!�&B)#�;�#)/?, +�) <�/? 7)/7)! (�,)&"�-
/D < =#�4�!"+�/4" �4�"<()* 7)!E�. 

�� !"/. 1 " 2 B!�&/��<#�($ !�/+��$, "##C/�!"!'C\"� !�G#"+"D 
B!)7"#�* #�;"!)<�("D B!" !�G#"+($, E)&�#D, &"77'G")(();) B!)8�//� 
B!" 4)(8�(�!�8"" 7)/7)!� 1022 /E>3. Q!)7"#" !�/B!�&�#�("D B!" 4'@"+�-
/4)* G�<"/"E)/�" 4)=77"8"�(�� &"77'G"" )� 4)(8�(�!�8"" "E�C� <"& 
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/�'B�(?4" / &)/���)+() B#)/4"E <"&)E B!" @)#?O", 4)(8�(�!�8"D, / B)-
/#�&'C\"E !�G4"E /B�&)E <@#"G" 4!�D, +�) /<DG�() / @)#�� <$/)4"E 4)-
=77"8"�(�)E &"77'G"" B!" <$/)4", 4)(8�(�!�8"D,. 	 �)%� <!�ED @)#�� 
<$/)4"* ;!�&"�(� 4)(8�(�!�8"" B!"E�/" <@#"G" 4!�D &)#%�( B!"<)&"�? 4 
G(�+"��#?() @)#?O�* ;#'@"(� )@!�G)<�<O",/D /#)�<, +�E B!" B)/�)D(()E 
4)=77"8"�(�� &"77'G"" ", 4�4 /#�&/�<"�, @)#?O�* ;#'@"(� G�#�;�("D 
p-n-B�!�,)&�. 

 

�"/. 1 ��/+��($� B!)7"#" !�/B!�&�#�("D 7)/7)!� < ;�!E�("" 
B)/#� G�;)(4" B!" ��EB�!��'!� 640 °� &#D E)&�#" B)/�)D(();) 
4)=77"8"�(�� &"77'G"" @�G &)B)#("��#?();) E()%"��#D 4 4)-
=77"8"�(�' &"77'G"" (�1) " / &)B)#("��#?($E E()%"��#�E (�2) 
 

 

�"/. 2. ��G'#?���$ E)&�#"!)<�("D B!)7"#�* !�/B!�&�#�("D 7)/-
7)!� < ;�!E�("" B)/#� G�;)(4" B!" 600 °� &#D 4'@"+�/4)* G�<"-
/"E)/�" 4)=77"8"�(�� &"77'G"" )� 4)(8�(�!�8"" =#�4�!)()<: 
1 – @�G '/4)!DC\�;) <)G&�*/�<"D(@1); 2 – &)@�<#�("D E()%"��#D 
4 4)=77"8"�(�' &"77'G"" (@2); 3 – &)@�<#�("� B)#D, )@!�G)<�(-
();) B)&<"%($E" ()/"��#DE" G�!D&�, < '!�<(�("� &"77'G"" 
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�)B)#("��#?($* E()%"��#? B!"<)&"� 4 (�G(�+"��#?()E' '<�#"+�-
("C #�;"!)<�(()* )@#�/�", <"& B!)7"#D !�/B!�&�#�("D B!" =�)E E�(D��/D 
(�G(�+"��#?(), < �) <!�ED 4�4 B)#�<)* =77�4� E)%�� <$G<��? G�E��()� 
'<�#"+�("� ;#'@"($ p-n-B�!�,)&�. 

�� !"/. 3 " 4 B!�&/��<#�($ !�G'#?���$ !�/+��)< &"77'G")(($, B!)-
7"#�* &#D &<', G(�+�("* B)<�!,()/�()* 4)(8�(�!�8"", B)#'+�(()* B!" 
!�G#"+($, /4)!)/�D, B)�)4� 7)/7"(�. Q�!�/�+�("� / #"("�* 4)(8�(�!�-
8"" &$!)4 < p-@�G� B)G<)#D�� )8�("�? ;#'@"(' G�#�;�("D p-n B�!�,)&� " 
/!�<("�? �� / =4/B�!"E�(��#?($E" G(�+�("DE" (��@#.). 

 
�"/. 3. �"77'G")(($� B!)7"#" B!" ��EB�!��'!� 630 °�, 
4)(8�(�!�8"D 7)/7)!� (� B)<�!,()/�" 2,3×1019 /E>3 

 

 
�"/. 4. �"77'G")(($� B!)7"#" B!" ��EB�!��'!� 630 °�, 
4)(8�(�!�8"D 7)/7)!� (� B)<�!,()/�" 3,4×1020 /E>3 
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��@#"8�. F4/B�!"E�(��#?($� " !�/+��($� 
&�(($� ;#'@"($ G�#�;�("D p-n-B�!�,)&� 
 

Q)�)4, /E3/E"( 600 1200 
F4/B�!"E�(� 

�#'@"(�, E4E 0,020+/>0,006 0,078+/>0,024
N0, /E>3 2,3E+19 3,4E+20 
��/+��(�D ;#'@"(� p-n-B�!�,)&�, E4E 

�)&�#? �1 0,065 0,100 
�)&�#? �2 0,076 0,123 
�)&�#? @1 0,011 0,045 
�)&�#? @2 0,012 0,055 
�)&�#? @3 0,010 0,158 

Q!" 4)(8�(�!�8"D, 7)/7)!�, /))�<��/�<'C\", B!�&�#' !�/�<)!"-
E)/�", (�#"+"� !�G4);) /B�&� < &"77'G")(()E B!)7"#� B) E)&�#" @1 " @2 
B!"<)&"� 4 �)E', +�) !�/+��($� G(�+�("D ;#'@"($ B�!�,)&� B!" B)/�)D(-
()E 4)=77"8"�(�� &"77'G"" )4�G$<�C�/D <$O�, +�E / '+��)E G�<"/"E)-
/�" �;) )� 4)(8�(�!�8"" =#�4�!)()< B) [5], +�) E)%�� /<"&���#?/�<)<��? ) 
(�)@,)&"E)/�" '�)+(�("D +"/#)<$, B�!�E��!)< E)&�#". � &!';)* /�)!)-
($, <<�&�("� B)#�<)* G�<"/"E)/�" < !�/+��$ B!"<)&"� 4 /'\�/�<�(() 
#'+O�E' /);#�/"C =4/B�!"E�(��#?($, " !�/+��($, &�(($,, +�) B)G<)#D�� 
/&�#��? <$<)&, +�) E)&�#? @3 E)%�� "/B)#?G)<��?/D &#D !�/+��)< &"77'-
G")(($, B!)7"#�* #�;"!)<�("D 7)/7)!� < ;�!E�("". 

 
��@)�� B!)<�&�(� < !�E4�, !��#"G�8"" ��Q «��'+($� " (�'+()-

B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009–2013 ;)&$. 

���������� 

1. ��E�!/4"* �.�. 	<�&�("� < +"/#�(($� E��)&$. �Q@.: ��(?, 2005. 
2. ��##�!�., ��*E"(/ �. F#�E�(�$ "(��;!�#?($, /,�E.–�.: �"!, 1989. – 

630 /. 
3. �)#��4/ �.�. �"77'G"D " �)+�+($� &�7�4�$ < B)#'B!)<)&("4�,. – �.: 

��'4�, 1972. – 384 /. 
4. �
Q-����: �)&�#"!)<�("� =#�E�(�)< " ��,()#);"+�/4", B!)8�//)< / 

Q)&. ��&. Q. �(�)(���", �. �(�)("�&"/�, �. ����)(�, �. 
'#&,�E�.– �.: 
��&") " /<DG?, 1988. – 496 /. 

5. Thomas Canneaux, Daniel Mathiot, Jean-Pierre Ponpon, Yann Leroy. Mod-
eling of phosphorus diffusion in Ge accounting for a cubic dependence of 
the diffusivity with the electron concentration. // Thin Solid Films 518 
(2010) 2394–2397. 
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Q������� F������� Q�� Q�
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� �������
	���� 

��� 548.0: 537.534 

�'E�,)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'("<�!/"��� "E. �.�. ��!@�4)<�, ��#?+"4 

�'\�/�<'�� 8�#$* !D& E��)&)< +"/#�(();) "//#�&)<�("D B!),)%&�-
("D #�;4", !�#D�"<"/�/4", +�/�"8 " @$/�!$, ")()< +�!�G )!"�(�"!)<�(-
($� E)()4!"/��##$, ��4", 4�4 E��)& 4"(��"+�/4", '!�<(�("* [1], @"(�!-
($, " '4!'B(�(($, /�)#4()<�("* [2–4], � ��4%� E��)& '!�<(�("* ��(%�-
<�(� [5]. Q�!�+"/#�(($� E��)&$ �!�@'C� #"@) @)#?O", G��!�� E�O"(();) 
<!�E�(", #"@) /<DG�(($ / /�!?�G($E" �!'&()/�DE" E���E��"+�/4);) ,�-
!�4��!�. �"/#�(()� E)&�#"!)<�("� B!)8�//� B!),)%&�("D +�/�"8 +�!�G 
4!"/��## E��)&�E" �"B� �)(��-��!#) (�/E)�!D (� )�()/"��#?('C E���-
E��"+�/4'C B!)/�)�' (�=77�4�"<() < /#'+�� �)#/�$, 4!"/��##)<. F�) /<D-
G�() / (�)@,)&"E)/�?C B!)/#�%"<�("D �!��4�)!"* @)#?O);) +"/#� +�/�"8 
B!" E�#)E <!�E�(()E O�;� B!)8�//)<. 

�#D /#'+�D B#)/4)/�();) 4�(�#"!)<�("D #�;4", !�#D�"<"/�/4", +�/-
�"8 < �)#/�$, E)()4!"/��##�, (�E" B!�&#)%�( @)#�� B!)/�)* " =4)()-
E"+($* E��)& E)&�#"!)<�("D 7'(48"" !�/B!�&�#�("D +�/�"8 B) B)B�!�+-
()* =(�!;"". 	 &�(()E /#'+�� B!)/#�%"<�C�/D (� �!��4�)!"" )�&�#�(($, 
+�/�"8, � =<)#C8"D / ;#'@"()* “G�/�#�(()/��* '!)<(�*” B)B�!�+()* =(�!-
;"". 	 ��+�("� <!�E�(" �t (O�; B) <!�E�(") +�/�"8$ /)<�!O�C� (�<)GE'-
\�(()� &<"%�("� B) �!��4�)!"DE / G�&�(($E"  B)B�!�+($E" =(�!;"DE" 
E? . 	 E)E�(� <!�E�(" ti = ti>1 + �t B!)"/,)&"� B�!�!�/B!�&�#�("� +�/�"8 
B) B)B�!�+($E =(�!;"DE "G–G� !�//�D("D (� D&!�, " =#�4�!)(�, /!�&$. 
	�!)D�()/�? !�//�D("D )B!�&�#D��/D /!�&(�4<�&!��"+($E ';#)E !�//�D-
("D, <$+"/#�(($E &#D G�&�(()* �!��4�)!"" " B!" 7"4/"!)<�(()E �t. ��/-
/E)�!"E =<)#C8"C  7'(48"" !�/B!�&�#�("D +�/�"8 B) B)B�!�+()* =(�!-
;"". �GE�(�("� B)B�!�+()* =(�!;"" B!" )&()4!��()E !�//�D("D  +�/�"8$ 
(� ';)#  !�<(): �/

 � � 2

2
E E?

� ��/
� � /�/ �		


 �
�� ,  (1) 

;&�  – ';)# E�%&' <�4�)!)E /4)!)/�" " )/?C Z, E – =(�!;"D +�/�"8$ 
(G&�/? " &�#�� "/B)#?G'�E ��)E('C /"/��E' �&"("8: ( )). Q#)�-
()/�? <�!)D�()/�" !�//�D("D G�&���/D ;�'//)</4"E !�/B!�&�#�("�E: 

/
1e m� � ��

 � � � �2
22

1 expP
� ��/

�/ � �		 �/8�/ 
 �
�� , (2) 
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;&� 2�/  – /!�&(�4<�&!��"+($* ';)# !�//�D("D. ��4 4�4 �/  " E?�  – /#'-
+�*($� <�#"+"($, /<DG�(($� 7'(48")(�#?($E /))�()O�("�E (1), �) B#)�-
()/�?  <�!)D�()/�" &#D E?�  !�<(�: 

 � �
� � � �� � 2

2 2

2

2 2 ,
2

0,
2

d EP E E P E E E
d EE

EE

? ?
?

?

?

#
?

�/ /
/� / � � � /� / � � � @�. �.� � �%

/. � ;�.'

. (3) 

�);&� &#D +�/�"8$ / (�+�#?()* B)B�!�+()* =(�!;"�* E1  <�!)D�()/�? 
!�//�D("D < "(��!<�# =(�!;"* '

0,U E?��� ��

?

 !�<(�: 

 � � � �
'

0

'
E

U

P E E d
?

?
�

� � 7 � 73 , (4) 

;&� � �0 0U U� , � �0 2pU U d� 0� , dp – E�%B#)/4)/�()� !�//�)D("�. 
� '+��)E (2) " (3) /))�()O�("� (4) "(��;!"!'��/D B)&/��()<4)* 

� �� �1 22 2Z E E?� / 9 / � 7 � . Q)#'+�(()� <$!�%�("� '/!�&(D��/D  G���E B) 
';#'  "#", +�) �) %� /�E)�, B) B)B�!�+()* 4))!&"(��� x, /+"��D !�/B!�-
&�#�("� +�/�"8 B) �!��4�)!"" !�<()E�!($E. Q!" =�)E 

/
/  <$!�%���/D +�!�G 

x "G /))�()O�("D 

� �
2

2
EE U x?
/

� � . 

	 !�G'#?���� B)#'+"E: 

� � � � � � � �
0

' ' '

0

1 erf erf
2

x

P E a a a a n x dx?
� �� � � �� �3 , 

 � �
___

E U x
a

E

?

?

�
�

�
, � �'

'
____

E U x
a

E

?

?

�
�

�
, 

2

2
EE?
�/

� � , (5) 

� x0 )B!�&�#D��/D "G '/#)<"D � � � �� �'min 0E V x E U x? ?� � � . 
	 (5) n(x) – !�/B!�&�#�("� +�/�"8 B) x: 

� �
� �

12 1cn x
D E U x?

A
�

�
, 

4, 0
2, 0

cT E
D

cT E
?

?

;#
� % <'

, 

T – B�!")& 4)#�@�("D +�/�"8$, c – /4)!)/�? /<���, A – 7�4�)! �)!�(8�. 
�&�&"E /��4' G(�+�("* B)B�!�+()* =(�!;"" – “'!)<(�*” +�/�"8$. 	 

(�O", !�/+���, "/B)#?G)<�#�/? /��4� "G 200 “'!)<(�*”, ),<��$<�C\�D "(-
��!<�# =(�!;"* )� –U0 &) ~40U0 . �#D )�!"8���#?($, G(�+�("* B)B�!�+()* 
=(�!;"" "/B)#?G)<�#�/? !�<()E�!(�D /��4� (100 G(�+�("*), &#D B)#)%"-
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��#?($, – #);�!"7E"+�/4�D, B)/4)#?4' B!"  G�<"/"E)/�? /!�&(�-
4<�&!��"+();) ';#� E();)4!��();) !�//�D("D )� 

0E? <
E?  B)+�" B)/�)D((�D. 

	�!)D�()/�? B�!�,)&� / i-;) “'!)<(D” (� j-* )B!�&�#D��/D / B)E)\?C 
/))�()O�("D (5). �);&� +"/#) +�/�"8 / &�(($E G(�+�("�E B)B�!�+()* 
=(�!;"" (� n-E O�;� !�/+��� /)/��<#D��: 

� � � �1

1

n n
j i i

i
N N �

�

� jWB . 

�'(48"D !�/B!�&�#�("D B) B)B�!�+()* =(�!;"" )B!�&�#D��/D, 4)-
(�+() – !�G()/�()* B!)"G<)&()* )� “G�/�#�(()/��* '!)<(�*”. 

�#D <$+"/#�("D /!�&(�4<�&!��"+();) ';#� E();)4!��();) !�//�D("D 
"/B)#?G)<�#)/? /))�()O�("�: 

 
2 2 2

e T
Z Z Z
� � � ��/ �/ �/
� �	 � 	 �	 � 	 �� � �
 � 
 �

, (6) 

;&� � � � � � �2 4 e
e

2Z L E n x�/ � � 8  – <4#�& !�//�D("D (� =#�4�!)(�,, Le – 4'-

#)()</4"* #);�!"7E, n(x) – B!)7"#? =#�4�!)(()* B#)�()/�" < 4�(�#�,  

� � � � � �2 2

� a
Z Z P x�/ � � �/ �  – <4#�& !�//�D("D (� ��B#)<$, 4)#�@�("D, 

D&�! < B!"@#"%�("" 
8'4" [6], � � � �� � � �� �2 2
1 12 exp 2pP x d U x U� 8 � , U1 – 

/!�&(�4<�&!��"+(�D �EB#"�'&� ��B#)<$, 4)#�@�("*), 
� � � �2 2

sa
Z E E R�/ � �  – /!�&(�4<�&!��"+($* ';)# E();)4!��();) !�//�D-

("D < �E7)!()* /!�&� Es = 21 �=	, R – !�&"�8")((�D &#"(�. 
�/!�&(�("� (6) B) B�!")&' 4)#�@�("D B!)"G<)&"E B) 7)!E'#�: 

� �
� �

0
2 2

0 1
2

x dxx
E U x

A
�/ � �/

�3 , 

;&� x0 = xmax &#D 4�(�#"!)<�(($, +�/�"8 " x0 = dp/2 &#D (�&@�!?�!($,. 
�'(48"D !�/B!�&�#�("D +�/�"8 B) B)B�!�+($E =(�!;"DE / ;#'@"()* 

&#D 4�(�#� � (110) !�//+"�$<�#�/? / "/B)#?G)<�("�E B)��(8"�#� �)#?�!. 
F(�!;"D =#�4�!)()< 900 �=	. 

��/+�� B)4�G�#, +�), (�+"(�D / ;#'@"( ~ 50 E4E '/��(�<#"<���/D !�/-
B!�&�#�("� =#�4�!)()< B) B)B�!�+($E =(�!;"DE, ,�!�4��!"G'C\��/D E�4-
/"E'E)E B!"  " &#"(($E B)+�" B#)/4"E &"77'G")(($E “,<)/�)E” 
< )@#�/�" / 0 . � '<�#"+�("�E �)#\"($ 4!"/��##� 7)!E� !�/B!�&�#�-
("D /),!�(D��/D. 

0E? �
E? <

�<�#"+�("� (�+�#?();) ';#� B�&�("D +�/�"8 (� 4!"/��## &) G(�+�-
("* � �2 3 kp� 4  (� <$G$<��� /'\�/�<�(($, "GE�(�("* < 7)!E� � �f E?  B!" 
l>100 E4E, B)/4)#?4' (� E�#$, ;#'@"(�, B!)"/,)&"� “G��D;"<�("�” +�/�"8 

 76



B'+4� < 4�(�#, B)/#� +�;) =<)#C8"D !�/B!�&�#�("D B!)"/,)&"� ��4 %�, 4�4 
B!" . 0in4 �

(�+�("D � �f E?  (� «B#)/4)E» '+�/�4� B!"  (� �)#\"(�, 
~ 500 E4E )B!�&�#D��/D &"77'G"�* +�/�"8 B) B)B�!�+()* =(�!;"", /4)-
!)/�? 4)�)!)* (� G�<"/"� )� 

0E? <

E? , B)=�)E' <�#"+"(� � �f E?  '@$<��� / ;#'-
@"()* B!"@#"G"��#?() 4�4 1/l. Q)4�G�(), +�) &�%� B!" �)#\"(� 4!"/��#-
#)< ~ 2 EE )4)#) 1 % +�/�"8 )/����/D < 4�(�#�, +�) /<DG�() / )@V�E($E G�-
,<��)E +�/�"8 B'+4� < 4�(�#.  

���������� 

1. Beloshitsky V. V. and Kumakhov M. A. Multiply scattering of electrons at 
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	������ �����
	 �
���������
�
 
����� �� 

Q�������� �	
���	� �	���
	
���������� 

����
� ��� F�����
��
� ������� 

��� 535.3 

�"/4�!)<� �.�., �)#)4�()< 
.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�<"(8)<)/"#"4��($� /��4#� (���) (�,)&D� O"!)4)� B!"E�(�("� < 
=#�4�!)(()* ��,("4�. 	 G�<"/"E)/�" )� '/#)<"* )@!�@)�4" ��� B!)D<#D-
C� &"=#�4�!"+�/4"�, #"@) !�G"/�"<($� (B!)<)&D\"�) /<)*/�<�, � < (�4)�)-
!$, /#'+�D, " B)#'B!)<)&("4)<$�. Q'��E /B�8"�#?()* )@!�@)�4" (� B)-
<�!,()/�? ��� E)%�� !�@)���? 4�4 <$/)4)=77�4�"<($* <�)!)+()-
=#�4�!)(($* =E"���!. ��%&' ��E =#�4�!)(($� /<)*/�<� =�", /��4)# &) 
/", B)! )/��C�/D (�&)/���)+() "G'+�(($E". 
B�"+�/4"� /<)*/�<� ,)!)O) 
4)!!�#"!'C� " )@'/#)<#�($ =#�4�!)(($E" /<)*/�<�E" <�\�/�<�. 	 &�(-
()* /���?� "G'+�() <#"D("� !�%"E)< "G)��!E"+�/4);) )�%";� < !�G#"+($, 
��!E)&"(�E"+�/4", '/#)<"D, (� )B�"+�/4"� /<)*/�<� ���, "/B)#?G'�E$, 
< =#�4�!)(()* ��,("4�. 

�//#�&)<�#"/? /<"(8)<)/"#"4��($� /��4#� E�!)4 �87-2 " �74-4. 

@!�G8$ B!�&/��<#D#" /)@)* B)#"!)<�(($� &"/4" &"�E��!)E 24,8 EE " 
�)#\"()* 0,4 EE. �GE�!�("� 4)=77"8"�(�)< B!)B'/4�("D B!)<)&"#"/? (� 
"/,)&($,, �) �/�? (�)�)%%�(($, )@!�G8�,, (� )@!�G8�,, B!)O�&O", "G)-
��!E"+�/4"* )�%"; < <�4''E�, < <)G&'O()* ��E)/7�!� B!" ��EB�!��'!�, 
400 " 500 °�, � ��4%� < <)&)!)&� (��!E)<)&)!)&()� <)//��()<#�("�, �		) 
B!" ��EB�!��'!� 450 °�. 	!�ED )�%";� < <�4''E� " < <)G&',� <) </�, /#'-
+�D, /)/��<#D#) 5 +�/)<, � <!�ED �		 — 1 " 2 +�/�. 

�G'+�("� 4)=77"8"�(�)< B!)B'/4�("D " B);#)\�("D B!)<)&"#)/? / 
B)E)\?C /B�4�!)7)�)E��!� ��-26 < &"�B�G)(� &#"( <)#( )� 185 &) 
1200 (E, �) �/�? < @#"%(�* ��-, <"&"E)* " @#"%(�* ��-)@#�/�" /B�4�!�, 
B!" ()!E�#?()E B�&�("" /<��)<);) B'+4� (� )@!�G�8. 

�� !"/. 1 B!�&/��<#�($ &"/B�!/")(($� G�<"/"E)/�" 4)=77"8"�(�� 
B!)B'/4�("D /��4#� �87-2 / !�G#"+()* ��!E)&"(�E"+�/4)* B!�&$/�)!"�*. 

��4 <"&() "G !"/'(4�, "(��(/"<()/�? B!)O�&O�;) +�!�G )@!�G�8 
/<��� (�+"(��� G�E��() B)<$O��?/D B!" &#"(�, <)#( @)#?O", 300 (E. 
�"/B�!/")((�D G�<"/"E)/�? 4)=77"8"�(�� B!)B'/4�("D /��4#� �87-2 &#D 
"/,)&();) )@!�G8� " )�)%%�(();) < <�4''E� B!" ��EB�!��'!� 500 °� B!�4-
�"+�/4" /)<B�&�C�. ��4%� /)<B�&�C� " 4)=77"8"�(�$ B!)B'/4�("D )@-
!�G8)< )�)%%�(($, (� ��E)/7�!� B!" ��EB�!��'!�, 400 " 500 °�. 
&(�4), 
)�)%%�(($� (� ��E)/7�!� )@!�G8$ "E�C� E�(?O"� 4)=77"8"�(�$ B!)-
B'/4�("D, +�E "/,)&($� " )�)%%�(($� < <�4''E�. 
+�<"&(), )�%"; (� ��-
E)/7�!� <()/"� "GE�(�("D < B!"B)<�!,()/�()* )@#�/�" /��4#�, +�) /4�G$-
<���/D (� ,)&� &"/B�!/")(()* G�<"/"E)/�" 4)=77"8"�(�� B!)B'/4�("D. 
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�"/. 1. �"/B�!/")((�D G�<"/"E)/�? 4)=77"8"�(�� B!)B'/4�("D 
��� �87-2 / !�G#"+()* ��!E)&"(�E"+�/4)* B!�&$/�)!"�* 
 
��!E)<)&)!)&()� <)//��()<#�("� =�);) /��4#� )4�G$<��� /'\�/�-

<�(()� <#"D("� (� ,)& 4!"<)* B!)B'/4�("D. � <)//��()<#�(($, /��4)# 
G(�+�("D 4)=77"8"�(�� B!)B'/4�("D G(�+"��#?() ("%�, +�E ' )�)%%�(-
($, < '/#)<"D, <�4''E� " (� <)G&',�. ��4 <"&() "G !"/'(4� )@#�/�? &#"( 
<)#(, B!" 4)�)!$, (�+"(���/D B!)B'/4�("� /<��� /E�\���/D < /�)!)(' 
@)#?O", �. �E��()� B!)B'/4�("� )@!�G8�E", <)//��()<#�(($E" B!" 
450 °�, (�@#C&���/D �)#?4) B!" �� > 500 (E�&#D <!�E�(" <)//��()<#�("D 
1 +�/ "�� > 600 (E &#D <!�E�(" <)//��()<#�("D 2 +�/�. Q!" =�)E '<�#"+�-
("� <!�E�(" <)//��()<#�("D < &<� !�G� /("%��� B!)B'/4�("� /<��� B!"-
@#"G"��#?() < �!" !�G�.  

�� !"/. 2 B!�&/��<#�($ !�G'#?���$ �(�#);"+($, "//#�&)<�("* /��4-
#� �74-4. 	 =�)E /#'+�� )�E�+���/D ,)!)O�� /)<B�&�("� &"/B�!/")(($, 
G�<"/"E)/��* &#D </�, (�<)//��()<#�(($, )@!�G8)< =�);) /��4#�. �E��()� 
B)<$O�("� 4)=77"8"�(�� B!)B'/4�("D (�@#C&���/D B!" &#"(�, <)#( 
@)#?O", 340 (E. 

��!E)<)&)!)&()� <)//��()<#�("� =�);) /��4#� /("%��� 4)=77"8"-
�(� B!)B'/4�("D G(�+"��#?() /"#?(��, +�E =�) @$#) < /#'+�� /��4#� �87-2. 
��G(�+"��#?()� B!)B'/4�("� (�+"(���/D B!" � � 1000 (E, " 4)=77"8"�(� 
B!)B'/4�D, < =�)E /#'+��, (� 5 B)!D&4)< ("%�, +�E ' <)//��()<#�(();) 
/��4#� �87-2. 
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�"/. 2. �"/B�!/")((�D G�<"/"E)/�? 4)=77"8"�(�� 
B!)B'/4�("D ��� �74-4 / !�G#"+()* B!�&$/�)!"�* 
 

�� !"/. 3 " 4 B!�&/��<#�($ G�<"/"E)/�" B);#)\�("D )� =(�!;"" 4<�-
(�� =#�4�!)E�;("�();) "G#'+�("D < 4))!&"(���, ��'8� � �h h h� ! � ! !� , 
;&� � — B)4�G���#? B);#)\�("D, h — B)/�)D((�D Q#�(4�, ! — +�/�)��. 

�//#�&)<�(($� /��4#� D<#DC�/D E();)4)EB)(�(�($E" " < !�G'#?��-
�� )�%";� < !�G#"+($, /!�&�, < )@V�E� " (� B)<�!,()/�" E);'� )@!�G)-
<��?/D !�G#"+($� 4!"/��##"+�/4"� 7�G$. ��%&�D "G =�", 7�G E)%�� ,�!�4-
��!"G)<��?/D 7'(&�E�(��#?($E (/)@/�<�(($E) B);#)\�("�E. Q�!�/�+�("� 
B!)&)#%�("D B!DE$, '+�/�4)< (� &"�;!�EE�, ��'8� � �h h h� ! � ! !�  
(&#"(()<)#()<$* 4!�* /)@/�<�(();) B);#)\�("D) &��� G(�+�("� O"!"($ 
G�B!�\�(()* G)($ !�//E��!"<��E);) 4)EB)(�(��. 

�G !"/. 3 <"&(), +�) #"("" =4/�!�B)#D8"" B!DE$, '+�/�4)< )@!�G-
8)<, B!)O�&O", ��!E)<)&)!)&()� <)//��()<#�("�, B�!�/�4�C�/D / )/?C 
�@/8"// < )&()* �)+4�. Q)/#�&(�� /<"&���#?/�<'�� ) �)E, +�) =�) #"("" 
)&();) " �);) %� 4)EB)(�(��, /)&�!%�\�;)/D < &�(()E /��4#�. Q!"+�E, / 
B)<$O�("�E <!�E�(" ��!E)<)&)!)&();) <)//��()<#�("D /)&�!%�("� &�(-
();) 4)EB)(�(�� <)G!�/����. �� =�) '4�G$<��� B)<$O�("� ';#� (�4#)(� 
#"("", /))�<��/�<'C\�* �		 < ��+�("� 2 +�/)<, B) /!�<(�("C / "/,)&($E 
/��4#)E " <)//��()<#�(($E < ��+�("� )&();) +�/�. 
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�"/. 4. �B�4�!$ /)@/�<�(();) B);#)\�("D 
��� �74-4 / !�G#"+()* B!�&$/�)!"�* 
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�G =4/B�!"E�(��#?($, !�G'#?���)< B)#'+�(� O"!"(� G�B!�\�(()* 
G)($ &#D =�)* 4)EB)(�(�$ /��4#� " /)/��<#D�� ~ 0,6 =	. 	�)!)* B!DE)* '+�-
/�)4 (� ;!�7"4� /))�<��/�<'�� ~ 2,6 =	. 	 )@!�G8�,, )�)%%�(($, < <�4''E� 
" (� ��E)/7�!�, )�/'�/�<'�� =�)� 4)EB)(�(�, 4)�)!$* B!)D<#D��/D �)#?4) 
B)/#� ��!E)<)&)!)&();) <)//��()<#�("D. �#D =�", )@!�G8)< #"("" =4/�!�-
B)#D8"" B!DE$, '+�/�4)< B�!�/�4�C�/D / )/?C �@/8"// B!" =(�!;"D, ~ 3,67, 
3,75 " 3,8 =	 &#D "/,)&();) )@!�G8�, )�)%%�(();) < <�4''E� B!" 500 °� " 
)�)%%�(();) (� ��E)/7�!� B!" 400 °� < ��+�("� 5 +�/)<, /))�<��/�<�((). 

�#D /��4#� �74-4 (/E. !"/. 4) B)/#� �		 B�!<�D ,�!�4��!(�D =(�!;"D 
E�(?O�, +�E < /#'+�� /��4#� �87-2, " /)/��<#D�� ~ 0,2 =	. �#D )/��#?($, 
)@!�G8)< /��4#� �74-4 #"("" =4/�!�B)#D8"" B!DE$, '+�/�4)< B�!�/�4�C�-
/D / )/?C �@/8"// B!" =(�!;"D, )� ~ 3,32 &) ~ 3,65 =	. 

Q)#'+�(($� &�(($� B)G<)#DC� B) E�(?O�* E�!� )&() G(�+�("� ,�-
!�4��!()* =(�!;"", � "E�((), G(�+�("� ~ 2,6 =	 < /#'+�� <)//��()<#�(();) 
/��4#� �87-2 "(��!B!��"!)<��? 4�4 O"!"(' G�B!�\�(()* G)($ 4!"/��##"-
+�/4);) 4)EB)(�(�� PbO [2]. 

���������� 

1. �7�(�/?�< 	. �. 
B�"+�/4"� "GE�!�("D. �.: 	P, 1981. 229 /. 
2. �G<)G+"4)< 	.�., �"E)7��< 
.�. �)�)B!)<)&D\"� )4"/#$ /<"(8� < 

=#�4�!)("4�. �.: F(�!;"D, 1979. 144 /. 
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����� ����������� Q��	������� � ���Q��������� 
Q
 ������� ���������Q������ ������ ��������� 

��� 548:537.611.4 [620.18-022.532 + 621.3.049]

��<�!)< �.	., P"B4) �.�., �)/�"O"( 	.�., �)!+�(4) �.�. 

��8")(�#?($* "//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"��� ���"�, 
�)/4<� 

	$/)4)&"/B�!/($� /"/��E$, 4�4 B!�<"#), )@#�&�C� (�)@$+($E" 
/<)*/�<�E", 4)�)!$� (� '&���/D B)#'+"�? < )@!�G8�,, /)&�!%�\", +�/�"8$ 
E�4!)- " E�4!)E�/O��@();) &"�B�G)(�. �(��!�/ 4 "G'+�("C <�\�/�<� < 
(�()!�GE�!()E /)/�)D("" B!)&"4�)<�( 4�4 B�!/B�4�"<�E" B!�4�"+�/4);) 
B!"E�(�("D B)&)@($, E���!"�#)<, ��4 " ��E, +�) )(" B!�&/��<#DC� /)@)* 
<�/?E� '&)@('C 7"G"+�/4'C E)&�#?('C /!�&' B!" "//#�&)<�("" O"!)4)-
;) 4!';� D<#�("*, &#D 4)�)!$, )B!�&�#DC\'C !)#? ";!��� B)<�!,()/�?. 
Q)/4)#?4' ��4"� )@V�4�$ )@#�&�C� <$/)4)* !��48")(()* /B)/)@()/�?C, 
&#D ", "G'+�("D " B!"E�(�("D (�)@,)&"E) (�*�" /!�&/�<� &#D "/4#C+�("D 
"#" ,)�D @$ /("%�("D /��B�(" E�%+�/�"+();) <G�"E)&�*/�<"D [1]. 	 4�+�-
/�<� /B)/)@)< "G)#D8"" +�/�"8 B!"E�(D��/D ", /��@"#"G�8"D / B)E)\?C 
"(�!�()* /!�&$ – < &"/B�!;"!'C\�* %"&4)/�" "#" !�/B!�&�#�("D < �<�!-
&)��#?()* E��!"8� ((�B!"E�!, B)<�!,()/�()-�4�"<()E <�\�/�<� (Q�	), 
B)#"E�!� "#" ';#�!)&� " �. B.). 

��4 "G<�/�(), /<)*/�<� (�()+�/�"8 #C@$, <�\�/�< /'\�/�<�(() G�-
<"/D� )� ", !�GE�!�. ��4, +�/�"8$ /"#?()E�;("�($, E���!"�#)< B!" �;) 
/("%�("" !�GE�!� B)/#�&)<���#?() B!),)&D� +�!�G /��&"" E();)&)E�(()-
/�", )&()&)E�(()/�", /'B�!B�!�E�;(��"GE�. ��#?(�*O�� 'E�(?O�("� )@V-
�E� +�/�"8$ (4)#"+�/�<� <�\�/�<�) B!"<)&"� 4 B)��!� 4)##�4�"<();) ,�-
!�4��!� /<DG�* E�%&' ��)E�E" "#" ")(�E" E�;("�)�4�"<($, =#�E�(�)<, " 
)@E�(($� <G�"E)&�*/�<"D '%� E);'� )@�/B�+"<��? B)D<#�("D E�;("�)'B)-
!D&)+�(($, /)/�)D("* < E���!"�#� [2]. Q)=�)E' )/()<($� ,�!�4��!"/�"4" 
/!�&, /)&�!%�\", +�/�"8$ E�;("�();) <�\�/�<�, <) E();)E )B!�&�#DC�/D 
!�GE�!�E" B)/#�&(",. F�"E, < +�/�()/�", B!)&"4�)<�( "(��!�/ 4 E�;("�-
($E %"&4)/�DE [3] " "(��(/"<() "G'+��E$E < (�/�)D\�� <!�ED !�G#"+($E 
�"B�E E�;("�($, (�()4)EB)G"�)<, (�B!"E�!, [1, 4], � ��4%� B!)"/,)&D-
\"E < (", B!)8�//�E. ��GE�! +�/�"8 )4�G$<��� G(�+"��#?()� <#"D("� " (� 
&"=#�4�!"+�/4"� /<)*/�<� E���##)B)#"E�!($, 4)EB)G"�)< [5]. 

��!�4��! B)<�&�("D �(/�E@#D (�()+�/�"8 < !��#?($, /"/��E�,, /)-
&�!%�\", < 4�+�/�<� 7�G$ (�)!;�("+�/4);) (�B)#("��#D )@V�4�$ (�()-
E��!)<);) E�/O��@�, /"#?() /<DG�( / !�G@!)/)E B)/#�&(", B) /)/��<', 
!�GE�!�E " 7)!E�, " =�) D<#D��/D )&("E "G 7�4�)!)<, G��!'&(DC\", B!�4-
�"+�/4)� "/B)#?G)<�("� (�()E���!"�#)<. 	 /<)C )+�!�&? /�!'4�'!� " 
/<)*/�<� '#?�!�&"/B�!/($, /!�& (B)#"E�!($, (�()4)EB)G"�)< " E�;("�-
($, %"&4)/��*) G�<"/D� )� E�,�("GE� )@!�G)<�("D (�()7�G$ " 4)(4!��-
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($E" '/#)<"DE" B!)8�//� �� 7)!E"!)<�("D [6]. ��4"E )@!�G)E, < (�()-
��,()#);"D, <�/?E� <�%($E D<#D��/D 'E�("� B)#'+��? /!�&$, /)&�!%�\"� 
(�()!�GE�!($� +�/�"8$ / �!�@'�E)* &"/B�!/()/�?C " &"�;()/�"!)<��? ",. 
�#�&)<���#?(), '/B�O()� " <)/B!)"G<)&"E)� «4)(/�!'"!)<�("�» E���!"�-
#)<, /)&�!%�\", (�())@V�4�$ " )@#�&�C\", G�&�(($E" /<)*/�<�E", <)G-
E)%() �)#?4) B)/#� �\���#?();) "G'+�("D ", /�!'4�'!$ " ,�!�4��!"/�"4, 
< �)E +"/#�, B)#'+�(($, / B)E)\?C E)&�#?($, B!�&/��<#�("*. ��G!�@)�-
4� =77�4�"<($, E��)&)< E)&"7"8"!)<�("D E�;("�($, (�()E���!"�#)< 
��4%� �!�@'�� <$D<#�("D E�,�("GE)< <#"D("D !�G#"+($, 7"G"+�/4", " 
7"G"4)-,"E"+�/4", <)G&�*/�<"* (� 4!"/��##"+�/4'C /�!'4�'!' " E�;("�-
($� /<)*/�<� '#?�!�&"/B�!/($, E�;("�($, +�/�"8. 

��((�D !�@)�� B)/<D\�(� "//#�&)<�("C "GE�(�("D /�!'4�'!$ " !�/-
B!�&�#�("D B) !�GE�!�E E�#$, +�/�"8 Fe3O4 B!" <G�"E)&�*/�<"" / Q�	, 
)@#'+�("" " (�;!�<�("". Q!" =�)E (�"@)#?O"* "(��!�/ B!�&/��<#D�� "/-
/#�&)<�("� )/)@�(()/��* /�!'4�'!();) /)/�)D("D B!"B)<�!,()/�();) /#)D 
(�()+�/�"8 / !�GE�!)E R < 10 (E. 


@V�4��E" "//#�&)<�("D /#'%"#" �(/�E@#" '#?�!�&"/B�!/($, +�/-
�"8 Fe3O4 !�GE�!)E 6–10 (E, B)#'+�(($, E��)&)E /))/�%&�("D /)#�* 
&<',- " �!�,<�#�(�();) %�#�G� < <)&()-)!;�("+�/4)* /!�&�. ���@"#"G�8"C 
+�/�"8 )/'\�/�<#D#" )#�"()<)* 4"/#)�)*. 

�);#�/() &�(($E !�(�;�()7�G)<);) �(�#"G� </� +�/�"8$, /"(��G"!)-
<�(($� "G !�G#"+($, /!�& (<)&�, �8��)(, '4/'/(�D 4"/#)��, &")4/�(), "E�-
#" )&()�"B($� !�(�;�();!�EE$, ,�!�4��!($� &#D E�;(��"�)<)* 7�G$ / 
4'@"+�/4)* ;!�(�8�(�!"!)<�(()* !�O��4)*, B�!�E��! 4)�)!)* (� </�;&� 
/)<B�&�# / B�!")&)E !�O��4" E�//"<();) )@!�G8� /��,")E��!"+�/4);) 
E�;(��"�� Fe3O4 (0,8397 (E). ��"@)#?O�� G(�+�("� B�!�E��!� !�O��4" B)-
#'+�() &#D +�/�"8, B!";)�)<#�(($, &!)@#�("�E E)()4!"/��##� Fe3O4 " 
"E�C\", /!�&("* !�GE�! +�/�"8 20 (E. � 'E�(?O�("�E !�GE�!� 4!"/��#-
#"�)< (�@#C&���/D ��(&�(8"D 4 'E�(?O�("C B�!�E��!� !�O��4". ��"-
E�(?O"* B�!�E��! !�O��4" @$# )@(�!'%�( &#D +�/�"8, B)#'+�(($, < /!�-
&� �8��)(�. �O"!�("� !�7#�4/)< '4�G$<���, +�) (�@#C&��E$� "GE�(�("D 
B�!�E��!� !�O��4" E)%() /<DG��? / !�G#"+($E '!)<(�E (�/��,")E��!"" 
E�;(��"�� " (�)&"(�4)<$E <#"D("�E B!"B)<�!,()/�();) /#)D +�/�"8 (� 
", )@V�E('C +�/�?. 

��*/�<"��#?(), B!)8�// )@!�G)<�("D /�!'4�'!$ /)B!)<)%&���/D "G-
E�(�("�E /))�()O�("D Fe:
 < 4!"/��##"��. � !)/�)E 4!"/��##"�)< /))�-
()O�("� Fe:
 /E�\���/D < /�)!)(' "G@$�4� %�#�G�. Q!�)@#�&�C\"E �"-
B)E &�7�4�)< D<#DC�/D 4��")(($� " �(")(($� <�4�(/"". 	 +�/�()/�", B!" 
)�4#)(�("D, < /�)!)(' "G@$�4� 4"/#)!)&�, )@!�G8$ "E�C� <$/)4'C 4)(-
8�(�!�8"C 4��")(($, <�4�(/"*. ��!'4�'!(�D 7)!E'#� ��4);) E�;(��"�� 
E)%�� @$�? B!�&/��<#�(� < <"&�: 

� �2 3
1 3 2 2 4Fe Fe V Ok

x x x
� �
� � , 
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;&� Vk – 4��")(($� <�4�(/"". �#D E�;(��"��, B)#'+�(();) < &")4/�()<)* 
/!�&�, (�@#C&���/D (�G(�+"��#?($* !�G@!)/ G(�+�("* B�!")&� !�O��4", 
<$+"/#�(($, "G B)#)%�("* !�G#"+($, !�7#�4/)<. ��!�4��!($E D<#DC�/D 
" ("G4"� G(�+�("D O"!"($ !�7#�4/)<. 	/� =�) /<"&���#?/�<'�� ) <$/)4)* 
)&()!)&()/�" /�!'4�'!$ E�;(��"�� " E�#$, E"4!)"/4�%�("D, < 4!"/��#-
#"+�/4)* !�O��4�. 

� +"/#' 7"G"+�/4", E��)&)< "//#�&)<�("*, (� )/()<� 4)�)!$, E)%-
() B)#'+"�? /<�&�("D ) !�/B!�&�#�("" +"/#� G(R) " )@V�E� Gv(R) +�/�"8 
'#?�!�&"/B�!/();) B)!)O4� (��Q) B) !�GE�!�E, )�()/D�/D =#�4�!)((�D 
E"4!)/4)B"D " !�(�;�()/�!'4�'!($* �(�#"G. �!'&)�E4)/�? '4�G�(($, E�-
�)&)< " (�)&()G(�+()/�? &�(($, B) !�/B!�&�#�("C +�/�"8 B!" ", /)B)/-
��<#�("" )@'/#)<#"<�C� �4�'�#?()/�? !�G!�@)�4" ()<$, E��)&"4 �(�#"G� 
��Q. �/B)#?G'�E�D < !�@)�� E��)&"4� )/()<�(� (� B!�&B)#)%�("" ) /7�-
!"+�/4)* 7)!E� +�/�"8 " /#�@)E <#"D("" E"4!)"/4�%�("* (� 'O"!�("� 
!�(�;�()</4", &"7!�48")(($, #"("* ��Q. 

�(�#"G !�G'#?���)< !�(�;�()</4", "//#�&)<�("* " &�(($, =#�4-
�!)(()* E"4!)/4)B"" /<"&���#?/�<'�� ) O"!)4)E !�G@!)/� +�/�"8 B) !�G-
E�!�E, � ��4%� )@ ", '&)<#��<)!"��#?()E /);#�/"" )@�", E��)&"4. Q)-
/#�&(�� < /<)C )+�!�&? ;)<)!"� )@ �&�4<��()/�" !�//E)�!�(()* E)&�#" 
/7�!"+�/4", +�/�"8. 

��;("�($� /<)*/�<� )@!�G8)< /��@"#"G"!)<�(($, E�;(��"�)<, B)-
#'+�(($, "G !�G#"+($, <)&()-)!;�("+�/4", /!�&, B!"<�&�($ < ��@#"8�. 

��@#"8� 

	)&()- 
)!;�("+�/4�D  

/!�&� 

	)/B!""E-
+"<)/�? C0

(1000 �8) 

��E�;("+�(-
()/�? (�/$-

\�("D*  
�s , 4�/E 


/���)+(�D 
(�E�;("+�(-

()/�? 
�r , �/E 

�)=!8"�"<-
(�D /"#�  
"� , �/E 

Fe3O4/�8��)( 5,3±0,03 300±20 600±50 800±50 
Fe3O4/&")4/�( 7,0 400±20 1000±50 2300±50 
Fe3O4/'4/'/(. 4-�� 3,2 300±20 6000±100 12500±100 
Fe3O4/<)&� 303 220±20 650±20 1400±50 

* (�E�;("+�(()/�? (�/$\�("D "GE�!�(� (� <"@!�8")(()E E�;("�)E��!� 
<) <(�O(�E B)#� 3500 F 

	"&() +�), (�E�;("+�(()/�? (�/$\�("D /"(��G"!)<�(($, E�;(��"-
�)< /)/��<#D�� 200–400 4�/E, +�) /'\�/�<�(() E�(?O�, +�E &#D E�//"<()-
;) E�;(��"��. ��"@)#�� <$/)4"� G(�+�("D Ms (�@#C&�C�/D &#D E�;(��"-
�)<, /"(��G"!)<�(($, "G &")4/�()<)* /!�&$. 
�()O�("� )/���)+()* (�-
E�;("+�(()/�" 4 (�E�;("+�(()/�" (�/$\�("D &#D @)#?O"(/�<� E�;(��"-
�)< (� B!�<$O��� 0,005, +�) /<"&���#?/�<'�� )@ �(�"7�!!)E�;("�()* 'B�-
4)<4� +�/�"8. 
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	�%(�D "(7)!E�8"D ) #)4�#?($, (�B!D%�("D, !�O��4" " �("G)�!)-
B"" 7)!E$ +�/�"8 E)%�� @$�? B)#'+�(� "G �(�#"G� 4)=!8"�"<()* /"#$ 
E�;(��"�)<. �G ��@#"8$ <"&(), +�) G(�+�("D �/ &#D +�/�"8 "GE�(DC�/D < 
O"!)4", B!�&�#�, )� 0,8 &) 12,5 4�/E. 	�#"+"(� �/ D<#D��/D /�!'4�'!()-
+'</�<"��#?($E E�4!)/4)B"+�/4"E B�!�E��!)E, (� 4)�)!$* )4�G$<�C� 
<#"D("� 'B!';"� &�7)!E�8"" 4!"/��##"+�/4)* !�O��4", G�!)&$O" <�)!)* 
7�G$, 7)!E� +�/�"8, � ��4%� '+�/�4" !�O��4" /) G(�+"��#?($E" )�4#)(�-
("DE" /"EE��!"" )� 4'@"+�/4)*. ��4"� '+�/�4" E);'� @$�? (� )@(�!'%�-
($ !�(�;�()</4"E E��)&)E <<"&' E�#)* ", B!)�D%�(()/�" ((�B!"E�!, B)-
<�!,()/�($* /#)* +�/�"8), )&(�4) ", E)%() G�!�;"/�!"!)<��? E��)&)E 
E¯//@�'=!)</4)* /B�4�!)/4)B"" (���). 

�#D @)#?O"(/�<� /��@"#"G"!)<�(($, +�/�"8 ���-/B�4�!$ B!�&/��<-
#DC� /#)%('C /'B�!B)G"8"C /�4/���)< "#" &'@#��)< )� ")()< %�#�G�, )�-
#"+�C\",/D /!�&("E G(�+�("�E E�;("�();) E)E�(��, /��B�(?C )4"/#�-
("D. F�" !�G#"+"D /<DG�($ B!�%&� </�;) / (�)&"(�4)<$E !�GE�!)E +�/�"8. 
��!D&' / #"("DE" )� ")()< %�#�G�, !�/B)#)%�(($, < )@V�E()* +�/�" 4!"-
/��##"�)<, B!"/'�/�<'C� 4)EB)(�(�$ )� ")()< %�#�G� B!"B)<�!,()/�();) 
/#)D. Q) "(��(/"<()/�" =�", 4)EB)(�(� E)%() /'&"�? )@ )�()/"��#?()* 
&)#� ")()< %�#�G�, !�/B)#)%�(($, < !�G'B)!D&)+�(()E B!"B)<�!,()/�-
()E /#)� +�/�"8. �#D E�;(��"�)<, /B�4�!$ 4)�)!$, B)G<)#D#" )&()G(�+() 
<$&�#"�? ��4"� 4)EB)(�(�$, &)#D B)<�!,()/�($, ")()< /)/��<#D#� )� 10 
&) 15 % )� ", )@\�;) /)&�!%�("D. 

�#D E�;(��"�)<, B)#'+�(($, "G <)&()-'4/'/()* /!�&$, (�@#C&�#/D 
/#)%($* E�;("�)!�#�4/�8")(($* /B�4�! / 'O"!�(($E" #"("DE" " B)<$-
O�(()* �EB#"�'&)* �;) 8�(�!�#?()* +�/�". ��4"� /B�4�!$ (�@#C&�C�/D 
&#D E�;("�($, +�/�"8 / !�GE�!)E E�(�� 10 (E. 	 =�)E /#'+��, ��B#)<$� 
7#'4�'�8"" E�(DC� (�B!�<#�("� E�;("�();) E)E�(�� +�/�"8 " B!"<)&D� 4 
'/!�&(�("C G(�+�("D E�;("�();) B)#D (� D&!� &) ('#D, +�) /)B!)<)%&���-
/D "/+�G()<�("�E /<�!,�)(4)* /�!'4�'!$ /B�4�!�. Q!" =�)E 4!"/��##"�, 
4�4 "G<�/�(), (� ��!D�� E�;("�();) E)E�(��. �)#?O�D +�/�? 4!"/��##"�)<, 
B)#'+�(($, "G <)&()-'4/'/()* /!�&$, B!�&/��<#D�� /)@)* 4)(;#)E�!��$ 
+�/�"8. �, B!"B)<�!,()/�($* /#)* /)&�!%"� @)#?O)� 4)#"+�/�<) &�7�4-
�)<. 	#"D("� B!"B)<�!,()/�();) /#)D (� /�!'4�'!()� /)/�)D("� )@V�E()* 
+�/�" 4!"/��##"�)< G�E��() <$O�, +�E &#D E�;(��"�)< "G <)&()* /!�&$, " 
/)B!)<)%&���/D G(�+"��#?($E 'O"!�("�E !�(�;�()</4", !�7#�4/)< (440). 

Q!" /"(��G� E�;(��"�� "G <)&()* /!�&$ 7)!E"!'C�/D )�()/"��#?() 
4!'B($� +�/�"8$ (10–20 (E), (� B)<�!,()/�" 4)�)!$, B) &�(($E ��� 
B!"/'�/�<'C� G�!)&$O" 7�G �"B� 7�!!";"&!"�� "#" ;"&!)4/"&� %�#�G�. 

&(�4) B)<�!,()/�($* /#)* =�", +�/�"8 <$!�%�( /#�@) (� 7)(� ", )@V-
�E()* +�/�". F�" (�()+�/�"8$ "E�C� (�"@)#?O"� G(�+�("D =77�4�"<($, 
B)#�* "=77 (� D&!�, Fe57 " "G)E�!();) /&<";� ². ���B�(? )4"/#�("D ")()< 
%�#�G� < E��!"8� E�;(��"�� /))�<��/�<'�� Fe3+. 	 B!"B)<�!,()/�()E /#)� 
+�/�"8, B)-<"&"E)E', B!"/'�/�<'C� /�)!)(("� 7�G$, /)&�!%�\"� ")($ 
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Fe2+. 
�()/"��#?() /#�@)� <#"D("� B!"B)<�!,()/�();) /#)D (� /�!'4�'!' 
)@V�E()* +�/�" +�/�"8 4)!!�#"!'�� / ("G4"E G(�+�("�E 4<�&!'B)#?();) 
!�/\�B#�("D " /#�@$E 'O"!�("�E !�(�;�()</4);) !�7#�4/� (440). 

��"@)#?O"* (�'+($* " B!�4�"+�/4"* "(��!�/ B!�&/��<#DC� E�;(�-
�"�$, /"(��G"!)<�(($� "G &")4/�()<)* /!�&$. 
/)@�(()/�?C ", 4!"/��#-
#"+�/4)* /�!'4�'!$ D<#DC�/D ("G4�D 4)(8�(�!�8"D 4��")(($, <�4�(/"* " 
/&<"; /��,")E��!"" /)/��<� < /�)!)(' Fe2O3 . 

Q!" <)G&�*/�<"" Q�	 /'\�/�<�(() "GE�(DC�/D B�!�E��!$ !�O��)4 
+�/�"8 ((�"@)#�� G�E��() ' B)#'+�(($, < �8��)()<)* /!�&� (³�=0,004 (E), 
" < (�"E�(?O�* /��B�(" – < <)&()* (³�=0,001 (E)), +�) /<"&���#?/�<'�� ) 
/"#?()E <#"D("" Q�	 (� B)<�!,()/�($� /#)" " 4�4 /#�&/�<"� – (� /�!'4-
�'!' )@V�E()* +�/�" 4!"/��##"�)<. 	 !�G'#?���� /<)*/�<� G�<"/D� (� �)#?-
4) )� /)@/�<�(() !�GE�!)< +�/�"8, () " )� <"&� ", !�/B!�&�#�("D B) !�G-
E�!�E. Q!" /��@"#"G�8"" +�/�"8 ' </�, /"(��G"!)<�(($, E�;(��"�)< ��4-
%� (�@#C&���/D 'E�(?O�("� G(�+�("* "=77. F�) E)%�� @$�? /<DG�() / "G-
E�(�("�E "(��(/"<()/�" 4)/<�(();) )@E�(();) <G�"E)&�*/�<"D (� ;!�("-
8� !�G&�#� �<�!&�D 7�G� – Q�	. �#D </�, +�/�"8, 4!)E� /"(��G"!)<�(($, < 
'4/'/()* /!�&�, B!" =�)E "GE�(D��/D "G)E�!($* /&<"; ���-/B�4�!)< )� 
")()< %�#�G�, !�/B)#)%�(($, < B)<�!,()/�()E /#)�. F�)� 7�4� /<DG�( / 
��E, +�) < B!)8�//� /��@"#"G�8"" B!)"/,)&"� B�!�()/ =#�4�!)(()* B#)�-
()/�" )� ")()< %�#�G� (� E)#�4'#$ Q�	 "#" (�)@)!)�. 


8�(4� �)#\"($ B)<�!,()/�();) /#)D, <G�"E)&�*/�<'C\�;) / E)#�-
4'#�E" Q�	, � ��4%� ,�!�4��!� "GE�(�("D =#�4�!)(()* B#)�()/�" (� D&-
!�, Fe57, #)4�#"G)<�(($, < =�)E /#)�, B!" /��@"#"G�8"" +�/�"8, B)4�G�#� 
<)GE)%()/�? ", 4#�//"7"4�8"" B) 4!"/��##),"E"+�/4)E' /)/�)D("C. �#D 
+�/�"8 /) /#�@) !�G<"�$E B)<�!,()/�($E /#)�E ()�()/"��#?(�D ;#'@"(� 
h/R<0,1) =#�4�!)((�D B#)�()/�? < ��)E()E )@V�E� ")()< %�#�G�, !�/B)#)-
%�(($, < B!"B)<�!,()/�()E /#)� ("%�, +�E < /�!&8�<"(� +�/�"8$. Q!" ", 
/��@"#"G�8"" =#�4�!)((�D B#)�()/�? E)#�4'# Q�	 B�!�()/"�/D (� B)<�!-
,()/�($� ")($ %�#�G�. F�) <)GE)%() 4);&� B)<�!,()/�? +�/�"8 D<#D��/D 
�48�B�)!)E, �. �. /)&�!%"� < "G@$�4� ")($ Fe3+, "#" 4"/#)!)&($� <�4�(/"". 
	 +�/�"8�, / )�()/"��#?()* �)#\"()* B!"B)<�!,()/�();) /#)D 0,1<h/R<0,2 
=#�4�!)((�D B#)�()/�? ��)E($, )@V�E)< ")()< %�#�G� )&"(�4)<� 4�4 
<@#"G" B)<�!,()/�", ��4 " < )@V�E� +�/�"8$. Q!" /��@"#"G�8"" ��4", +�/-
�"8 (� B!)"/,)&"� "GE�(�("D ,�!�4��!� ,"E"+�/4)* /<DG" ")()< %�#�G� 
B)<�!,()/�();) /#)D / ")(�E" 4"/#)!)&�. ��/�"8$ / !�G<"�$E B)<�!,()-
/�($E /#)�E (h/R>0,2) )�#"+�C�/D )� &!';", ��E, +�) < B!)8�//� /��@"#"-
G�8"" ")($ %�#�G� B�!�()/D� =#�4�!)(('C B#)�()/�? (� E)#�4'#$ Q�	. 
Q)=�)E' < =�", /#)D, /)&�!%"�/D "G@$�)+(�D 4)(8�(�!�8"D ")()< Fe2+, 
�. �. B!)"/,)&"� (�!'O�("� /��,")E��!"" < /�)!)(' "G@$�4� 4"/#)!)&�. 

��4"E )@!�G)E, B!" )&()* " �)* %� ��,()#);"", < G�<"/"E)/�" )� 
/4)!)/�" /))/�%&�("D " /!�&$ /"(��G� (� B)<�!,()/�" +�/�"8 7)!E"!'��-
/D /#)*, "E�C\"* !�G('C �)#\"(' " 4!"/��##),"E"+�/4)� /�!)�("�. 	 
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!�G'#?����, < B)<�!,()/�()E /#)� '#?�!�&"/B�!/($, +�/�"8 E);'� </�!�-
+��?/D 4)EB#�4/$ �!�, �"B)<, /'\�/�<�(() )�#"+�C\"�/D B) @�#�(/' B�-
!�4!$�"D =#�4�!)(($, )@)#)+�4 ��)E)< " 4��")()<: 

 

�#D '!�<()<�O"<�("D /"# B!"�D%�("D E�%&' �(")(�E" " 4��")(�E" 
< /#'+�� 5) " 	) B)�!�@'��/D /E�\�("� ")()< 4"/#)!)&� 
, "G "&��#?($, 
B)#)%�("* !�<()<�/"D, +�) <$G$<��� &)B)#("��#?($� "/4�%�("D )4��=&-
!)<. �(�#);"+($� B!)8�//$ B!)"/,)&D� < B)<�!,()/�()E /#)� �)(4", 4!"-
/��##"+�/4", B#�()4. �� /�!'4�'!()� /)/�)D("� +�/�"8 E)%() <#"D�? 
=#�4�!"+�/4"E" " E�;("�($E" B)#DE", < �)E +"/#� " @#�;)&�!D �4�"<($E 
8�(�!�E, /'\�/�<'C\"E (� ", B)<�!,()/�" ((�B!"E�!, ;"&!)4/"&�E 
Fe(OH)2). ��4"E )@!�G)E, "GE�(�("� /<)*/�< 7�!!"�)<, /)&�!%�\", &<',- 
" �!�,<�#�(�($� 4��")($, B!" !�G#"+($, <)G&�*/�<"D, (�&/)!@8"" E)#�-
4'# Q�	, ;�G)< < 4)!)(()E !�G!D&�) E)%() )@VD/("�? <#"D("�E "(%�4�"-
!)<�(($, 4"/#)!)&($, ")()< (� /)/�)D("� B)<�!,()/�" +�/�"8 E�;("�-
($, )4/"&)< G� /+�� 'E�(?O�("D 4)#"+�/�<� !�G()<�#�(�($, ")()< (�(("-
;"#D8"" &�7�4�)<) " "GE�(�("D +�/�)�$ =#�4�!)(($, B�!�,)&)< </#�&/�-
<"� "GE�(�("D =(�!;"" �4�"<�8"". 
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 ������� ���Q��������� F�����
�
	 
Q
 F������ 	 �	���
� ���� 

��� 621.315.592 


/"B)< �.	. 

��8")(�#?($* "//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"��� 
«���"�», �)/4<� 


@$+() &#D !�/+��� B�!�E��!)< =#�4�!)(();) ;�G� < �<�!&)E ��#� 
B!" �@/)#C�()E ('#� "/B)#?G'C� /#�&'C\"* �#;)!"�E. 

�#�&'D ��)!"" E���##)< )EE�!7�#?&� [1], )B!�&�#"< B#)�()/�? /)-
/�)D("* < 7�G)<)E B!)/�!�(/�<� (�Q) B!" �@/)#C�()E ('#� 4�4 

 38
V
 8

, (1) 

(V – )@V�E �<�!&);) ��#�) !�//+"�$<�C� B)#()� +"/#) /)/�)D("* < )@V�E� 
�Q ´, 'E()%�D ´ (� B#)�()/�? /)/�)D("* (1) 

 38
V"
 8

. (2) 

���E (�+"(�C� G�B)#(D�? =�" /)/�)D("D =#�4�!)(�E", "E�D < <"&', 
+�) < )&()* �)+4� �Q E);'� (�,)&"�?/D &<� =#�4�!)(� / B!)�"<)B)#)%() 
(�B!�<#�(($E" /B"(�E", +�) < B)#()* E�!� )�<�+��� B!"(8"B' Q�'#" < 
/#'+��, 4);&� /B"(-/B"()<)� !�/\�B#�("� )�/'�/�<'��. �B)#("< B)#()-
/�?C )@V�E �Q ´ /<)@)&($E" N =#�4�!)(�E", 4)�)!$� /)&�!%��/D < �<�!-
&)E ��#�, G�B"/$<�C� !�<�(/�<) 

 32
8

V N"
 �
 8

. (3) 

	 (3) B�!<�D 8"7!� < #�<)* +�/�" !�<�(/�<� )@'/#)<#�(� "E�(() ��E, 
+�) < )&()E /)/�)D("" E);'� (�,)&"�?/D &<� =#�4�!)(� / B!)�"<)B)#)%() 
(�B!�<#�(($E" /B"(�E", " (� E)%�� <$G$<��? 4�4",-#"@) <)G!�%�("*. 

�)E(�("D < (�)@,)&"E)/�" 'E()%�("D (� &<� B)D<#DC�/D B!" ��E-
B�!��'!�,, )�#"+($, )� �@/)#C�();) ('#D: 

1. � !)/�)E ��EB�!��'!$ +"/#) /)/�)D("* < �Q '<�#"+"<���/D (< 
�)E +"/#� G�(D�$, )&("E =#�4�!)()E " (� G�(D�$, =#�4�!)(�E" <))@\�), � 
E$ B!)&)#%��E 'E()%��? (� &<�. 

2. �'(48"D !�/B!�&�#�("D ��!E"-�"!�4� )B!�&�#D�� <�!)D�()/�? 
(�,)%&�("D �1��$ +�/�"8$ < �1�� /)/�)D("", � <�&?, 4�4 /#�&'�� "G (�B"-
/�(();) <$O� &) /#)<� «/)E(�("D», @)#?O"(/�<) /)/�)D("* B!" ��EB�!�-
�'!�,, &�#�4", )� ��EB�!��'!$ ��!E", B!" =�)E G�(D�) &<'ED =#�4�!)(�E". 

�E�(() B)=�)E' " B!�&#�;���/D &!';�D 7'(48"D !�/B!�&�#�("D, /<)-
@)&(�D )� '4�G�(($, B!)�"<)!�+"*, 4)�)!�D )B"/$<��� /"/��E' B!" ��E-
B�!��'!�, )�#"+($, )� ('#D ��#?<"(�, ;&� B!�&'/E)�!�() (�#"+"� /)/�)D-
("* / &<'ED +�/�"8�E", )&()* +�/�"8�* " /<)@)&($, /)/�)D("*. 
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Q'/�? µ – ,"E"+�/4"* B)��(8"�# =#�4�!)()< ��4)* /"/��E$, ¶ – =(�-
!;"D )&();) =#�4�!)(�, k� – B)/�)D((�D �)#?8E�(�, T – �@/)#C�(�D ��EB�-
!��'!�. 	 =�)E /#'+�� 7�4�)! �"@@/� &#D /)/�)D("*, G�(D�$, &<'ED =#�4�-
!)(�E" / )&"(�4)<)* =(�!;"�* E)%() B!�&/��<"�? /#�&'C\"E )@!�G)E: 

 
�

2 2exp
k T

� � 7 � �
	 
 �

� , (4) 

7�4�)! �"@@/� &#D /)/�)D("*, G�(D�$, )&("E =#�4�!)()E [2], – 

 
�

exp
k T
� �7 � �
	 �
 �

 (5) 

" /))�<��/�<�((), /���"/�"+�/4�D /'EE� @'&�� !�<(� 

� �

2 2exp exp 1
k T k T

� � � � 7 � � 7 ��
� �	 � 	 � 
 � 
 �

. (6) 

�);&� <�!)D�()/�? �);), +�) /)/�)D("� G�(D�) &<'ED =#�4�!)(�E" / 
)&"(�4)<)* =(�!;"�*, !�<(� 

 �

� �

2 2exp
2

2 2exp exp 1

k T

k T k T

� � 7 � �
	 �
 �D �

� � � 7 � � 7 � � �
� �	 � 	 
 � 


�
�

, (7) 

)&("E =#�4�!)()E – 

 �

� �

exp
1

2 2exp exp 1

k T

k T k T

� �7 � �
	 �
 �D �

� � � � 7 � � 7 ��
� �	 � 	 � 
 � 
 �

. (8) 

�E�D <<"&', +�) /)@$�"D �1 " �2 <G�"E)"/4#C+�C\"�, �) "/4)E�D 
7'(48"D !�/B!�&�#�("D B!"E�� <"& 

 �

� �

2 2exp exp

2 2exp exp 1

k T k T

k T k T

� � � 7 � � 7 � �
�	 � 	 
 � 
D �

� � � 7 � � 7 � �
�

�
�
�
�

� �	 � 	 
 � 

�
�

. (9) 

��G&�#"< +"/#"��#? " G(�E�(���#? <$!�%�("D (9) (� 
� � � �� ��exp 2 k T7 �� , )4)(+���#?() B)#'+"E 

 �

� �

1 exp

2 21 exp exp

k T

k T k T

� �7 � �
� �	 �
 �D �

� � � �7 ��  7 � �
� � � �	 � 	 
 � 


�
�

. (10) 
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�<"/"E)/�" 7'(48"* �1, �2, � " 7'(48"" ��!E" – �"!�4� – F " ", B!)-
"G<)&($, B) � � � �(x k T� 7 ��   B)4�G�($ (� !"/'(4�, 1 " 2, /))�<��/�<�((). 
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�"/. 1. �<"/"E)/�? 7'(48"* !�/B!�&�#�("D )� x 
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. �
�

.

d�/dx

dF/dx

d�2/dx

d�1/dx

 
�"/. 2. �<"/"E)/�? B!)"G<)&($, 7'(48"* !�/B!�&�#�("D B) x )� x 

 
Q!�&/��<#D��/D, +�) < 4�4",-#"@) 4)EE�(��!"D, "#" <$<)&�, (�� (�-

)@,)&"E)/�", () �<�)! / '&)<)#?/�<"�E B)#'+"# @$ 4!"�"+�/4"� G�E�+�-
("D " /)<��$ B) �&!�/': osipov@misis.ru. 

���������� 

1. �O4!)7� �., ��!E"( �. �"G"4� �<�!&);) ��#�. �. 1. �.: �"!, 1979. 
399 /. 

2. �"���#? �. ����"/�"+�/4�D ��!E)&"(�E"4�. �.: ��'4�, 1977. 336 /. 
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������������ �Q����
��
Q�� SiC � InSb 
	 
������ Q���
�-�
�
���� F�����
	 

��� 539.21; 541.182 

Q�()< �.�., �)#?��4)< �.	., �)!)%4"( �.�. 

��(4�-Q���!@'!;/4"* ;)/'&�!/�<�(($* =#�4�!)��,("+�/4"* '("<�!/"��� 
«�F��», ��(4�-Q���!@'!; 

	)GE)%()/�", B!�&)/��<#D�E$� ��-/B�4�!)/4)B"�* )�!�%�("D &#D 
�(�#"G� ,�!�4��!"/�"4 B)#'B!)<)&("4)<$, E���!"�#)<, "G<�/�($ B) E()-
;)+"/#�(($E B'@#"4�8"DE. �)#?O"(/�<) "G (", B)/<D\�($ "//#�&)<�("-
DE B�!�E��!)< G)(()* /�!'4�'!$, )B!�&�#�("C 4)(8�(�!�8"" " 4"(��"+�-
/4", B�!�E��!)< ()/"��#�* G�!D&�. ��%� B!�&E��)E "//#�&)<�("D /��()-
<"#/D ��4)* /B�8"�#?($* <)B!)/, 4�4 ,�!�4��!"G�8"D �("G)�!)B"" E���-
!"�#� "#" B#�(4" B) ��-/B�4�!�E. 	 +�/�()/�", "G<�/�($ ��-
/B�4�!)/4)B"+�/4"� "//#�&)<�("D, B)/<D\�(($� "//#�&)<�("C &<'#'+�-
B�!�#)E#�("D < /#)D, B)!"/�);) 4!�E("D [1], B)#"�"B"GE� < SiC [2]. �\� 
)&() B)��(8"�#?() "(��!�/()� B!"E�(�("�, 4)�)!)� B!�&#�;��� 
��-/B�4�!)/4)B"D )�!�%�("D, – =�) "//#�&)<�("� B�!�E��!)< E���!"�#)< 
" B)#'B!)<)&("4)<)-&"=#��4!"+�/4", E"4!)- " (�()4)EB)G"8"* (� !�G-
#"+($, /��&"D, ��,()#);"+�/4);) B!)8�//�, � ��4%� '%� ;)�)<$, "G&�#"*. 

	 (�/�)D\�* !�@)�� / B!"E�(�("�E "(7!�4!�/();) �'!?�-
/B�4�!)E��!� Nikolet-6700 / E"4!)/4)B)E Continuum (B!)"G<)&/�<) 4)(-
8�!(� Thermo) "//#�&)<�($ &<� <"&� )@V�4�)<. Q�!<$* – E)()4!"/��##"-
+�/4"* SiC, B)#'+�(($* B) E��)&' �F�� [3]. 	�)!)* – E��!"+()� 7)�)-
B!"�E()� '/�!)*/�<) (� )/()<� �(�"E)("&� "(&"D (HG 2066), "G;)�)<#�(-
()� B) ��,()#);"", �(�#);"+()* [4, 5]. 

1. ��������� SiC ��,������ !��������*��"����!�� �������#�� 
�(7!�4!�/($� /B�4�!$ )�!�%�("D 4�!@"&� 4!�E("D )B!�&�#�($ &#D 

4!"/��##)< / !�G#"+()* /��B�(?C #�;"!)<�("D (!"/. 1). �)!E� B)#'+�(($, 
/B�4�!)< /);#�/'��/D / 7)!E)* 4!"<$,, B)#'+�(($, < !�@)�� [6]. �BB!)4-
/"E�8"D /B�4�!)< ��)!��"+�/4)* G�<"/"E)/�?C [6], '+"�$<�C\�* B#�G-
E)(-7)()(($� =77�4�$, B)G<)#D�� )B!�&�#"�? 4)(8�(�!�8"C ()/"��#�* 
G�!D&� " ", B)&<"%()/�?. �)(8�(�!�8"C E)%() )B!�&�#"�? @)#�� B!)-
/�$E /B)/)@)E – B) B)#)%�("C E"("E'E� )�!�%�("D, /))�<��/�<'C\�;) 
+�/�)�� B#�GE)(();) !�G)(�(/� [6]. �� !"/. 2 B!"<�&�($ �"B"+($� /B�4�!$ 
)�!�%�("D &#D SiC / !�G#"+()* 4)(8�(�!�8"�* ()/"��#�*, '4�G�($ +�/�)-
�$ B#�GE)(();) !�G)(�(/�. 

	 )@#�/�" )/���)+($, #'+�* (!"/. 2) (�@#C&���/D "(��(/"<()� B)-
;#)\�("� " !�G4"* E�4/"E'E 4)=77"8"�(�� )�!�%�("D. 	 )@#�/�" E�4/"-
E'E� )�!�%�("D 7)!E� 4!"<$, (�)&"(�4)<� &#D 4!"/��##)< !�G#"+();) 
/�!'4�'!();) /)<�!O�(/�<�, � ��4%� !�G#"+($, 4!"/��##);!�7"+�/4", 
)!"�(��8"* )�!�%�C\�* B#)/4)/�". 
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�"/. 1. �B�4�!$ )�!�%�("D E)()4!"/��##"+�/4);) SiC / !�G#"+-
()* 4)(8�(�!�8"�* ()/"��#�* G�!D&�: 1 – ~1017; 2 – ~1018 /E>3 
 

 

�"/. 2. �B�4�!$ E)()4!"/��##)< SiC: 1 – B)#"�"B 
15R–6H; B)#"�"B 4H !�G#"+()* 4!"/��##);!�7"+�-
/4)* )!"�(��8"": 2 – � �0001 , 3 – � �0111 , 4 – � �0211  
 

Q!" /�!'4�'!()E /)<�!O�(/�<�, &)B'/4�C\�E (�)B!�&�#�(()/�? 
B)#"�"B�, � ��4%� &)<)#?() <$/)4'C B#)�()/�? &"/#)4�8"* " (�#"+"� 
B)!, 7)!E� E�4/"E'E� B)<�)!D�� 4#�//"+�/4'C 7)!E' ��)!��"+�/4)* G�-

 93



<"/"E)/�", B)#'+�(('C @�G '+��� 7�4�)!� �("G)�!)B"" (4!"<�D 1). Q!" 
=�)E 7)!E� E�4/"E'E� B!�4�"+�/4" (� G�<"/"� &�%� )� B)#"�"B�. 	 )�/'�-
/�<"� /'\�/�<�(()* 4)(8�(�!�8"" '4�G�(($, &�7�4�)< /�!'4�'!$ 7)!E� 
E�4/"E'E� )�!�%�("D G�<"/"� )� )!"�(��8"" B#)/4)/�" )�!�%�("D. 

	 /#'+�� B)#"�"B� 4H (B)!$ )�/'�/�<'C�) (�@#C&���/D (�@)#?O)� 
!�G&<)�("� E�4/"E'E�. �)!E� )@!�G'C\�*/D “/�&#)<"($” !�G#"+(� &#D 
B!�&/��<#�(($, )!"�(��8"* (4!"<$� 2–4), B!"+�E ;#'@"(� �� ��E @)#?O�, 
+�E < E�(�� /"EE��!"+()E (�B!�<#�("" <$!�G�(� B#�/�"(� (4!"<�D 4). 
��*/�<"��#?(), < (�B!�<#�("D, < 4!"/��##�, )�#"+($, )� (�B!�<#�("D )B-
�"+�/4)* )/", &#D <G�"E() )!�);)(�#?($, B)#D!"G�8"* /<��� /'\�/�<'C� 
&<� !�G#"+($, B)4�G���#D B!�#)E#�("D. 

�G<�/�(), +�) <$!�\"<�("� =B"��4/"�#?($, /#)�< (� SiC &)#%() 
B!)"G<)&"�?/D (� B)&#)%4�,, !�G)!"�(�"!)<�(($, (� 6–8F B) )�()O�("C 
4 <$/)4)/"EE��!"+()E' (�B!�<#�("C < 4!"/��##� � �0001  &#D (�/#�&)<�-
("D B)#"�"B()* /�!'4�'!$. Q)=�)E' B!"(8"B"�#?()* D<#D��/D <)GE)%-
()/�? )8�(4" )!"�(��8"" B)&#)%4" (�!�G!'O�C\"E E��)&)E. Q)#'+�(-
($� !�G'#?���$ B)4�G�#", +�) 7)!E� /B�4�!� "(7!�4!�/();) )�!�%�("D < 
)@#�/�" E�4/"E'E� )�!�%�("D D<#D��/D ,�!�4��!"/�"4)* )!"�(��8"" 4!"-
/��##� 4�!@"&� 4!�E("D. 

2. C���)���+��% +�������% ����!���� �� ����.� InSb–SiO2 

�)�)B!"�E($� E��!"8$ (� )/()<� �(�"E)("&� "(&"D < )/()<� /<)�* 
B!�&/��<#DC� 7)�)+'</�<"��#?($* /#)* InSb (4�%&$* =#�E�(� 4)�)!);) 
"E��� 4)(��4� / /))�<��/�<'C\"E n+-p-B�!�,)&)E) / (�(�/�(($E (� (�;) 
B!)/<��#DC\"E B)4!$�"�E "G SiO2. 
B!�&�#�(($* <(� G)($ 4)(��4�)< 
(B�&�("� /<��� – /) /�)!)($ SiO2) /B�4�! )�!�%�("D /�!'4�'!$ B)G<)#D�� 
B!)4)(�!)#"!)<��? )&()<!�E�(() B�!�E��!$ /#)�< InSb " SiO2 ;)�)<);) 
"G&�#"D (!"/. 3). 

�)#\"($ /#)�< InSb " SiO2 @$#" )B!�&�#�($ "G "G<�/�();) [8] <$-
!�%�("D 1 2 1 2nd � � � � � � , ;&� �1 " �2 – /B�4�!�#?($� B)#)%�("D /)/�&(", 

E"("E'E� " E�4/"E'E� "(��!7�!�(8"". �#D B)4�G���#�* B!�#)E#�("D "/-
B)#?G)<�#"/? /B!�<)+($� G(�+�("D 

2
1,46SiOn �  " 4,29InSbn � . Q)#'+�(), +�) 

�)#\"(� /#)D InSb – 6,1 E4E, � SiO2 – 0,8 E4E. 
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�"/. 3. �B�4�!$ )�!�%�("D /�!'4�'!$ InSb–SiO2 (T) " 
4)=77"8"�(�� )�!�%�("D �(�"E)("&� "(&"D (�) 
 

 
�"/. 4. �B�4�!$ 4)=77"8"�(�)< )�!�%�("D /�!'4�'!$ 
InSb–SiO2 " �(�"E)("&� "(&"D / !�G#"+($E" 4)(8�(�!�-
8"DE" ()/"��#�* G�!D&�: 1 – 4,0·1018 /E>3; 2 – 2,8·1018 /E>3 
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�#�&'�� )@!��"�? ��4%� <("E�("�. ��) < )@#�/�" /B�4�!�, /))�<��/�-
<'C\�* B!"E�!() 1000 /E>1, �EB#"�'&� "(��!7�!�(8")(()* 4�!�"($ "E�-
�� <$!�%�(($* E"("E'E, +�) /<DG$<���/D / E"("E'E)E )�!�%�("D )� 
InSb. ��*/�<"��#?(), 4�4 /#�&'�� "G /B�4�!� )�!�%�("D InSb [9], < =�)* )@-
#�/�" "E��� E�/�) E"("E'E )�!�%�("D, /<DG�(($* / B#�GE)(($E !�G)(�(-
/)E. �)B)/��<#�("� /B�4�!� )�!�%�("D "//#�&'�E)* /�!'4�'!$ " /B�4�!)< 
)�!�%�("D InSb &#D !�G($, 4)(8�(�!�8"* /<)@)&($, ()/"��#�* G�!D&� 
(!"/. 4) B)G<)#"#) @�/4)(��4�($E /B)/)@)E / B)E)\?C �� �'!?�-
/B�4�!)/4)B"" B!)"G<�/�" )8�(4' ��4%� " 4)(8�(�!�8"" ()/"��#�* < 7)-
�)+'</�<"��#?()E /#)� InSb. ��4 /#�&'�� "G !"/. 4 (4!"<�D TInSb, 1), )(� 
@#"G4� 4 G(�+�("C 41018 /E>3. Q);!�O()/�? ��4)* )8�(4" <�/?E� (�<�#"4�. 
F�) /#�&'�� "G �);), +�) /B�4�!�#?()� B)#)%�("� 4!"<)* )�!�%�("D TInSb, 2 
&#D 4)(8�(�!�8"" ()/"��#�*, )�#"+�C\�*/D (� 0,12 /E>3, (�,)&"�/D D<() 
<(� )@#�/�" E"("E'E� �EB#"�'&$ "(��!7�!�(8"". 
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Beer, eds. // Academic Press. – N.Y. – 1967. – V. 3. – P. 153-258. 

8. �#'&4"( 
.Q. �/�!)*/�<� " E��)&$ 7)�)E��!"+�/4);) 4)(�!)#D < ��,()#)-
;"" B!)"G<)&/�<� ��. / �#'&4"( 
.Q., �'/�)< �.�. �.: ��&") " /<DG?, 1981. 

9. ��/E�#)<� �.�. 
B�"+�/4"� /<)*/�<� 'G4)\�#�<$, B)#'B!)<)&("4)<. / 
��/E�#)<� �.�. – �)<)/"@"!/4: ��'4�, 1992. 
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��<"(8�< �.Q., ��<�O�#" �.P.*, ��<�O�#" �.
. 

��@�!&"()-��#4�!/4"* ;)/'("<�!/"���, ��#?+"4 
*��� Q�� ���� ���, ��#?+"4 

��G�!()� "G#'+�("� <$/)4)* "(��(/"<()/�" E)%�� B!"<)&"�? 4 #'+�-
<)E' B!)@)C B!)G!�+($, �<�!&$, ��#. ��G!'O�("D, <)G("4�C\"� < B)&)@-
($, /!�&�, B)& &�*/�<"�E (�()/�4'(&($, #�G�!($, "EB'#?/)<, (�"@)#�� 
8�#�/))@!�G() !�G&�#"�? (� !�G!'O�("D, <)G("4�C\"� < "&��#?() +"/�$, 
/!�&�,, " !�G!'O�("D, )@'/#)<#�(($� B!"E�/DE" [1]. �);#�/() =�)E' B)&-
,)&', !�G#"+�C� B)!); (�/)@/�<�(();) #�G�!();) B!)@)D, )@'/#)<#�(($* 
!�G!'O�("�E (� &�7�4��,, B!"E�/D,, <4#C+�("D, [2] " B)!); /)@/�<�(();) 
B!)@)D, )B!�&�#D�E$* #'+�<)* /�)*4)/�?C B!�&�#?() +"/�);) <�\�/�<� [3]. 

��E)7)4'/"!)<4� #�G�!();) "G#'+�("D <$/)4)* "(��(/"<()/�" B!"-
<)&"� 4 (�4)(�!)#"!'�E)E' B)<$O�("C B#)�()/�" E)\()/�" < )@#'+��-
E)E )@V�E�, +�) E)%�� &�<��? (��)+($� &�(($� B) B)!);�E B!)@)D, B)-
/4)#?4' (�+�#) !�G!'O�("D @'&�� )B!�&�#D�?/D B)!);)E /�E)7)4'/"!)<4" 
#�G�!();) B'+4� [4]. 

�#D #'+�<);) B!)@)D B!)G!�+($, �<�!&$, ��# 4)!)�4"E" #�G�!($E" 
"EB'#?/�E" "E��� E�/�) )B!�&�#�((�D G�<"/"E)/�? B)!);� #'+�<);) !�G!'-
O�("D )� &#"��#?()/�" "EB'#?/�. �//#�&)<�("� ,�!�4��!� B)&)@()* G�<"-
/"E)/�", B)E);��� B)(D�? E�,�("GE$ " G�4)()E�!()/�" #�G�!();) B!)@)D. 

�� )/()<� =4/B�!"E�(��#?($, &�(($,, B!"<�&�(($, < [5], / "/B)#?-
G)<�("�E 4)EB?C��!()* B!);!�EE$ E���E��"+�/4);) E)&�#"!)<�("D Mat-
lab 7 "G'+�(� G�<"/"E)/�? B)!);� #�G�!();) B!)@)D I B#�<#�();) 4<�!8� 
/7)4'/"!)<�(($E #�G�!($E "G#'+�("�E )� &#"��#?()/�" "EB'#?/� � < (�-
()/�4'(&()E &"�B�G)(�, " B!)<�&�() B!"@#"%�("� !�//E)�!�(($, &�(($, 
/��(&�!�($E" B�!�E��!"+�/4"E" " (�B�!�E��!"+�/4"E" E)&�#DE" (!"/. 
1). Q!);!�EE� Matlab 7 B)G<)#D�� G� 4)!)�4)� <!�ED «B!)";!��?» / B)E)-
\?C "GE�(�("D B�!�E��!)< !�G#"+($� 4)(/�!'4�"<($� E)&�#" " "G@�%��? 
B!"(8"B"�#?($, )O"@)4. 

��E" @$#) '/��()<#�(), +�) B!"@#"%�("� &�(($, (�"@)#�� �&�4<��() 
B!)<)&"�/D / "/B)#?G)<�("�E B�!�E��!"+�/4)* /��B�(()* E)&�#" f(x) = axb. 

�#D &�(($,, �BB!)4/"E"!'�E$, 4!"<)* 1, "E��E 4)=77"8"�(�$: 
a = 1,09 " b = > 0,56; &#D &�(($,, �BB!)4/"E"!'�E$, 4!"<)* 2, B)#'+"#" 
a = 2,75 " b = > 0,56 [6]. 

�$#" B!)<�&�($ )8�(4" B!";)&()/�" B!"@#"%�("D. 
&("E "G 4!"��-
!"�< D<#D��/D /'EE� 4<�&!��)< )O"@)4 SSE (Sum of squares due to error), 
)(� &)#%(� @$�? (� /#"O4)E @)#?O)*. �#D 4!"<)* 1 "E��E SSE = 35,54, 
� &#D 4!"<)* 2 – SSE = 37,02. 
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�"/. 1. �<"/"E)/�? B)!);� #'+�<);) !�G!'O�("D )� &#"��#?()/�" #�G�!-
();) "EB'#?/� B!DE)';)#?()* (1) " ;�'//)<)* (2) <!�E�(()* 7)!E$.  
1 – � = 1,05 E4E, DB = 7,2 E4E, Ith = 8·1011 	�//E2 (� < 40 (/); � = 0,53 E4E, 
D� = 5,0 E4E, Ith = 7,5·1011 	�//E2 (� > 40 (/); 2 – � = 1,05 E4E, D� = 5,0 E4E, 
Ith = 1,5·1012 	�//E2 (� – &#"(� <)#($ #�G�!();) "G#'+�("D, D� – &"�E��! 
7)4�#?();) BD�(� /7)4'/"!)<�(();) "G#'+�("D (� '!)<(� �>1 )� E�4/"-
E�#?()* "(��(/"<()/�" < 8�(�!� B'+4�, Ith – B)!);)<�D "(��(/"<()/�? 
!�G!'O�("D &#D &#"(();) "EB'#?/� – (�B!�!$<();) "G#'+�("D) 
 

���4, /);#�/() (�O"E !�/+���E < "G'+��E)E &"�B�G)(� � ((�()/�-
4'(&($� "EB'#?/$) B)!); #�G�!();) !�G!'O�("D < B#�<#�()E 4<�!8� )@-

!��() B!)B)!8")(�#�( � . 
��4 <"&() "G !"/. 1, B!" 7)4'/"!)<4� "G#'+�("D < BD�() 5–7,2 E4E 

B)!);" #'+�<);) B!)@)D B#�<#�();) 4<�!8� B!" � > 40 (/ &)<)#?() /��-
@"#?($ ((� '!)<(� 7,5·1011 	�//E2), � &#D � < 40 (/ !�/�'�, &)/�";�D <�#"+"-
($ 6·1012 	�//E2 (B!" � = 2 (/). 

Q)/4)#?4' < [7] '4�G�( B)!); #'+�<);) B!)@)D B#�<#�();) 4<�!8� 
"EB'#?/)E !'@"()<);) #�G�!� &#"��#?()/�?C 30 (/ (� '!)<(� 
1,45·1010 	�//E2, �) &�(($�, B!"<�&�(($� (� !"/. 1, )B"/$<�C�, /4)!�� </�-
;), !�GE�!('C G�<"/"E)/�? B)!);� /)@/�<�(();) B!)@)D )B�"+�/4" B!)G!�-
+();) E���!"�#�. 	 ��4)E /#'+�� E�,�("GE ��B#)<);) <G!$<� <4#C+�("* [5] 
(� <B)#(� B)&,)&"� &#D !�//E)�!�(($, G(�+�("* B)!);� #'+�<);) B!)@)D. 

�#D /!�<(�("D E)%() '4�G��?, +�) B)!); /)@/�<�(();) B!)@)D /"#"-
4��();) /��4#� �8 ((� &#"(� <)#($ � = 1,05 E4E) /);#�/() [3] /)/��<#D�� 
8,8·1012 	�//E2 (B!" � = 1,5 (/). 
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��4"E )@!�G)E B)!); /)@/�<�(();) B!)@)D B#�<#�();) 4<�!8� /7)-
4'/"!)<�(($E" #�G�!($E" B'+4�E" (�()/�4'(&()* &#"��#?()/�" )@!��-
() B!)B)!8")(�#�( 4)!(C 4<�&!��()E' "G G(�+�("D &#"��#?()/�" #�G�!-
();) "EB'#?/�. 
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��!;��< �.�., ��4��<� �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 


4/"&($� B#�(4" (� )/()<� /"/��E$ CaO-MgO-Al2O3-SiO2 O"!)4) 
B!"E�(DC�/D < 4�+�/�<� 7'(48")(�#?($, B)4!$�"* < E"4!)- " (�()=#�4-
�!)("4�, < �<�)E)@"#?()* " =#�4�!)��,("+�/4)* B!)E$O#�(()/�" [1–10]. 

/()<($E" B�!�E��!�E" G�\"�();) B)4!$�"D, )B!�&�#DC\"E" �;) 7"G"-
4)-,"E"+�/4'C /�)*4)/�?, D<#DC�/D /�!'4�'!� " /)/��< B)<�!,()/�" [4, 5, 
8]. 	$D/(�("� E�,�("GE)< &�;!�&�8"" )4/"&()* B)<�!,()/�" B)& <#"D("-
�E <(�O(", 7�4�)!)<, � ��4%� !�G!�@)�4� E��)&)< �� 8�#�(�B!�<#�(();) 
E)&"7"8"!)<�("D D<#DC�/D �4�'�#?()* G�&�+�*. 

Q)#'B!)<)&D\�D ;#�G'!? B!�&/��<#D�� /)@)* /��4#)<"&()� B)4!$�"� 
/ =#�4�!)(($E ,�!�4��!)E =#�4�!)B!)<)&()/�", /)/�)D\�� "G 
20…40 E�//. % =#�4�!)B!)<)&D\", 4!"/��##"+�/4", 4)EB)(�(�)< " 
60…80 E�//. % /��4#))@!�G'C\", )4/"&)<. 	 4�+�/�<� =#�4�!)B!)<)&D-
\", 4)EB)(�(�)< "/B)#?G'C� )4"/#$ �"��(�, %�#�G�, ,!)E�, )#)<�, /'!?-
E$ " &!';"� )4/"&$, � < 4�+�/�<� /��4#))@!�G'C\", B!"E�(DC� )4/"&$ 
SiO2, �12
3, CaO, MgO, BaO " &!. [2]. ��(�/�("� B)#'B!)<)&D\", ;#�G'-
!�* D<#D��/D )&("E "G (�"@)#�� =77�4�"<($, E��)&)< @)!?@$ / =#�4�!"-
+�/4"E !�G!D&)E (� B)<�!,()/�" "G)#D�)!�, !�@)��C\�;) < '/#)<"D, G�-
;!DG(�("D " '<#�%(�("D. 
&(�4) B)#'B!)<)&D\"� ;#�G'!", 4�4 " /��4#�, 
B)&<�!%�($ 4)!!)G"" " =#�4�!)E";!�8"" B)&<"%($, ")()<, � B!" ("G4)* 
��!E)'/�)*+"<)/�" &)B)#("��#?() " ��B#)<)E' '&�!'. 	 /#'+��, 4);&� 
;#�G'!? !�@)���� < '/#)<"D, <�4''E� " @)E@�!&"!'��/D G�!D%�(($E" +�/-
�"8�E", B!)D<#DC�/D !�&"�8")(()-/�"E'#"!)<�(($� =77�4�$ [4, 5]. 

�#D 8�#�(�B!�<#�(();) "GE�(�("D /<)*/�< )4/"&($, B#�()4 )@$+() 
B!"E�(DC� ��!E))@!�@)�4' < <�4''E� "#" 4)(�!)#"!'�E)* /!�&�, � ��4%� 
!�G#"+($� /B)/)@$ =#�4�!)(()-#'+�<);) "#" ")(();) <)G&�*/�<"D. �!)E� 
�);), !�G4);) B)<$O�("D !�&"�8")(()* /�)*4)/�" E)%() &)@"�?/D B)&@)-
!)E /)/��<� /��4#�. ��4, < !�@)�� [11] @$#� )@(�!'%�(� (�)@$+() B)#(�D 
!�;�(�!�8"D )@O"!();) &�7�4��, <$G<�(();) =#�4�!)(($E )@#'+�("�E < 
�)(4)* B#�(4� /��4#� CaO-Al2O3-SiO2 . �GE�!�("D / B)E)\?C =#�4�!)(()-
;) ��E()B)#�<);) &���4�)!� " =#�4�!)(();) /B�4�!)E��!�, 4)�)!$* B)G<)-
#D# "G'+��? ,"E"+�/4"* /)/��< /��4#� (�B)/!�&/�<�(() < G)(� )@#'+�("D, 
B)4�G�#", +�) ")($ Ca+ E";!"!'C� "G G)($ <)G&�*/�<"D #'+� B!"@#"G"-
��#?() (� !�//�)D("� < 10 (E (<) <!�ED )@#'+�("D) " <)G<!�\�C�/D (� E�-
/�) <) <!�ED !�;�(�!�8"". �"/#)!)&($� ��)E$ G�,<��$<�C�/D < #)<'O4" < 
E)#�4'#D!()E /)/�)D("" (O2) " (� E";!"!'C�. Q) &�(($E ��QFF /��4#) 
B)#()/�?C <)G<!�\���/D 4 B�!<)(�+�#?()E' 4)EB)G"8")(()E' " /�!'4-
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�'!()E' /)/�)D("C, '4�G$<�D (� �), +�) ��!E)&"(�E"+�/4" /"/��E� (�,)-
&"�/D < ;#'@)4)E =(�!;��"+�/4)E E"("E'E�. Q) &�(($E [11] 4 /�E)<)/-
/��()<#�("C /B)/)@() (� #C@)� /��4#), � "G<�/�4)<)-/"#"4��()� /��4#) 
/)/��<� (CaO-Al2O3)0,9(2SiO2)0,1. Q!" /'\�/�<�(($, )�4#)(�("D, )� =�", 
B!)B)!8"* !�;�(�!�8"D !�&"�8")(($, &�7�4�)< (� (�@#C&���/D. 

�)/��< B!"B)<�!,()/�($, /#)�<, 7)!E"!'C\",/D (� /��4#� "#" ;#�-
G'!" B!" ��!E)- " =#�4�!)(()-/�"E'#"!)<�(()* /�;!�;�8"", 4)(�!)#"!'-
��/D, 4�4 B!�<"#), E��)&�E", "E�C\"E" <$/)4'C B)<�!,()/�('C +'</�-
<"��#?()/�? - )%�-=#�4�!)(()* (
F�) " 7)�)=#�4�!)(()* /B�4�!)/4)B"�* 
(��F�). 	 /<DG" / ��E, +�) 7)�)($ B) /!�<(�("C / =#�4�!)(�E" < E�(?O�* 
/��B�(" !�G!'O�C� "//#�&'�E'C B)<�!,()/�?, B!�&B)+��("� )�&���/D 
��F�. �!';�D <�%(�D B!)@#�E� B!" "//#�&)<�("" &"=#�4�!"4)< E��)&)E 

F� /<DG�(� / =#�4�!)/���"+�/4)* G�!D&4)* B)<�!,()/�". ��4)B#�("� G�-
!D&)< (� B)<�!,()/�" &"=#�4�!"4)< B!" <)G&�*/�<"" (� (", =#�4�!)(();) 
G)(&� /)G&��� < �)(4)E B!"B)<�!,()/�()E /#)� /"#?()� =#�4�!"+�/4)� B)-
#�, <$G$<�C\�� =#�4�!)E";!�8"C B)&<"%($, ")()< (Na, K, Cl " �. B.) " 
"GE�(DC\�� /)/��< B)<�!,()/�". � &!';)* /�)!)($ B) &�(($E [6] B!" /)-
@#C&�("" (�4)�)!$, '/#)<"* (("G4"� B#)�()/�? �)4� " =(�!;"D B�!<"+()-
;) B'+4�, E�#)� <!�ED <)G&�*/�<"D " �. &.) B!"E�(�("� 
F� <B)#(� )B!�<-
&�(). �!)E� �);), /)<!�E�(($� )%�-/B�4�!)E��!$, B) /!�<(�("C / ��F�, 
"E�C� ;)!�G&) @)#�� <$/)4)� B!)/�!�(/�<�(()� !�G!�O�("�. 

Q�!�+"/#�(($� B!)8�//$ ,)!)O) "G'+�($ < \�#)+()-/"#"4��($, " 
/<"(8)<)-/"#"4��($, /��4#�, [7], < �) <!�ED 4�4 &#D B)#'B!)<)&D\", B)-
4!$�"* &�(($, G(�+"��#?() E�(?O�. �(�#"G G�!'@�%($, !�@)� B) )@/'%-
&��E)* B!)@#�E�, <$B)#(�(($, < B)/#�&("� ;)&$, B)4�G$<���, +�) B!" 
"G'+�("" ��4", /#)%($, 4)EB)G"8")(($, E���!"�#)<, 4�4 B)#'B!)<)&D-
\"� ;#�G'!", (�"@)#�� B�!/B�4�"<() /)+���("� B)<�!,()/�()-
+'</�<"��#?($, E��)&)< �(�#"G� (��F�, 
F�, /4�("!'C\�* G)(&)<)* 
E"4!)/4)B""), ;#'@"(($, B!)7"#�* 4)(8�(�!�8"" (	���) " !�(�;�()7�-
G)<);) �(�#"G� 4!"/��##"+�/4", =#�4�!)B!)<)&D\", 4)EB)(�(�)<. ��4, < 
!�@)�� [8] / B!"E�(�("�E B�!�+"/#�(($, E��)&)< B)4�G�(), +�) 4)!!)G"-
)((�D /�)*4)/�? " &)#;)<�+()/�? B)#'B!)<)&D\�* ;#�G'!" )B!�&�#D��/D 
(� �)#?4) /�!'4�'!)*, =#�E�(�($E " 7�G)<$E /)/��<)E �� B)<�!,()/�();) 
/#)D, () " �)B);!�7"�* (E�4!)- " (�()O�!),)<��)/�?C) B)<�!,()/�", � 
��4%� 7�G)<$E /)/��<)E )@V�E�. �!)E� �);), </#�&/�<"� &"77'G")(($, 
B!)8�//)<, /)B!)<)%&�C\", <$/)4)��EB�!��'!($* )@%"; "G)#D�)!)< / 
/$!)* ;#�G'!?C, (� =#�4�!)7"G"+�/4"� /<)*/�<� B)4!$�"D <#"DC� B�!�-
E��!$ )@%";�, � ��4%� /�!'4�'!� " /)/��< 4�!�E"+�/4)* B)&#)%4" [9]. ��-
/E)�!D (� �4�'�#?()/�? '4�G�(()* ��E$ B)&)@($� "//#�&)<�("D B)#'B!)-
<)&D\", B)4!$�"*, !�G!�@)��(($, < �)//"", 4!�*(� E�#)+"/#�(($ [3, 10]. 

	 &�(()* !�@)�� B!"<)&D�/D (�4)�)!$� !�G'#?���$ "G'+�("D E��)&)E 

F� ��!E)- " =#�4�!)(()-/�"E'#"!)<�(($, "GE�(�("* /)/��<� B)<�!,()-
/�" B)#'B!)<)&D\�* ;#�G'!", (�(�/�(()* (� 4)!'(&)<'C 4�!�E"4' 	� 94-1. 
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@!�G8$ &#D "//#�&)<�("* B!�&/��<#D#" /)@)* B#�/�"($ "G 4)!'(-
&)<)* 4�!�E"4" 	� 94-1 !�GE�!�E" 10:10:2 EE / ;)�)<$E B)#'B!)<)&D-
\"E ;#�G'!)<�(($E B)4!$�"�E �)#\"()* 00,2 EE. 	 /)/��< B)&#)%4" 
(	� 94-1) <,)&D� Al2O3 (95,14 E�//. %), SiO2 (2,5 %), � ��4%� )4"/#$ E�!-
;�(8� (1,96 %) " ,!)E� (0,48 %). �//#�&)<�("� <#"D("D (�;!�<� " =#�4-
�!)(();) )@#'+�("D (� /)/��< B)<�!,()/�" ;#�G'!" B!)<)&"#" E��)&)E 

F�. 
@!�G8$ B�!�& "GE�!�("DE" )@�G%"!"<�#" " B!)E$<�#", � 7"("O-
('C )+"/�4' ", B)<�!,()/�" B!)<)&"#" < 4�E�!� =#�4�!)(();) /B�4�!)-
E��!� 8"4#�E", <4#C+�C\"E" ")(()-�!;)(()� !�/B$#�("� " )�%"; )@!�G-
8)< (�G0650 �). F#�4�!)(()-/�"E'#"!)<�(($� =77�4�$ "G'+�#" / B)E)-
\?C =#�4�!)(()* B'O4" /B�4�!)E��!� B!" �G300 �, <�!?"!'D =(�!;"C 
B�!<"+();) B'+4� E� < "(��!<�#� 1…2,2 4=	, � B#)�()/�? �)4� (� )@!�G�8 j� 
)� 1 &) 2 E�//E2. 	#"D("� )�%";� )B!�&�#D#" B!" /�'B�(+��)E (�;!�<� )@-
!�G8)< < "(��!<�#� �=500…975 � " <�4''E� pH 5:10>7 Q�. 	 =�)E /#'+�� 
/("%�#" =(�!;"C " B#)�()/�? �)4� B�!<"+($, =#�4�!)()< &) 01,8 4=	 " 
00,25 E�//E2, � ��4%� /)4!�\�#" <!�ED G�B"/" /B�4�!)< B'��E "/B)#?G)-
<�("D =(�!;��"+�/4", )4)(, +�) B)G<)#"#) /<�/�" 4 E"("E'E' =77�4�$ G�-
!D&4" " =#�4�!)(()-/�"E'#"!)<�(()* &�/)!@8"". 

��/+�� B)<�!,()/�()* 4)(8�(�!�8"" B!)<)&"#" / "/B)#?G)<�("�E 
7�4�)!)< =#�E�(�()* +'</�<"��#?()/�" [12] " ("G4)=(�!;��"+�/4", )%�-
B�!�,)&)<, ��4 4�4 )(" )@�/B�+"<�C� E�4/"E�#?('C B)<�!,()/�('C +'<-
/�<"��#?()/�?. �!)E� �);), < )@#�/�" ("G4", =(�!;"* <�)!"+($, =#�4�!)-
()< <$@!�(($* �"B =(�!;)�(�#"G��)!� "E��� (�"#'+O�� =(�!;��"+�/4)� 
!�G!�O�("�. �#D '/�!�(�("D 7)(� "/�"(()-<�)!"+($, =#�4�!)()< B!"E�-
(D#" E��)&"4' �BB�!��'!()* 4)EB�(/�8"", )B"/�(('C < [13]. 

Q) &�(($E )%�-�(�#"G� (�;!�< &) 775 � B!�4�"+�/4" (� "GE�(D�� 
/)/��< B)<�!,()/�" ;#�G'!" (!"/. 1). ��+"(�D / �=875 � )�E�+���/D /("%�-
("� �EB#"�'&$ B"4� ';#�!)&� (272 =	), B)D<#DC�/D B!"G(�4" /�!$ 
(156 =	) " 4�#"D (252 =	). �E�(?O�("� ';#�!)&();) B)4!$�"D /)B!)<)%-
&���/D !)/�)E B"4� B!" =(�!;"" 76…78 =	, /))�<��/�<'C\�;) SiO2 . Q!" 
�<875 � (�+"(�C� G�E��() '<�#"+"<��?/D B"4" 4"/#)!)&� (507 =	) " CaO 
(290 =	). 
�E��"E, +�) < B!)8�//� )�%";� =#�4�!)(()-/�"E'#"!)<�(($� 
=77�4�$ B!�4�"+�/4" (� B!)D<#DC�/D, +�) <)GE)%() )@VD/(D��/D <)G!)/-
O�* &"77'G"�* 4"/#)!)&�. 

	 /))�<��/�<"" / #"��!��'!($E" &�(($E" (�'B)!D&)+�(($� /�!'4-
�'!$ B) /!�<(�("C / 4!"/��##"+�/4"E" /"#?(�� B)&<�!%�($ =#�4�!)(()-
/�"E'#"!)<�(($E =77�4��E [6]. ��G'#?���$ "G'+�("D F�� (� B)<�!,()/�" 
;#�G'!" /);#�/'C�/D / =�"E" <$<)&�E". Q!" <$&�!%4� B)& B'+4)E )%�-
B"4" SiO2 , Al2O3 " CaO "GE�(DC�/D, B!"+�E SiO2 @$/�!�� &!';",. �� !"/. 
2 < 4�+�/�<� B!"E�!� B!"<�&�($ G�<"/"E)/�" �EB#"�'&$ )%�-B"4)< 4!�E-
("D (91 =	) " Ca (290 =	) )� <!�E�(" =#�4�!)(();) )@#'+�("D, B)#'+�(($� 
B!" 4)E(��()* ��EB�!��'!�. 
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�"/. 1. �GE�(�("� �EB#"�'&$ )%�-B"4)< SiO2 , CaO, O " C, 
/))�<��/�<'C\", B)<�!,()/�" ;#�G'!", B!" (�;!�<� &) 975 � 
 

��4 <"&() "G ;!�7"4)<, /4)!)/�? &�/�!'48"" SiO2 < /)/��<� /��4#)-
7�G$ G(�+"��#?() B!�<$O��� /4)!)/�? F�� =�);) %� )4/"&� < /)/��<� 
�#CE))4/"&()* 4�!�E"4" [14]. 
&(�4), (�)@,)&"E) )�E��"�?, +�) �/#" 
=#�4�!)(()-/�"E'#"!)<�((�D &�/�!'48"D SiO2 (� B)<�!,()/�" /"#"4��($, 
/��4)# ,)!)O) "G<�/�(� [6], �) )�()/"��#?() CaO &�(($� B!)�"<)!�+"<$. 
	 +�/�()/�", B!" =#�4�!)(()E )@#'+�("" E)()4!"/��##� CaO F�� (� (�-
@#C&�#�/? &�%� B!" @)#?O", &)G�, [15], < �) <!�ED 4�4 )@#'+�("� /��4#� / 
B!"E�/?C CaO B!"<)&"#) 4 !)/�' )%�-B"4� Ca [6]. Q)-<"&"E)E', !)/� B)-
<�!,()/�()* 4)(8�(�!�8"" Ca /<DG�( (� / &�/�!'48"�* �;) )4/"&�, � =#�4-
�!)(()-/�"E'#"!)<�(()* /�;!�;�8"�* ")()< Ca+. 
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Q)#'+�(($� !�G'#?���$ B)4�G$<�C�, +�) &�%� B!" )�()/"��#?() (�-
<$/)4", ��EB�!��'!�,, /))�<��/�<'C\",, (�B!"E�!, <�4''E()* B�*4� E�-
��##)4�!�E"+�/4", 'G#)<, /)/��< B)<�!,()/�" ;#�G'!" (�4)(�!)#"!'�E) "G-
E�(D��/D. �!)E� �);), !�&"�8")((�D /�)*4)/�? ;#�G'!)<�(()* B)<�!,()/�" 
G(�+"��#?() ("%�, +�E +"/�)* 4)!'(&)<)* 4�!�E"4". �+�� =�", "GE�(�("* 
B)G<)#"� B)<$/"�? (�&�%()/�? ;#�G'!)<�(($, 4�!�E"+�/4", "G)#D�)!)<. 
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�
�� ���������� 	 �
����
	���� �
��
Q���
���� 
������
������� ��
�	 �� ��� ������� Cu-Ge 

��� 539.234:548.74

��!;��< �.�., ��,"�< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�B#�<$ (� )/()<� /"/��E$ Cu-Ge, < )/)@�(()/�" "(��!E���##"& 
Cu3Ge, "E�C� G(�+"��#?($* B)��(8"�# &#D B!"E�(�("D < E"4!)- " (�()-
=#�4�!)("4� "G-G� ", B!"<#�4���#?($, =#�4�!"+�/4", " @�!?�!($, /<)*/�< 
[1, 2]. 	 G�!'@�%()* #"��!��'!� "G'+�("C =#�4�!)7"G"+�/4", " ,"E"+�/-
4", /<)*/�< �)(4", B#�()4 Cu3Ge B)/<D\�($ &�/D�4" /����*, )E"+�/4"� " 
@�!?�!($� 4)(��4�$, B�//"<"!'C\"� " �&;�G")(()-�4�"<($� /#)" (� )/()-
<� /B#�<)< Cu-Ge, � ��4%� E��)&$ ", B)#'+�("D G�\"\�($ E();)+"/#�(-
($E" B���(��E". F�" "//#�&)<�("D B)4�G�#", +�) )E"+�/4"� " @�!?�!($� 
4)(��4�$ / "/B)#?G)<�("�E "(��!E���##"&� Cu3Ge )�#"+�C�/D ("G4"E 
G(�+�("�E B!"<�&�(();) 4)(��4�();) /)B!)�"<#�("D [3, 4], <$/)4)* ��!-
E)/��@"#?()/�?C )/()<($, B�!�E��!)< [4, 5], ,)!)O�* �&;�G"�* 4 B)&#)%-
4� " /�)*4)/�?C 4 )4"/#�("C [6], � ��4%� ;#�&4)* E)!7)#);"�* B)<�!,()-
/�" " !)<($E" 4!�DE" 4)(��4�� [7]. 	 �)//"" B)&)@($� !�@)�$ 4!�*(� E�-
#)+"/#�(($. ��4, B�!/B�4�"<()/�? /B#�<� Cu3Ge &#D E)\($, �!�(G"/�)-
!)< )�E�+���/D < [4], )&(�4) < )@O"!()E )@G)!�, )B'@#"4)<�(()E (�&�<() 
< /)#"&()E )��+�/�<�(()E %'!(�#� " B)/<D\�(()E /)<!�E�(($E )E"+�-
/4"E 4)(��4��E [8], /B#�< Cu3Ge �)#?4) 'B)E"(���/D. �'(48")(�#?($� 
/#)" (� @�G� /"/��E$ Cu-Ge B)#'+�C�, 4�4 B!�<"#), B'��E (�B$#�("D " 
��!E))@!�@)�4" < "(�!�()* /!�&� E();)/#)*($, 4)EB)G"8"* "G E�&" " 
;�!E�("D, 4);&� ,"E"+�/4"* /)/��< /<)@)&()* " E�%7�G($, ;!�("8 B#�-
()4 G�&���/D ��!E)/�"E'#"!)<�(()* /�;!�;�8"�*. ��/E)�!D (� �), +�) 
<#"D("� B!)8�//� /�;!�;�8"" (� /<)*/�<� 7'(48")(�#?($, /#)�< )�E�+�() 
(�4)�)!$E" �<�)!�E" [6], =4/B�!"E�(��#?() " ��)!��"+�/4" =�)� <)B!)/ 
B!)!�@)��( (�&)/���)+(). � &!';)* /�)!)($, "G'+�("� B)<�!,()/�()* /�;-
!�;�8"" " /<DG�(($, / (�* B!)8�//)< (� )@V�E($, /B#�<�, Cu-Ge !�G#"+-
();) /)/��<�, < �)E +"/#� Cu3Ge, B)E)%�� B!)D/("�? E�,�("GE$ 7)!E"!)-
<�("D B)#�G($, /<)*/�< B#�()+($, 4)(��4�)< [9]. ��#?C (�/�)D\�* !�@)-
�$ D<#D��/D "G'+�("� E��)&�E" ("G4)=(�!;��"+�/4)* =#�4�!)(()* /B�4-
�!)/4)B"" " &"7!�48"" E�&#�(($, =#�4�!)()< !)#" /�;!�;�8"" < 7)!E"-
!)<�("" 7'(48")(�#?($, /#)�< (� B)<�!,()/�" )@V�E($, /B#�<)< Cu-Ge. 

�(�#"G #"��!��'!$ B)4�G$<���, +�) < E�&()-;�!E�("�<$, B#�()+($, 
4)EB)G"8"D, 7�G))@!�G)<�("� (� </�;&� /);#�/'��/D / &"�;!�EE)* /)/�)D-
("D )@V�E($, 7�G /"/��E$ Cu-Ge [10], < +�/�()/�", ;�!E�("& E�&" Cu3Ge 
)@!�G'��/D < @)#�� O"!)4)E 4)(8�(�!�8")(()E " ��EB�!��'!()E "(��!<�-
#�. ��4, < !�@)�� [11] )@(�!'%�(), +�) 7�G� Cu3Ge E)%�� /"(��G"!)<��?/D 
'%� B!" 4)E(��()* ��EB�!��'!� < !�G'#?���� B�!�E�O"<�("D ")(($E B'+-
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4)E, B!" =�)E '&�#?()� /)B!)�"<#�("� «B�!�E�O�(();)» )@!�G8� @$#) 
B)+�" ��4)� %�, 4�4 " ' ��!E"+�/4" B!";)�)<#�(($, B#�()4. 

�"(��"4� 7)!E"!)<�("D 7�G$ Cu3Ge " �� ��!E"+�/4�D /��@"#?()/�? 
"G'+�#"/? in situ E��)&�E" !�G�!7)!&)</4);) )@!��();) !�//�D("D (�
�), 
QF� " +��$!�,G)(&)<$E E��)&)E [5]. �/B)#?G)<�#"/? &<)*($� /#)" 
240 (E Cu / 130 (E Ge (� )4"/#�(()* B)<�!,()/�" (001)Si, � ��4%� /#)* 
215 (E Cu (� ;!�(" (111)Ge. Q#�(4" <$/�%"<�#"/? B!" 4)E(��()* ��EB�-
!��'!� " (�;!�<�#"/? &) 775 � < ��E)/7�!� �G)��. ��(($� �
� " !�G'#?��-
�$ "GE�!�("D '&�#?();) /)B!)�"<#�("D � B)4�G�#", +�) Cu !��;"!'�� / Ge 
< ��EB�!��'!()E "(��!<�#� 395…475 �, B!"+�E 4"(��"4� <G�"E)&�*/�<"D 
G�<"/"� )� <"&� B)&#)%4". 	 /"/��E� 240 (E Cu / 130 (E Ge / SiO2 !��48"D 
(�+"(���/D B!" �=395 � " G�4�(+"<���/D B!" �=450 �, < /"/��E� 
215 (E Cu / (111)Ge (�+�#) <G�"E)&�*/�<"D /))�<��/�<'�� 405 �, � 4)(�8 – 
475 �. �B�4�!$ �
�, B)#'+�(($� B!" 525, 575 " 775 � B!�4�"+�/4" "&�(-
�"+($, +�) '4�G$<��� (� G�<�!O�("� !��48"" B!" 525 �. ��(($� QF� " 
E"4!)&"7!�48"" (� )�)%%�(($, B#�(4�, B)4�G�#", +�) <) </�, /B#�<�, 
&)E"("!'�� 7�G� Cu3Ge / B�!�E��!�E" =#�E�(��!()* D+�*4" a=0,2631 (E, 
b=0,4200 (E, c=0,4568 (E " �=89F41I. ��/�? (�"&�(�"7"8"!)<�(($, 4)#�8 
(� &"7!�48")(($, 4�!�"(�,, <)GE)%(), /))�<��/�<'�� �-7�G�, /)&�!%�("� 
4)�)!)* (�G(�+"��#?(). 

	 !�@)�� [12] "//#�&)<�($ =#�4�!"+�/4"� " /�!'4�'!($� /<)*/�<� 
�)(4", B#�()4 Cu-Ge < "(��!<�#� ��EB�!��'! 100…500 � / /)&�!%�("�E Ge 
)� 0 &) 80 ��. %. Q#�(4" B!";)�)<#D#"/? B'��E (�B$#�("D /B#�<� (� /��4-
#D(($� B)&#)%4" B!" �=300 �. �)(8�(�!�8")((�D G�<"/"E)/�? '&�#?();) 
/)B!)�"<#�("D, � ��4%� &�(($� B!)/<�+"<�C\�* =#�4�!)(()* E"4!)/4)B"" 
" =#�4�!)(()* &"7!�48"" '4�G$<�C� (� �!" /�!'4�'!($� )@#�/�". �) 
5 ��. % Ge < E�&" B#�(4" /)/�)D� "G �&"(/�<�(()* 7�G$ B)&)@()* 
�-/�!'4�'!� +"/�)* E�&", < "(��!<�#� 4)(8�(�!�8"* 5…80 ��. % Ge < E�&" 
B#�(4" /)/�)D� "G /E�/" Cu3Ge-7�G$, E�&" " ;�!E�("D, <$O� 80 ��. % B#�(-
4" Cu-Ge �E)!7($. 

�<�!&)7�G()� <G�"E)&�*/�<"� E�%&' E�&?C " ;�!E�("�E "G'+�#)/? 
��4%� < &"77'G")(($, B�!�, < &"�B�G)(� 675…850 � [13]. 
/()<()* B!)-
&'4� !��48"* – 4!'B($� G�!(� Cu3Ge, )&(�4) < �)(4", /#)D, )@(�!'%�($ 
��4%� 7�G� Cu5Ge " �<�!&$� !�/�<)!$ Cu-Ge. �4)!)/�? !��48"" )B!�&�#D-
��/D )@V�E()* &"77'G"�* E�&" +�!�G /#)* ;�!E�("&� / =(�!;"�* �4�"<�8"" 
0104 4�%/E)#?. 	$O� 845 � <G�"E)&�*/�<"� !�G4) '/4)!D��/D. Q!" 775 � 
4)=77"8"�(� <G�"E)&"77'G"" < �<�!&)E !�/�<)!� /)/��<#D�� 6×10>12 /E2//, 
< Cu5Ge D=4×10>11 /E2//, � < Cu3Ge 4)=77"8"�(� &"77'G"" <)G!�/���� )� 
1×10>10 /E2// B!" 22 ��. % Ge &) 1×10>8 /E2// B!" 25 ��. % Ge. 

�(�#);"+($� !�G'#?���$ B)#'+�($ " < &!';", !�@)��,. ��4 <"&() "G 
#"��!��'!($, &�(($,, /�!'4�'!($� " =#�4�!"+�/4"� /<)*/�<� B#�()4 G�<"-
/D� )� �)#\"($ /#)�<, <"&� B)&#)%4" " &!';", =4/B�!"E�(��#?($, B�!�-
E��!)<. 
&(�4), (�/E)�!D (� !�G#"+"D < &���#D,, @)#?O"(/�<) "//#�&)<���-
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#�* /,)&D�/D < �)E, +�) )/()<()* 7�G)* ��!E))@!�@)��(($, B#�()4 Cu-Ge 
D<#D��/D 'B)!D&)+�(($* "(��!E���##"& Cu3Ge. 
( 7)!E"!'��/D < E();)-
/#)*($, 4)EB)G"8"D, < !�G'#?���� <G�"E)&"77'G"" " !��48"" 4)EB)(�(-
�)< B!" ��EB�!��'!�, <$O� 395 � " 4)(8�(�!�8"" Ge @)#�� 5 ��. %. 

	�%('C !)#? < 7)!E"!)<�("" /<)*/�< �)(4", B#�()4 E)%�� ";!��? 
/�;!�;�8"D, <$G<�((�D ��!E"+�/4"E "#" "($E <)G&�*/�<"�E. 
(� B!"<)&"� 
4 "GE�(�("C /)/��<� /<)@)&()* " E�%7�G()* ;!�("8 ", < )B!�&�#�(($, 
'/#)<"D,, /B)/)@/�<'�� )@!�G)<�("C &<'E�!($, 7�G, )�/'�/�<'C\", < 
)@V�E�. F�)� =77�4� ,�!�4��!�( &#D �<�!&$, !�/�<)!)< " /B#�<)<, 4)EB)-
(�(�$ 4)�)!$, "E�C� !�G#"+�C\"�/D ,"E"+�/4'C �4�"<()/�?, =(�!;"" 
/<DG", ��)E($� !�&"'/$ " &!';"� B�!�E��!$. 	 /"/��E� Cu-Ge /#�&'�� 
)%"&��? /�;!�;�8"" Ge, �. 4. )( ,�!�4��!"G'��/D /'\�/�<�(() E�(?O�* B) 
/!�<(�("C / Cu /<)@)&()* B)<�!,()/�()* =(�!;"�*. 

Q) #"��!��'!($E &�(($E < �)(4)B#�()+($, 4)EB)G"8"D, Cu-Ge (� 
4!�E("�<$, B)&#)%4�, "#" (� �!/�("&� ;�##"D /�;!�;�8"D ;�!E�("D <$!�-
%�(� /#�@) [6, 14]. 	 B�!<'C )+�!�&? =�) E)%�� @$�? <$G<�() &"77'G"�* "G 
B)&#)%4" < B#�(4' ��)E)< 4!�E("D "#" ;�##"D, @)#�� B)<�!,()/�()-
�4�"<($,, +�E Ge. �!)E� �);), /("%��? '!)<�(? /�;!�;�8"" Ge E);'� " &!'-
;"� ��,()#);"+�/4"� B!"E�/". 	 "G<�/�($, (�E !�@)��, /�;!�;�8"D < B#�(-
4�, Cu-Ge !�//E��!"<���/D 4�4 (�%�#���#?($* B!)8�// ", B)-<)GE)%()/�", 
B)&�<#D��/D. 	 +�/�()/�", /�;!�;�8"D Ge B!"<)&"� 4 !)/�' '&�#?();) /)B!)-
�"<#�("D " /("%�("C G�\"�()* 7'(48"" B#�()4 Cu3Ge [6]. �GE�(�("� 
��,()#);"" B'��E G�E�($ /#)D Ge (� /#)* /)/��<� Si1-xGex (;&� x=0,5) B)-
G<)#D�� B)#()/�?C "/4#C+"�? /�;!�;�8"C 4)EB)(�(�)< [14]. 

	 (�/�)D\�* !�@)�� "G'+�#�/? <G�"E)/<DG? /�;!�;�8"" " 7�G))@!�G)-
<�("D (� B)<�!,()/�" �<�!&$, !�/�<)!)< Cu-2 ��. % Ge " Cu-6 ��. % Ge. 
�//#�&)<�("D B!)<)&"#" < /<�!,<$/)4)E <�4''E� (� =#�4�!)(()E /B�4-
�!)E��!� / +��$!�,/��)+($E =(�!;)�(�#"G��)!)E �)!E)GD\�;) �"B� E��)-
&�E" =#�4�!)(()* )%�-/B�4�!)/4)B"" (F
�), /B�4�!)/4)B"" ,�!�4��!"-
/�"+�/4", B)��!? =(�!;"" =#�4�!)()< < !�%"E� «(� )�!�%�("�» (��QFF) 
" &"7!�48"" E�&#�(($, =#�4�!)()< (��F) [15]. 

�)/��< B)<�!,()/�" )B!�&�#D#" E��)&)E F
� < !�%"E� dN/dE B) 
("G4)=(�!;��"+�/4"E B�!�,)&�E, �. 4. )(" ,�!�4��!"G'C� (�"@)#�� �)(4"* 
B)<�!,()/�($* /#)* (0,4…0,5 (E). F(�!;"D B�&�C\", =#�4�!)()< /)/��<-
#D#� E�=1,8 4=	, � �)4 (� )@!�G�8 I�=10 E4�. �B�4�!$ �QF G�B"/$<�#" B)-
/#� &"77�!�(8"!)<�("D B)#�G();) /";(�#� < <"&� dN/dE " -d2N/dE2, <�!?"-
!'D =(�!;"C B�!<"+();) B'+4� < &"�B�G)(� 50…200 =	. 	 )@#�/�" '4�G�(-
($, =(�!;"* )�()/"��#?()� =(�!;��"+�/4)� !�G!�O�("� /B�4�!)E��!� /)-
/��<#D#) 00,5 %. �B�4�!$ )%�-=#�4�!)()< " ,�!�4��!"/�"+�/4", B)��!? 
=(�!;"" !�;"/�!"!)<�#" < &<', !�%"E�, – 4�4 7'(48"C ��EB�!��'!$ )�-
%";� B!" /�'B�(+��)E (�;!�<� (�=300…975 �) < '/#)<"D, @#"G4", 4 !�<-
()<�/"C, � ��4%� < G�<"/"E)/�" )� <!�E�(" < B!)8�//� "G)��!E"+�/4)* 
<$&�!%4" B!" G�&�(($, G(�+�("D, ��EB�!��'!$. �"7!�48")(($� 4�!�"($ 
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"G'+�#" B)/#� )�%";� " ),#�%&�("D )@!�G8�. Q#�GE)(($� B)��!" =(�!;"" 
)� B)&#)%�4 " (�!)%&�C\",/D B)<�!,()/�($, 7�G, «,"E"+�/4"� /&<";"» 
" "GE�(�("D < /�!'4�'!� )%�-#"("* 4)EB)(�(�)<, � ��4%� /��B�(? 'B)!D-
&)+�(()/�" B)<�!,()/�($, ��)E)< < /)<)4'B()/�" &�C� (�)@,)&"E'C "(-
7)!E�8"C ) 7)!E"!)<�("" B)<�!,()/�($, /)�&"(�("*. 

�//#�&)<�("D B)4�G�#", +�) Ge /�;!�;"!'�� (� B)<�!,()/�? </�, "/-
/#�&)<�(($, /B#�<)< B!" (�;!�<� <$O� 400 �. �(��(/"<()/�? /�;!�;�8"" 
� �
GeX )  G�<"/"� )� ��EB�!��'!$, )@V�E();) /)/��<�, 4!"/��##);!�7"+�/4)* 

)!"�(��8"" " 7�G)<)-/�!'4�'!($, ,�!�4��!"/�"4 B)<�!,()/�();) /#)D. 
Q!" =�)E /�;!�;�8"D /)B!)<)%&���/D B)D<#�("�E !D&� /'B�!/�!'4�'!, 
/B�8"7"+�/4", &#D 4�%&)* ;!�(". � '<�#"+�("�E ��EB�!��'!$ " B)<�!,-
()/�()* 4)(8�(�!�8"" ;�!E�("D B)D<#DC�/D " !�/�'� B#�GE)(($� B"4", 
/))�<��/�<'C\"� B)<�!,()/�($E ;�!E�("&�E E�&". 

�� ;!�(" (111)Cu-2 ��. % Ge 7)!E"!)<�("� (�'B)!D&)+�(()* 7�G$, 
/))�<��/�<'C\�* /)/��<' Cu5Ge, (�+"(���/D B!" �<475 � " 
� � 10GeX ) <  ��. %. 	 "(��!<�#� ��EB�!��'! 475…530 � B)<�!,()/�($* /#)* 

/)/�)"� "G /E�/" �<�!&);) !�/�<)!� (� )/()<� E�&" " Cu5Ge, B!"+�E / ��E-
B�!��'!)* &)#D 7�G$ Cu5Ge '<�#"+"<���/D, � <$O� 530 � (�'B)!D&)+�((�D 
7�G� B)4!$<��� B)+�" </C B)<�!,()/�? /B#�<�. �B)!D&)+�((�D 7�G� /) /��-
,")E��!"�* Cu3Ge < (�G(�+"��#?($, 4)#"+�/�<�, )@!�G'��/D B!" �<575 �. 

�� ;!�(D, (110) " (111) /B#�<� Cu-6 ��. % Ge /!�G' B)/#� ")(()-
�!;)(();) !�/B$#�("D )@(�!'%�(� 7�G� Cu5Ge. �)!E"!)<�("� 7�G$ Cu3Ge 
(� ;!�(" (111) (�+"(���/D B!" �<475 � " G�4�(+"<���/D < "(��!<�#� 
550…575 �. 	$O� 575 � B)<�!,()/�? B)4!$�� /E�/?C Cu3Ge " +"/�);) 
;�!E�("D. �#D ;!�(" (110) B!" �=875 � =#�4�!)((�D 4)(8�(�!�8"D /)/��<-
#D�� 2,5 =#./��. " /))�<��/�<'�� 7�G� CuGe. 

Q) &�(($E F
� " ��QFF < (�+�#?($* B�!")& "G)��!E"+�/4);) )�-
%";� (B�!")& I) ;�!E�("* (�4�B#"<���/D (� B)<�!,()/�", )@!�G'D B)&)@"� 
�<�!&);) !�/�<)!�. Q!)&)#%"��#?()/�? I B�!")&� 'E�(?O���/D / !)/�)E 
��EB�!��'!$ )�%";�, � /4)!)/�? (�!�/��("D B)<�!,()/�()* 4)(8�(�!�8"" 
;�!E�("D '<�#"+"<���/D < !D&' (100), (111), (110). �GE�(�("� (�4#)(� 4!"-
<$, � � � �GeX t)  ()4)(+�("� I B�!")&�) /))�<��/�<'�� (�+�#' ,"E"+�/4);) 
<G�"E)&�*/�<"D ��)E)< E�&" " ;�!E�("D (B�!")& II). Q)/#�&'C\�D /��@"-
#"G�8"D /)/��<� '4�G$<��� (� G�<�!O�("� ,"E"+�/4", B!�<!�\�("*, � 
&�#?(�*O"* !)/� � �

GeX ) /))�<��/�<'�� /#�@)* /�;!�;�8"" Ge (� B)<�!,()/�? 
"(��!E���##"&�. 

Q!"<�&�(($� !�G'#?���$ B)4�G$<�C�, +�) B)& &�*/�<"�E ��!E)/�"-
E'#"!)<�(()* /�;!�;�8"" < &"�B�G)(� ��EB�!��'! 475…875 � (� B)<�!,-
()/�" E�&()-;�!E�("�<$, �<�!&$, !�/�<)!)< 7)!E"!'C�/D &<'E�!($� 
;�!E�("&$ E�&" !�G#"+();) /)/��<� " /�!'4�'!$. Q)<�!,()/�()� 7�G))@-
!�G)<�("� B!�&/��<#D�� /)@)* &<',/��&"*($* B!)8�// – (�4)B#�("� /�;!�-
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;�(�� < ��)E�!()-B)&)@()E /)/�)D("" &) (�4)�)!)* 4!"�"+�/4)* 4)(8�(-
�!�8"", G�<"/D\�* )� ��EB�!��'!$ " 4!"/��##);!�7"+�/4)* )!"�(��8"", " 
/!�<("��#?() @$/�!)� 7)!E"!)<�("� 2D-7�G$ < !�G'#?���� ,"E"+�/4);) 
<G�"E)&�*/�<"D " 'B)!D&)+�("D B)<�!,()/�($, ��)E)<. �GE�(DD ��EB�!�-
�'!', <!�ED )�%";� " /�!'4�'!' B)&#)%4" E)%() < )B!�&�#�(($, B!�&�#�, 
'B!�<#D�? /<)*/�<�E" 7)!E"!'C\�*/D 2D-7�G$ " /)G&�<��? 7'(48")-
(�#?($� /#)" / G�&�(($E" ��,()#);"+�/4"E" ,�!�4��!"/�"4�E". 
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��� 621.315.5:537.53 

��!;"�(4) �.�.1, �'!)+4� �.�.1, �'G(�8)< �.�.1, 
��O�< �.P.2, �"E�4"( �.�.3, ��!#�E)< �.�.1 

1��8")(�#?($* "//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"���  
«���"�», �)/4<� 

2��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 
3���Q «���	� "E. 	�4O"(/4);)», �)/4<� 

�)(()-=#�4�!)((�D =E"//"D B!"E�(D��/D < B!)8�//� ")(()* @)E@�!-
&"!)<4" !�G#"+($, E���!"�#)< " E();)/#)*($, /�!'4�'! &#D 4)(�!)#D 
/��&"* �!�<#�("D: )+"/�4" B)<�!,()/�", E)E�(�� )4)(+�("D �!�<#�("D B!" 
B�!�,)&� �!�<#�("D )� )&();) /#)D 4 &!';)E' (B)&#)%4�) [1]. 

F�)� E��)&, )/()<�(($* (� !�;"/�!�8"" �)4� <�)!"+($, =#�4�!)()<, 
B)G<)#D�� (� �)#?4) 'B!�<#D�? B�!�E��!�E" B!)8�//� �!�<#�("D )B!�&�-
#�(();) E���!"�#�, () " 4)(�!)#"!)<��? B�!�,)&($� /��&"" �!�<#�("D (�-
B)/!�&/�<�(() < ��,()#);"+�/4)E B!)8�//� ")(()* )@!�@)�4". 

F77�4�"<()/�? &�(();) E��)&� 4)(�!)#D B)4�G�(� < !�@)�� [2]. �'-
\�/�<'�� E)&�#? <$,)&� <�)!"+($, =#�4!)()< B!" @)E@�!&"!)<4� ")(�E" 
"(�!�($, ;�G)<, 4)�)!�D B!�&/��<#�(� < !�@)�� [3]. 


&(�4), <)GE)%()/�? "/B)#?G)<�("D /";(�#� ")(()-=#�4�!)(()* 
=E"//"" B!" !��4�"<()E ")(()-#'+�<)E �!�<#�("" &) (�/�)D\�;) <!�E�(" 
(� @$#� )B"/�(�. Q)=�)E', 8�#?C &�(()* !�@)�$ D<#D#)/? )8�(4� <)GE)%-
()/�" "/B)#?G)<�("D &�(();) E��)&� 4)(�!)#D B!" !��4�"<()E ")(()-
#'+�<)E �!�<#�("" (����). 

Q!"E�(�("� ���� < !D&� /#'+��< );!�("+�() ��E, +�) B!" B#�GE)-
,"E"+�/4)E "#" ")(()-,"E"+�/4)E �!�<#�("" <)GE)%() )@!�G)<�("� (�-
#��'+", /)�&"(�("* )@!�@��$<��E$, E���!"�#)<. 	 '/#)<"D, ")(()-
#'+�<);) �!�<#�("D (�#��'+"� /)�&"(�("D (� )@!�@��$<��E)* B)<�!,()/�" 
E);'� '&�#D�?/D B!" @)E@�!&"!)<4� ")(�E", )@#�&�C\"E" &)/���)+()* 
4"(��"+�/4)* =(�!;"�*. 

F4/B�!"E�(��#?($� !�G'#?���$ @$#" B)#'+�($ (� '/��()<4� <�4'-
'E();) (�B$#�("D �	� 71Q-3 / ")(($E "/�)+("4)E, )@�/B�+"<�C\"E 
7)!E"!)<�("� E)()=(�!;��"+�/4);) B'+4� / =(�!;"�* ")()< &) 4 4=	 " 
B#)�()/�?C �)4� &) 2 E�//E2 B!" &"�E��!� B'+4� 100 EE. �/B)#?G)<�#"/? 
E)()4!"/��##"+�/4"� B)&#)%4" 4!�E("D &"�E��!)E &) 100 EE. ��@)+�� 
&�<#�("� < <�4''E()* 4�E�!� 10>2 Q� B)&&�!%"<�#)/? /"/��E)* �<�)E��"-
+�/4);) (�B'/4� ;�G� ���-2. 	 4�+�/�<� !��4�"<();) ;�G� B!"E�(D#/D ,#�-
&)(-14 CF4 . ��;"/�!�8"D �)4� <�)!"+($, =#�4�!)()< B!)<)&"#�/? / B!"-
E�(�("�E /"/��E$ 8"7!)<)* )@!�@)�4" " G�B"/" /";(�#� �� Scope. 
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��)!��"+�/4"� )/()<$ B) ��FF @�G"!'C�/D (� 4#�//"+�/4", B!�&-
/��<#�("D, ) E�%��)E()E <G�"E)&�*/�<"" B!" @)E@�!&"!)<4� ")(�E" B)-
<�!,()/�" E���!"�#� B)&#)%4", )/()<�(($, (� "/B)#?G)<�("" E)&"7"8"-
!)<�(();) B)��(8"�#� �"!/)<� 4�4 B!)<�!�(()* " B!"G(�(()* ,�!�4��!"-
/�"4" B�!�&�+" =(�!;"" )� (�#���C\�;) ")(� =#�4�!)(�E ��)E� [4]. 

�G<�/�(), +�) ")(()-=#�4�!)((�D =E"//"D ()/"� /���"/�"+�/4"* ,�-
!�4��!, B)/4)#?4' )&()<!�E�(() B!)"/,)&"� <G�"E)&�*/�<"� E()%�/�<� 
��)E($, +�/�"8 &!'; / &!';)E [4]. �#D '+��� /���"/�"+�/4);) ,�!�4��!� 
D<#�("D "/B)#?G)<�(� )/()<(�D <�#"+"(� – 4)=77"8"�(� 4"(��"+�/4)* 
")(()-=#�4�!)(()* =E"//"" �. 

Q!"("E���/D, +�) !�/B!�&�#�("� =#�4�!)()< B) =(�!;"" < !�G!�O�(()* 
G)(� �<�!&);) ��#� /))�<��/�<'�� B!�&/��<#�("DE ��!E"-�"!�4� &#D 4)##�4-
�"<� =#�4�!)()<, (�,)&D\",/D < /)/�)D("" ��!E)&"(�E"+�/4);) !�<()<�/"D. 

�GE�(�("� ��!E)&"(�E"+�/4);) /)/�)D("D �<�!&);) ��#� B!" ")(()* 
)@!�@)�4� <#�+�� "GE�(�("� !�<()<�/()* 4)(8�(�!�8"" ()/"��#�* G�!D&�. 
�+"�$<�D 7'(48"C G�/�#�(()/�" =(�!;��"+�/4", '!)<(�*, � ��4%� !�/B!�-
&�#�("� =#�4�!)()< B) =(�!;"", / '+��)E B�!�&�(()* ")(�E" =(�!;"" ��)-
E�E B)<�!,()/�", E)%() G�B"/��? )@)@\�(('C 7'(48"C B#)�()/�" =#�4-
�!)()< < B)<�!,()/�()E /#)� B!" )@#'+�("" ")(�E" E���!"�#� E"O�(" 
/#�&'C\"E )@!�G)E: 

� � � � � � � �
1

")( ")(
")( ")( ")(

)
, , exp 1

E

E F T Q E
n E T G E T dE

kT

�* # $� �� �. .� �% &, -
. .� �' (

3 , 

;&� E")( – =(�!;"D ")()< (=	); � – ��EB�!��'!� E"O�(" (�); G(E")(, T) – 
7'(48"D B#)�()/�" G�/�#�(()/�" =(�!;��"+�/4", '!)<(�* (/E-3); F(T) – 
'!)<�(? ��!E" (=	); Q(E")() – =(�!;"D, B�!�&�((�D =#�4�!)(�E ")()E B!" 
/�)#4()<�("" / ��)E)E E"O�(" (=	); k – B)/�)D((�D �)#?8E�(�. 

�)!E'#� &#D <$+"/#�("D /!�&(�* =(�!;"" =#�4�!)()<, B�!�&�(()* 
"E ")()E, / '+��)E =#�4�!)(();) /�!)�("D ��)E)<, B!�&#)%�((�D �"�8�E, 
"E��� <"&: 

� �
� �� �
� �� �

� � � �
� �

7 1/6 1/6
1 1 2 1 2 0 ")(

")( ")(211/6 1/6 ")(
0 ")( 1 2

1
0

0,3 10
1 0,68

1 0,67

Z Z Z Z Z V R E
Q E v E

ER E Z Z
Z

�

�

: � � # $� �. .� �� : �% &
� � . .' (�
, -�
, -
� �

�

�

, 

;&� ¨(4")() – /4)!)/�? ")(� 4�4 7'(48"D �;) =(�!;"" (/E//); Z1 , Z2 – ��)E-
($� ()E�!� ")(� " ��)E�, /))�<��/�<�((); £ –4)=77"8"�(� )B!�&�#DC\"* 
4)#"+�/�<) =#�4�!)()<, '+�/�<'C\", <) <G�"E)&�*/�<"" /��#4"<�C\",/D 
+�/�"8; R0 – !�//�)D("� (�"@)#?O�;) /@#"%�("D '/4)!�(();) ")(� " ��)E� 
E"O�(" (/E); V(R0(E")()) – B)��(8"�# <G�"E)&�*/�<"D /��#4"<�C\",/D 
+�/�"8 B!" E�4/"E�#?()E /@#"%�("" R0 4�4 7'(48"D =(�!;"" ")()<; £0 – 
@)!)</4"* !�&"'/ (/E). 

 111



�();)��)E($� ")($ B!" <G�"E)&�*/�<"" / E���!"�#)E < B!)8�//� 
�;) @)E@�!&"!)<4" 7!�;E�(�"!'C�/D (� ��)E$. Q!)"/,)&D� /�)#4()<�("D 
4�%&)* "G ��)E($, +�/�"8, /)/��<#DC\", E();)��)E($* ")(, / ��)E�E" 
E���!"�#�. 	 !�G'#?���� ��)E($� +�/�"8$ ")(� �)!E)GD�/D < E���!"�#�, 
��!DD /<)C 4"(��"+�/4'C =(�!;"C, B!" /�)#4()<�("" / ��)E�E" E"O�(". 
Q!" )&"(�4)<)* "/,)&()* 4"(��"+�/4)* =(�!;"" )@!�G'C\",/D B!" 7!�;-
E�(��8"" ")(� B�!�E��!$ ", <G�"E)&�*/�<"D, < +�/�()/�" B!)@�; < E���-
!"�#�, )@!��()� !�//�D("�, /B)/)@()/�? !�/B$#D�? E���!"�#, )B!�&�#DC�-
/D �)#?4) "(&"<"&'�#?($E" ,�!�4��!"/�"4�E" )�&�#?($, ��)E($, +�/-
�"8, /)/��<#DC\", ")(. 	 /<DG" / =�"E, B!" !�/+��� /!�&(�* =(�!;"", B�-
!�&�(()* =#�4�!)(�E, /#�&'�� '+"�$<��? </� ��)E($� +�/�"8$ E)#�4'#D!-
();) ")(�. 

�G<�/�(), +�) (� </� =#�4�!)($, B)#'+"<O"� &)B)#("��#?('C =(�!-
;"C, <$*&'� < <�4''E. �#�&'�� B)#�;��?, +�) =�" =#�4�!)($ !�/B!�&�#�($ 
< )@!�@��$<��E)E E���!"�#� "G)�!)B(), =(�!;��"+�/4"* @�!?�! (� B)-
<�!,()/�" �<�!&);) ��#� B#)/4"*, � �� =#�4�!)($, 4)�)!$� &<";�C�/D )� 
B)<�!,()/�", (� /E);'� "GE�("�? (�B!�<#�("� &<"%�("D " <$*�" < <�4''E. 
	 <�4''E /E);'� <$*�" #"O? �� =#�4�!)($, 4)�)!$�, &<";�D/? 4 B)<�!,()-
/�", (�B!�<#DC�/D (� (�� B)& ';#)E, E�(?O"E ';#� B)#();) <('�!�((�;) 
)�!�%�("D. F�) B!�&B)#)%�("� B!"<)&"� 4 /#�&'C\�* 7)!E'#� <�!)D�()-
/�" <$,)&� =#�4�!)(� < G�<"/"E)/�" )� =(�!;"" ")()<: 

� � � �
� � � �

0,5

")(
")(

0,5 1
F T

P E
F T Q E

# $� �D �. .� �% &, -D � �� �. .' (
, 

;&� � – !�@)�� <$,)&� =#�4�!)(� (=	). 
� '+��)E )/)@�(()/��* ;�)E��!"" B!"�E("4� =#�4�!)()< " B#)\�&" 

)@!�@��$<��E)* B)&#)%4" B)#($* <$,)& <�)!"+($, =#�4�!)()< E)%() 
B!�&/��<"�? < <"&�: 

I	F = e µ ¹ S P(E")() n(E")(, T)2/3, 
;&� e – G�!D& =#�4�!)(�; µ – ,�!�4��!"G'�� B�!�E��!$ B!"�E("4� =#�4�!)-
()<; ¹ – 4)=77"8"�(� /))�<��/�<"D, !�<($* )�()O�("C B#)�()/�" B)�)4� 
")()< 4 B#)�()/�" ��)E)< E"O�(" (� B)<�!,()/�"; S – B#)\�&? E"O�(". 

��G'#?���$ !�/+��)< �)4� <�)!"+($, =#�4�!)()< I	F B!" 4"(��"+�-
/4)* ")(()-=#�4�!)(()* =E"//"" (�FF) ,)!)O) /);#�/'C�/D / =4/B�!"-
E�(��#?($E" &�(($E", B)#'+�(($E" B!" ")(()-#'+�<)E �!�<#�("" ")-
(�E" "(�!�($, ;�G)<. 
&(�4), B!" �!�<#�("" ")(�E" !��4�"<($, ;�G)< " < 
/E�/" !��4�"<($, " "(�!�($, ;�G)< (�@#C&�C�/D !�//);#�/)<�("� !�/+��-
($, " =4/B�!"E�(��#?($, &�(($,, � "E�(() /";(�# �FF < B!)8�//� ���� 
E�(?O�, +�E B!" ")(()-#'+�<)E �!�<#�("" (���) (!"/. 1, ��@#. 1). 

	/� =4/B�!"E�(�$ B!)<)&"#"/? < (�B!�!$<()E !�%"E� / "GE�(�("-
�E /)/��<� B#�GE))@!�G'C\�� /!�&$. 

 112



	!�ED �!�<#�("D, E"(

�
)4

 	
F

, E
4�

 

 
�"/. 1. �<"/"E)/�? �)4� 	F )� <!�E�(" �!�<#�("D B#�-
/�"($ Si; ¼ – < Ar, ½ – < /E�/" ;�G)< Ar " �F4 , ¾ – < CF4 
 

��@#"8� 1. (�+�("D �)4� 	F (E4�) &#D !�G#"+($, E���!"�#)< 
B!" �!�<#�("" < �!;)(�, 7!�)(�, /E�/" ;�G)< �!;)( " 7!�)( 
 

 Nb Ti V Cu Mo Ta W Al Si Zr 
Ar  48 62 55 35 45 36 37 70 30 13 
 
Ar � CF4 16 19 18 15 24 14 19 40 20 13 
 
CF4 11 13 13 15 16 11 12 29 16 13 
           

	) </�, =4/B�!"E�(��, '/4)!DC\�� ")($ (�B!D%�("� " B#)�()/�? 
")(();) �)4� @$#" )&"(�4)<$E" " /)/��<#D#" ~1400 	 " ~2 E�//E2, /))�-
<��/�<�((), /)&�!%�("� �!;)(� < /E�/" /)/��<#D#) 50 %, B);!�O()/�? "G-
E�!�("D I	F (� B!�<$O�#� 7 %. 

	 ��@#"8� 2 B!�&/��<#�($ =4/B�!"E�(��#?($� !�G'#?���$ G(�+�("* 
�)4� <�)!"+($, =#�4�!)()< &#D !�G#"+($, E���!"�#)< B)#"4!"/��##"+�-
/4", E"O�(�* " E)()4!"/��##"+�/4);) 4�!@"&� 4!�E("D. 

��@#"8� 2. (�+�("D /4)!)/�" �!�<#�("D ((E/E"() &#D !�G#"+($, E�-
��!"�#)< B!" �!�<#�("" < �!;)(�, 7!�)(�, /E�/" ;�G)< �!;)( " 7!�)( 
 

 Nb Ti V Cu Mo Ta W Al Si Zr 
           
Ar 30 20 20 110 30 30 20 50 60 20 
           
Ar � CF4 50 40 14 95 55 50 40 42 100 14 
           
CF4 40 30 9 80 42 40 30 16 90 10 

	) <!�ED ���� E�%&' ,"E"+�/4" �4�"<($E ;�G�E " B)<�!,()/�?C 
E���!"�#� 7)!E"!'��/D /)�&"(�("� 4)�)!)� +�/�"+() B)4!$<��� B)<�!,-
()/�? "//#�&'�E);) )@!�G8�. �,�E� B!�&/��<#�(� (� !"/'(4� 2. 
@)G(�+"E 
=�' &)#C ¿t )� B)#()* B)<�!,()/�" E"O�(". 
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¿t                           (1 – ¿t) 


@!�G�8 At 

Ju

 

 
�"/. 2. �,�E� !�/+��� �)4� <�)!"+($, =#�4�!)()< B!" ���� 

 
��)@,)&"E) '+"�$<��? 4�4 /4)!)/�? !�/B$#�("D E���!"�#�, ��4 " 

/4)!)/�? 7)!E"!)<�("D /)�&"(�("D, <$G<�(();) <G�"E)&�*/�<"DE" E�%&' 
,"E"+�/4" �4�"<($E ;�G)E " ��)E�E" B)<�!,()/�". F�) '/#)<"� )B!�&�#D-
�� '!�<(�("� @�#�(/�: 

(Ju/q) �c ¿t At = �r £t (1 > ¿t) At b, 
;&� �r – B)�)4 E)#�4'# !��4�"<();) ;�G� 4) </�E B)<�!,()/�DE < 4�E�!� "G-
G� B�!8"�#?();) &�<#�("D =�);) ;�G�, £t 4)=77"8"�(� B!"#"B�("D ,"E"+�-
/4" �4�"<($, E)#�4'# ;�G�, b 7�4�)!, 4)�)!$* )B!�&�#D� +"/#) E)#�4'# 
/)�&"(�("D, /7)!E"!)<�(($, )&()* �4�"<()* E)#�4'#)* ;�G�, Ju B#)�-
()/�? ")(();) �)4�, q G�!D& =#�4�!)(�, " �c 4)=77"8"�(� !�/B$#�("D /)-
�&"(�("D. 

�))�()O�("� E�%&' �r " B�!8"�#?($E &�<#�("�E !��4�"<();) ;�G� 
Pr, E)%�� @$�? G�B"/�() 4�4: 

�r = Pr (2ÀmkT)>1/2, 
;&� m – E�//� E)#�4'#$ !��4�"<();) ;�G�, k – B)/�)D((�D �)#?8E�(� " � – 
�@/)#C�(�D ��EB�!��'!�. 

�);&� / '+��)E /��B�(" B)4!$�"D 7)!E'#� &#D !�/+��� �)4� 	F @'-
&�� "E��? /#�&'C\"* <"&: 

I	F = e µ ¹ S (1 > ¿t) P(E")() n(E")(, T)2/3. 
Q!)<�&�(($� !�/+��$ '&)<#��<)!"��#?() 4)!!�#"!'C� / B!�&/��<-

#�(($E" =4/B�!"E�(��#?($E" !�G'#?����E". 

���������� 
1. ��!;"�(4) �.�., �"E�4"( �.�., �'G(�8)< �.�. " &!. / ����!"�#$ IV !)/-

/"*/4)-DB)(/4);) /�E"(�!� «Q�!/B�4�"<($� ��,()#);"" " )@)!'&)<�-
("� &#D E���!"�#)<�&�("D, E"4!)- " (�()=#�4�!)("4"». �)/4<�, 2006. 

2. �'!)+4� �.�., ��!;"�(4) �.�., �'G(�8)< �.�. " &!. / �!'&$ VII ��%&'-
(�!)&()* !)//"*/4)-4�G�,/��(/4)-DB)(/4)* (�'+()* 4)(7�!�(8"" 
«Q�!/B�4�"<($� ��,()#);"", )@)!'&)<�("� " �(�#"�"+�/4"� /"/��E$ 
&#D E���!"�#)<�&�("D " (�()E���!"�#)<». �)/4<�, 2009. 

3. �"/#)< �.�., �'G(�8)< �.�., ��!;"�(4) �.�. " &!. // �G<�/�"D <'G)<. 
����!"�#$ =#�4�!)(()* ��,("4". 2004. � 4. 

4. �!'/"#)</4"* �.�. �"(��"+�/4�D ")(()-=#�4�!)((�D =E"//"D. – �.: 
F(�!;)"G&��, 1990. 
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F��Q�����������
� ������
	���� 
������ 
������ Q���
����
��
�
 Q����
�� 

��� 537.311.3 

�)84)< 	.�., �@�<"( �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 /)<!�E�(()* ��)!"" B!)��4�("D &)/���)+() B)&!)@() !�//E)�!�-
($ <)B!)/$ B!)<)&"E)/�" < /"/��E�, B!)<)&("4 – &"=#�4�!"4 B!" !�G-
#"+($, /))�()O�("D, E�%&' '&�#?($E" B!)<)&"E)/�DE" 4)EB)(�(�)<. 

&(�4) < !��#?($, /"/��E�,, (�"@)#�� +�/�) </�!�+�C\",/D (� B!�4�"4�, 
"E�C�/D /'\�/�<�(($� )�4#)(�("D )� ��)!��"+�/4", B)#)%�("*. � +"/#' 
��4", <)B!)/)< )�()/"�/D /'\�/�<)<�("� )@#�/�" !�GE�G4" <  B�!4)#D8"-
)(()E B�!�,)&�. Q)& )@#�/�?C !�GE�G4" ³ B)("E�C� <�#"+"(' «!�GE$-
�"D» B�!�,)&� )� )&();) 4!"�"+�/4);) B)<�&�("D 4 &!';)E'. 
&(�4), <�/?-
E� "(��!�/($E, 4�4 &#D B!�4�"+�/4", 8�#�* B!"E�(�("D, ��4 " &#D ��)!"" 
B�!4)#D8")(($, B�!�,)&)< D<#D��/D <)B!)/ <G�"E();) /))�<��/�<"D ��)-
!��"+�/4", B!�&/��<#�("*  " =4/B�!"E�(��#?($, &�(($,. 

	 =4/B�!"E�(��#?($, &�(($, @$#" )�)@!�($ �� 4)EB)G"�$ < 4)�)-
!$, &)/���)+() D<() B!"/'�/�<)<�#) &<� 4!"�"+�/4", /)/�)D("D, +�) B!)-
&"4�)<�() �!�@)<�("DE" (�/�)D\�* !�@)�$. Q)& <�#"+"()* xmax B)&!�G'-
E�<���/D 4)(8�(�!�8"D B!)<)&D\�* 7�G$ < 4)EB)G"��, 4);&� )@V�E()� 
'&�#?()� /)B!)�"<#�("� 4)EB)G"�� @#"G4) 4 <�#"+"(� )@V�E();) '&�#?()-
;) /)B!)�"<#�("D (�B)#("��#D (B!)<)&D\�* 7�G$), �. �. B�!4)#D8")(($* 
B�!�,)& G�4�(+"<���/D. Q)& <�#"+"()* xmin B)&!�G'E�<���/D 4)(8�(�!�8"D 
B!)<)&D\�* 7�G$ < 4)EB)G"��, 4);&� )@V�E()� '&�#?()� /)B!)�"<#�("� 
4)EB)G"�� '%� (�+"(��� 'E�(?O��?/D )� <�#"+"($ ,�!�4��!()* &#D E��-
!"8$ (B�!�7"(�), �. � B�!4)#D8")(($* B�!�,)& �)#?4) (�+"(���/D. 
�()-
/"��#?() @)#?O"� <�#"+"($ xmax , xmin , xc &#D 4)EB)G"�� B�!�7"( – �#CE"-
("* )@'/#)<#�($ 4)(��4�($E" D<#�("DE" " /)B!)�"<#�("�E )4/"&� �#C-
E"("D. &�/? xc – 4)(8�(�!�8"D (�B)#("��#D < �)+4� B�!4)#D8")(();) B�-
!�,)&� (B)!); B!)��4�("D). �)(�+(), B!" !�GE$�)E B�!4)#D8")(()E B�!�-
,)&� @)#?O)* "(��!�/ B!�&/��<#D�� )B!�&�#�("� /�E)* <�#"+"($ B)!);� 
B!)��4�("D. �#D "G@�%�("D (�)B!�&�#�(()/�" < )B!�&�#�("" <�#"+"( xmin 
" xmax )(" )B!�&�#D#"/? 4�4 �)+4" B�!�/�+�("D B!DE$,, 4)�)!$� /))�<��-
/�<)<�#" �BB!)4/"E"!'C\�* B�!�,)&()* B!DE)* "G )&();) 4!"�"+�/4);) 
/)/�)D("D < &!';)� " B!DE)* )&();) "G 4!"�"+�/4", /)/�)D("* (!"/. 1). 
�/#" <)/B)#?G)<��?/D B!�<"#)E !�<($, B#)\�&�* ��4/<�##�, �) 4!"�"+�-
/4�D �)+4� – �)+4� B�!4)#D8")(();) B�!�,)&� (�,)&"�/D < /�!�&"(()* +�/-
�" )@#�/�" !�GE�G4". 
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�"/. 1. �<"/"E)/�? )@V�E();) '&�#?();) /)B!)�"<#�("D )� )@V�E()* 
4)(8�(�!�8"" B!)<)&D\�* 7�G$ )(lg xf��  &#D E�4!)/"/��E$ B�!�-
7"( – %�#�G): 1 – ��)!��"+�/4�D 4!"<�D , 2 – =4/B�!"E�(��#?(�D 
 

�#D B!)<�!4" /))�<��/�<"D E)&�#" =4/B�!"E�(��#?($E &�(($E @$-
#" B)/�!)�($ ��)!��"+�/4"� G�<"/"E)/�": 
 Áe = Á1Â>t, Â > 0 " Áe = Á2Âq, Â > 0, (1) 
;&� Â = (x>xc)/xc; Áe – '&�#?()� )@V�E()� /)B!)�"<#�("� 4)EB)G"�� < G�-
<"/"E)/�" )� 4)(8�(�!�8"" (�B)#("��#D; Á1 – '&�#?()� )@V�E()� /)-
B!)�"<#�("� (�B)#("��#D E��!"8$; Á2 – '&�#?()� )@V�E()� /)B!)�"<-
#�("� E��!"8$. 

��4 <"&() "G !"/. 1 /,)&/�<) ��)!��"+�/4)* 4!"<)* 1 " =4/B�!"E�(-
��#?()* 2 &)<)#?() )�()/"��#?()� " B!"<)&"�/D < (�/�)D\�* !�@)�� #"O? 
&#D B)&�<�!%&�("D &)/�)<�!()/�" <$@)!� <�#"+"( t " q, 4)�)!$� "/B)#?-
G'C�/D &�#��. 	)GE)%(), +�) B!" !�G#)%�("" <$!�%�("* < !D& " <$@)!� 
/))�<��/�<'C\", 4)=77"8"�(�)< !�G#)%�("D &#D !�G#"+($, '+�/�4)< 
/)<B�&�("� @'&�� )B�"E�#?($E. �#D ��)!��"+�/4);) !�/+��� )@#�/�" !�G-
E�G4" "/B)#?G)<�#)/? /))�()O�("�: 
 ³ = h1/(t+q), (2) 
;&� h = ¦2/¦1 = Á1/Á2 [1, 4], ¦1 – B!)<)&"E)/�? E��!"8$, ¦2 – B!)<)&"E)/�? 
(�B)#("��#D, t " q – 4!"�"+�/4"� "(&�4/$ B!)<)&"E)/�", G�<"/D\"� )� 
E�!()/�" G�&�+", <�#"+"($ 4)�)!$, &#D !�GE�!()/�" B!)/�!�(/�<� d=3 
B!"("E�#"/? t=1,7; q=0,54. . �. �: 
 ³ = (Á1/Á2) 1/(t+q) � (Á1/Á2)0,446. (3) 

�#D )@!�@)�4" =4/B�!"E�(��#?($, !�G'#?���)< "/B)#?G)<�-
#)/? /))�()O�("�: 
 ³ = (xmax > xc)/xc . (4) 
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	�#"+"($ '&�#?();) )@V�E();) /)B!)�"<#�("D (�B)#("��#D " E��-
!"8$ @!�#"/? #"@) ��@#"+($E", #"@) )B!�&�#D#"/? =4/B�!"E�(��#?(). 
�#D '<�#"+�("D &)/�)<�!()/�" B)#'+�(($, !�G'#?���)< @$#" "/B)#?G)<�-
($ &�(($� &!';", �<�)!)<. � /)%�#�("C, +"/#) B)#($, &�(($,, B!";)&-
($, &#D +"/#�(();) �(�#"G�, (�<�#"4). ��G'#?���$ B!�&/��<#�($ (� !"/. 2. 
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�"/. 2. �<"/"E)/�? !�GE$�)/�" B�!4)#D8")(();) B�!�,)&� ³ )� /))�-
()O�("D '&�#?($, )@V�E($, /)B!)�"<#�("* (�B)#("��#D " E��!"8$ h < 
&<)*($, #);�!"7E"+�/4", 4))!&"(���,: 1 – =4/B�!"E�(��#?(�D 4!"<�D; 
�)+4� × –&#D 4)EB)G"�� ("4�#? – B)#"=�"#�(; �)+4� ³ – &#D 4)EB)G"�� 
%�#�G) – B)#"�E"&(�D B#�(4�; 2 – ��)!��"+�/4�D 4!"<�D B) 7)!E'#� (3) 
 

�!"<�D 1 !"/. 2 E)%�� @$�? �BB!)4/"E"!)<�(� G�<"/"E)/�?C 
lg ³ = > 0,0006 lg (Á1/Á2) > 0,4507. ��4 <"&() "G !"/. 2 B)#'+�($ &)<)#?() 
(�)%"&�(($� !�G'#?���$. 	�#"+"(� !�GE�G4" B�!4)#D8")(();) B�!�,)&� 
/#�@) G�<"/"� )� h, �. �. )� /))�()O�("D B!)<)&"E)/��* (/)B!)�"<#�("*) 
E��!"8$ " (�B)#("��#D < &)<)#?() O"!)4)E &"�B�G)(�, +�) (� /)<B�&��� 
/ /'\�/�<'C\"E" ��)!��"+�/4"E" B!�&/��<#�("DE". ��G#"+"� /�)#? <�-
#"4), +�) "/4#C+��� <)GE)%()/�? =4/B�!"E�(��#?()* )O"@4". 	�#"+"(� 
)@#�/�" !�GE�G4" B!"@#"G"��#?() )&"(�4)<� ³ � 0,355 &#D <�/?E� !�G()-
!)&($, 4)EB)G"�)<, 4)�)!$�, @�G'/#)<(), "E�C� !�G($� '/�&)+($� '/"-
#"D " 4)(��4�($� /)B!)�"<#�("D. 	)GE)%(), +�) < )@#�/�" !�GE�G4" / 
!)/�)E 4)(8�(�!�8"" (�B)#("��#D B!)B)!8")(�#?() "GE�(DC�/D <�#"-
+"($ xmax , xmin < G�<"/"E)/�" )� <�#"+"($ xc , < !�G'#?���� +�;) <�#"+"(� 
³ )/����/D B)/�)D(()*. 
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��
	�� ������
	���� 
����
�������� �� �������� ������ 

��� 621.328.323 

�"E)7��< �.
., ��#�G(¯< �.�., �)()< �.�. 


�
 «
��-Q#�(���», 	�#"4"* �)<;)!)& 
�)<;)!)&/4"* ;)/'&�!/�<�(($* '("<�!/"���  
"E�(" �!)/#�<� �'&!);), 	�#"4"* �)<;)!)& 

	 ��,()#);"+�/4)E B!)8�//� "G;)�)<#�("D �	� E"4!)=#�4�!)(($, 
B!"@)!)< (� �!/�("&� ;�##"D )/'\�/�<#DC�/D "GE�!�("D /���"+�/4", " 
/<�!,<$/)4)+�/�)�($, B�!�E��!)< ;)�)<$, 4!"/��##)< (� B#�/�"(�: &#D 
)�@!�4)<4" B!"@)!)< B) =#�4�!"+�/4"E B�!�E��!�E (� G�&�(()* !�@)+�* 
+�/�)��, &#D 4)!!�4�"!)<4" ��,()#);"+�/4);) B!)8�//�, &#D B)#'+�("D 
"(7)!E�8"", "/B)#?G'�E)* B!" E)&�#"!)<�("" B!"@)!)<. 

��@)�� B) )/<)�("C " <(�&!�("C < ��,()#);"+�/4"* B!)8�// B!)"G-
<)&/�<� ()<$, "GE�!"��#?($, /!�&/�<, B)G<)#DC\", 4)(�!)#"!)<��? B�-
!�E��!$ E"4!)=#�4�!)(($, B!"@)!)< (� B)/�)D(()E �)4� " < �	� &"�B�-
G)(�, D<#D��/D �4�'�#?()*. �GE�!�("D B�!�E��!)< �	� E"4!)=#�4�!)(($, 
B!"@)!)< (� !�G#"+($, =��B�, ��,()#);"+�/4);) B!)8�//� B!)"G<)&/�<� 
B)G<)#DC� /)4!��"�? /�@�/�)"E)/�? "G&�#"*, '/4)!"�? B!)8�// B!)�4�"!)-
<�("D B!"@)!)<. 

����"+�/4"� B�!�E��!$ 4!"/��##)< < (�/�)D\�� <!�ED '/B�O() "G-
E�!DC�/D, )&(�4) D<#D��/D B!)@#�E)* "GE�!�("� �	� B�!�E��!)< E"4!)-
/�!'4�'! B!"@)!)< (� B#�/�"(�. 

��@)�� B)/<D\�(� G)(&)<$E "//#�&)<�("DE < ��,()#);"+�/4)E B!)-
8�//� "G;)�)<#�("D �	� E"4!)=#�4�!)(($, B!"@)!)< (� GaAs. �//#�&)-
<�("D B!)<)&"#"/? B!" B)E)\" 4)EB#�4/� /)<!�E�(();) )@)!'&)<�("D, 
<4#C+�C\�;) G)(&)<'C /��(8"C Cascade Microtech Summit 12000, "GE�-
!"��#? B�!�E��!)< B)#'B!)<)&("4)<$, B!"@)!)< Agilent B1500, �(�#"G�-
�)! 8�B�* Agilent N5230. 

�#D B!)<�&�("D G)(&)<$, "//#�&)<�("* /���"+�/4", B�!�E��!)< < 
,)&� ��,()#);"+�/4);) B!)8�//� "G;)�)<#�("D ��� (� B#�/�"(� @$#� !�G-
!�@)��(� ��/�)<�D D+�*4�, B!�&/��<#�((�D (� !"/'(4� 1. 	 /)/��< ��/�)<)* 
D+�*4" <,)&D� /�!'4�'!$ &#D 4)(�!)#D: 

– /)B!)�"<#�("D "G)#D8""; 
– /#)�<);) /)B!)�"<#�("D; 
– '&�#?();) 4)(��4�();) /)B!)�"<#�("D /B#�<�; 
– B�!�E��!)< B)#�<);) �!�(G"/�)!� / @�!?�!)E P)��4". 
�!"/��## ��/�)<)* D+�*4" 7)!E"!'��/D (� B#�/�"(� )&()<!�E�(() / 

4!"/��##�E" ���. 
)(&)<$� "//#�&)<�("D B!)<)&"#"/? (� /#�&'C\", =��B�, ��,()#)-

;"+�/4);) B!)8�//� "G;)�)<#�("D E"4!)/�!'4�'! B!"@)!)<: 
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�"/. 1. �!"/��## ��/�)<)* D+�*4" 

1. Q)/#� /)G&�("D "G)#D8"" E��)&)E @)E@�!&"!)<4" ")(�E" <)&)-
!)&� (=(�!;"" " &)G$: H+ 100 4=	/100 E4�#//E2 " 2H�  50 4=	/50 E4�#Ã/E2). 

2. Q)/#� B!)8�//� B#�GE),"E"+�/4);) )/�%&�("D B#�(4" SiO2 
(�=270 °C) (� /��&"" 7)!E"!)<�("D /'@E"4!)(();) G��<)!�. 

3. Q)/#� 7)!E"!)<�("D <�!,(�;) '!)<(D E���##"G�8"" (� B)#()/�?C 
/7)!E"!)<�(()* /�!'4�'!�. 

��G'#?���$ "GE�!�("* B�!�E��!)< B!�&/��<#�($ < ��@#"8�, 1–3. 

��@#"8� 1. (�+�("D /)B!)�"<#�("D "G)#D8"" R"G /! , 
R"G min " R"G max (� !�G($, =��B�, "G;)�)<#�("D ��� 
 


B�!�8"D R"G /! , 
�
E 

R"G min ,  
�
E 

R"G max , 
�
E 

1.  Q)/#� ")(()* "EB#�(��8"" 11,3 9,0 13,8 
2.  Q)/#� B#�GE),"E"+�/4);) )/�%&�("D SiO2 81,4 52,6 99,9 
3.  Q)/#� 7)!E"!)<�("D <�!,(�;) '!)<(D E�-

��##"G�8"" 
70,4 50,9 85,9 

��@#"8� 2. (�+�("D /#)�<);) /)B!)�"<#�("D Rsh /! ,  
Rsh min " Rsh max (� !�G($, =��B�, "G;)�)<#�("D ��� 
 


B�!�8"D Rsh /! , 

E/Ä 

Rsh min ,  

E/Ä 

Rsh max , 

E/Ä 

1. Q)/#� ")(()* "EB#�(��8"" 88,4 84,0 96,9 
2. Q)/#� B#�GE),"E"+�/4);) )/�%&�("D SiO2 93,5 90,9 97,4 
3. Q)/#� 7)!E"!)<�("D <�!,(�;) '!)<(D E�-
��##"G�8"" 

94,9 91,9 97,4 
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��@#"8� 3. (�+�("D '&�#?();) 4)(��4�();) /)B!)�"<#�("D  
�� /! , �� min " �� max (� !�G($, =��B�, "G;)�)<#�("D ��� 

 


B�!�8"D �� /! ,  

E·/E2 

�� min ,  

E·/E2 

�� max , 

E·/E2 

1. Q)/#� ")(()* "EB#�(��8"" 1,4·10>6 5,2·10>6 4,1·10>6

2. Q)/#� B#�GE),"E"+�/4);) )/�%&�("D SiO2 1,1·10>6 2,4·10>6 4,2·10>6

3. Q)/#� 7)!E"!)<�("D <�!,(�;) '!)<(D E�-
��##"G�8"" 1,2·10>6 2,2·10>6 3,1·10>6

��G@!)/ G(�+�("* /)B!)�"<#�("D "G)#D8"" " ,�!�4��! !�/B!�&�#�("D 
B) B#)\�&" B#�/�"($, B)-<"&"E)E', /<DG�( / (�)&()!)&()/�?C B!)8�//� 
")(()* "EB#�(��8"". �)B!)�"<#�("� "G)#D8"" '<�#"+"<���/D B)/#� B!)-
8�//� B#�GE),"E"+�/4);) )/�%&�("D SiO2. Q!�&B)#�;���/D, +�) =�) /<DG�() 
/ )�%";)E !�&"�8")(($, &�7�4�)<, G)(($* E�,�("GE B!)<)&"E)/�" /��()-
<"�/D )/()<($E, � !)#? B!$%4)<);) E�,�("GE� B!)<)&"E)/�" /("%���/D [1]. 

�<�#"+�("� G(�+�("D /#)�<);) /)B!)�"<#�("D B)/#� B#�GE),"E"+�-
/4);) )/�%&�("D SiO2 E)%�� @$�? /<DG�() / &<'ED B!"+"(�E": )@!�@)�4)* 
< !�/�<)!� �EE"�4� " )4"/#�("�E B!"B)<�!,()/�();) /#)D E���!"�#� < 
B!)8�//� B#�GE),"E"+�/4);) )/�%&�("D SiO2. 

�&�#?()� 4)(��4�()� /)B!)�"<#�("� /B#�<� B!�4�"+�/4" (� "GE�(D��-
/D " )/����/D (� '!)<(� 2·10>6 
E·/E2, +�) /<"&���#?/�<'�� ) <$/)4)E 4�+�-
/�<� /7)!E"!)<�(();) )E"+�/4);) 4)(��4�� 4 �!/�("&' ;�##"D " /��@"#?()-
/�" "/B)#?G'�E)* /"/��E$ E���##"G�8"" (Au/Ge-Mo-Au-Mo), =77�4�"<()-
/�" B!"E�(�("D Mo < 4�+�/�<� &"77'G")(();) @�!?�!� < /"/��E� Au-Mo-Al. 

	 ��/�)<)* D+�*4� 7)!E"!)<�#"/? /�!'4�'!$ B)#�<);) �!�(G"/�)!� / 
@�!?�!)E P)��4". 	 &�(()* !�@)�� "//#�&)<�#"/? &<� /���"+�/4", B�!�-
E��!� B)#�<);) �!�(G"/�)!� / @�!?�!)E P)��4": 4!'�"G(� gm " �)4 /�)4� 
(�/$\�("D Ids. ��G'#?���$ B!�&/��<#�($ < ��@#"8� 4. 

��@#"8� 4. (�+�("D �)4� /�)4� (�/$\�("D 
Ids /! , Ids min , Ids max " 4!'�"G($ gm /! , gm min , gm max 
 

Ids �� , E� Ids min , E� Ids max , E� gm /! , E�E gm min , E�E gm max , E�E 
10,8 10,0 12,5 20,4 19,3 21,7 

�)#?O)* !�G@!)/ G(�+�("* �)4� /�)4� (�/$\�("D /<DG�( / B!)8�//)E 
7)!E"!)<�("D 4�(�#� B)#�<);) �!�(G"/�)!� E��)&)E ,"E"+�/4);) �!�<#�-
("D. ��G@!)/ G(�+�("* 4!'�"G($ (� (�@#C&���/D, +�) )@'/#)<#�() <$/)-
4"E 4�+�/�<)E "/,)&($, /�!'4�'! (� �!/�("&� ;�##"D. 

)(&)<$� "//#�&)<�("D �	� B�!�E��!)< B!)<)&"#"/? (� ��/�)<$, 
�!�(G"/�)!�,. �#D B!)<�&�("D "GE�!�("* "/B)#?G)<�#"/? �	� G)(&$ /�-
!"" Infinity /�!'4�'!$ «GSG» («�E#D» – «�";(�#» – «�E#D») (!"/. 2), B)& 
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4)�)!$� @$#� !�G!�@)��(� �)B)#);"D ��/�)<$, �!�(G"/�)!)< (� =B"��4/"-
�#?($, /�!'4�'!�,. �!"/��## ��/�)<);) �!�(G"/�)!� B!�&/��<#�( (� !"/. 3. 

 
�"/. 2. Q#�/�"(� / )B'\�(($E" �	� G)(&�E" 

 
�"/. 3. �!"/��## ��/�)<);) �!�(G"/�)!� 

�(��!�/'C\"E B�!�E��!)E &#D &�(($, "GE�!�("* D<#D��/D B�!�-
E��! S21 , )B!�&�#DC\"* 4)=77"8"�(� '/"#�("D B) E)\()/�". (�+�("D 
B�!�E��!� S21 /! , S21 min , S21 max B!"<�&�($ < ��@#"8� 5. 

)(&)<$� "//#�&)<�("D �	� B�!�E��!)< (� ��/�)<$, �!�(G"/�)!�, 
E);'� @$�? "/B)#?G)<�($ &#D !�G@!�4)<4" �	� E"4!)/�!'4�'! (� B#�/�"-
(�. Q)#'+�(($� B�!�E��!$ "/B)#?G'C�/D B!" B!)�4�"!)<�("" #"(�*($, 
E�#)O'ED\", �	� '/"#"��#�* (� GaAs. 

��@#"8� 5. (�+�("D B�!�E��!� S21 /! , S21 min " S21 max 

S21 /! , &� S21 min , &� S21 max , &�
11,5 10,0 13,6 

��4"E )@!�G)E, B)4�G�(� B!"(8"B"�#?(�D <)GE)%()/�? "GE�!�("* 
�	� B�!�E��!)< E"4!)/�!'4�'! (� B#�/�"(� " ", B!"E�(�("� < /�!"*()E 
B!)"G<)&/�<� �	� E"4!)=#�4�!)(($, B!"@)!)< (� �!/�("&� ;�##"D. 

���������� 
1. Mott N.F., Davies E.A. Electronic process in ion-crystalline materials. – 

Claredon Press: Oxford, 1971. 
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	���� �
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����
C��� 
���
���������
	����� Q���
� �� 
��
	� �Q��	� TI1>xVx 

��� 539.21 

�"E)O�(4)< �.Q.1, ���< �.�.2, �)*4) �.�.1 

1�)/4)</4"* ;)/'&�!/�<�(($* "(/�"�'� =#�4�!)(()* ��,("4", �)/4<� 
spt@miee.ru; anton.bojko@mail.ru  

2��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 
dahir@mail.ru 

��#"+"� !�G<"�)* B)<�!,()/�" ;�G)B);#)\�C\�;) B)4!$�"D D<#D��-
/D )&("E "G '/#)<"* �;) <$/)4)* /)!@8")(()* �E4)/�", B)=�)E' "//#�&)-
<�("� E��)&)< B)#'+�("D E�#4)&"/B�!/()* /�!'4�'!$ (�B$#D�E)* B#�(4" 
D<#D��/D )&("E "G (�)@,)&"E$, " <�%($, =��B)< /)G&�("D ��,()#);"" 
7)!E"!)<�("D ;�G)B);#)\�C\", /#)�< [1]. 

�#D 7)!E"!)<�("D ;�G)B);#)\�C\", (;����!($,) B)4!$�"* < =4/B�-
!"E�(��, @$# "/B)#?G)<�( E��)& E�;(��!)(();) !�/B$#�("D, ��,()#);"+-
($*, B)G<)#DC\"* (�()/"�? B#�(4" /#)%();) /)/��<�. 	 4�+�/�<� ;����!()-
;) E���!"�#� @$# <$@!�( /B#�< Ti70V30, 4)�)!$* ,�!�4��!"G'C�/D <$/)4)* 
�4�"<()/�?C 4 ;�G�E, � ��4%� )�()/"��#?() ("G4)* ��EB�!��'!)* �4�"<�8"". 

�����!($� B#�(4" /)/��<� Ti70V30, B)#'+�#" E�;(��!)(($E !�/B$#�-
("�E /)/��<()* " B)!)O4)<)* E"O�(�*. �)/��<(�D E"O�(? @$#� "G;)�)<-
#�(� "G +"/�$, E���##)< (Ti, V). Q#)\�&" G)( ")(();) !�/B$#�("D �"��(� 
" <�(�&"D (� /)/��<()* E"O�(" )B!�&�#D#"/? B'��E E)&�#"!)<�("D /))�-
<��/�<'C\", ��)E�!($, B)�)4)< / '+��)E 4)=77"8"�(�)< !�/B$#�("D " 
�44)E)&�8"" < B#�GE� �!;)(�. 
/()<' B)!)O4)<)* E"O�(" /)/��<#D#" 
;!�('#"!)<�(($� +�/�"8$ /B#�<� Ti70V30. �����!($� B#�(4" )/�%&�#" (� 
)4"/#�(($� 4!�E("�<$� E)()4!"/��##"+�/4"� B)&#)%4" " B)&#)%4" "G 
/��4#� E�!4" �-8, 4)�)!$� D<#DC�/D @�G)<$E" 4)(/�!'48")(($E" E���-
!"�#�E" ��,()#);"* =#�4�!)(()* ��,("4". 	 B!)8�//� 7)!E"!)<�("D ;��-
��!($, B#�()4 <�!?"!)<�#"/? B�!�E��!$ B!)8�//� E�;(��!)(();) (�B$#�-
("D, < �)E +"/#� /4)!)/�? !�/B$#�("D E"O�(" " ��EB�!��'!� B)&#)%4". 
Q!)<�&�(($� =4/B�!"E�(�$ B)G<)#"#" B)#'+"�? (�()/�!'4�'!"!)<�(($� 
B#�(4" Ti70V30 �)#\"()* )� 0,2 &) 2 E4E. �//#�&)<�("� E"4!)- " (�()/�-
!'4�'!$ B)#'+��E$, B#�()4 B!)<�&�() / B)E)\?C E��)&)< /<��)<)* 
(Latimet-20), ��)E()-/"#)<)* (Solver Pro EC, ��-���) " =#�4�!)(()* E"4-
!)/4)B"". ��G)<$* /)/��< B#�()4 @$# "//#�&)<�( (� !�(�;�()</4)E &"-
7!�4�)E��!� ��
�-6, � ,"E"+�/4"* — (� =#�E�(�()E 7#')!�/8�(�()E 
�(�#"G��)!� �Q����
����-����-GV. 

�� !"/. 1 B!�&/��<#�($ !�G'#?���$ "//#�&)<�("D E"4!)/�!'4�'!$ 
B#�()4 /)/��<� Ti70V30 " �)#\"()* 2 E4E. Q#�(4" B)#'+�($ E�;(��!)(($E 
!�/B$#�("�E /)/��<()* " B)!)O4)<)* E"O�(" B!" &�<#�("" �!;)(� 
510>3 EE !�. /�. B!" B#)�()/�" ")(();) �)4� 30 E�/cE2 " (�B!D%�("" 450 	. 
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�"/. 1. ���-"G)@!�%�("D B)<�!,()/�" Ti70V30 , B)#'+�(($, E�;(��!)(-
($E !�/B$#�("�E " /))�<��/�<'C\"� ;"/�);!�EE$ !�/B!�&�#�("D 4!"-
/��##"+�/4", G�!�( B) !�GE�!�E: � – /)/��<(�D; 5 – B)!)O4)<�D E"O�(? 
 

��4 <"&() "G B!�&/��<#�(($, !�G'#?���)<, < )@)", /#'+�D, B#�(4" 
D<#DC�/D <$!�%�() ;!�('#"!)<�(($E", ;!�('#�E B!"/'\ �"B 7!�4��#?($, 
�;!�;��)<. �!�4��#?(�D !�GE�!()/�? B)<�!,()/�" B#�()4 (�,)&"�/D < "(-
��!<�#� 2,7–2,8. ��E %� B!�&/��<#�($ ;"/�);!�EE$ !�/B!�&�#�("D 4!"/��#-
#"+�/4", G�!�( B) !�GE�!�E, 4)�)!$� /<"&���#?/�<'C� ) (�#"+"" E�#4)&"/-
B�!/()* /�!'4�'!$ < (�()E�O��@�, /) /!�&("E !�GE�!)E G�!�( 20–120 (E. 

Q) !�G'#?����E "//#�&)<�("D "G#)E)< B#�()4 E��)&�E" =#�4�!)(()* 
" ")(()* E"4!)/4)B"" (!"/. 2) B)4�G�(), +�) �(�#);"+($* �"B (�()/�!'4-
�'!"!)<�("D /),!�(D��/D B) </�* �)#\"(� B#�()4. Q)/#�&(�� '4�G$<��� (� 
<$/)4'C <�#"+"(' ", '&�#?()* B)<�!,()/�". 

 
�"/. 2. �G)@!�%�("D B#�()4 Ti70V30 , B)#'+�(($, E�;(��!)(($E !�/B$-
#�("�E (/)/��<(�D E"O�(?) ")(()* (�) " =#�4�!)(()* (5) E"4!)/4)B"�* 
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�� !"/. 3. B!�&/��<#�($ /B�4�!$ !�(;�()7#C)!�/8�(�();) �(�#"G�. 
�(�#"G /B�4�!)< B)4�G�#, +�) B#�(4", B)#'+�(($� !�/B$#�("�E /)/��<()* 
E"O�(", ,�!�4��!"G'C�/D E�(?O"E /)&�!%�("�E 7)()<$, B!"E�/�*. �� 
/B�4�!�, )@!�G8� B)#'+�(();) !�/B$#�("�E B)!)O4)<)* E"O�(" )�E�+�-
��/D <$/)4)� /)&�!%�("� 4�&E"D, %�#�G� " &!. =#�E�(�)<. 

 

�"/. 3. �"�;!�EE� !�(�;�()7#C!�/8�(�();) �(�#"G� 
B#�(4", B)#'+�(()* E��)&)E E�;(��!)(();) !�/B$#�-
("D (� — /)/��<(�D E"O�(?; 5 — B)!)O4)<�D E"O�(?) 
 

�� !"/. 4 B!"<�&�(� &"7!�4�);!�EE� B#�(4", B)#'+�(()* E�;(�-
�!)(($E !�/B$#�("�E /)/��<()* E"O�(". �� &"7!�4�);!�EE� B#�(4" 
<"&($ /E�O�(($� #"("" �"��(�, B!" B!�4�"+�/4)E )�/'�/�<"" #"("* 
/B�4�!� <�(�&"D. F�) '4�G$<��� (� �), +�) B)#'+�((�D E�;(��!)(($E !�/-
B$#�("�E B#�(4� B!�&/��<#D�� /)@)* �<�!&$* !�/�<)! (� )/()<� �"��(�. 

	 8�#)E, B)#'+�(($� !�G'#?���$ /<"&���#?/�<'C� ) <)GE)%()/�" 
B!"E�(�("D B!�&#)%�(($, ��,()#);"* &#D B)#'+�("D =77�4�"<($, ;��-
��!($, B#�()4 B!" !�G!�@)�4� "G&�#"* 7'(48")(�#?()* " "(��;!�#?()* 
=#�4�!)("4". 
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�"/. 4. �"7!�4�);!�EE� B#�(4" /)/��<� Ti70V30, B)#'+�(()* 
E��)&)E E�;(��!)(();) !�/B$#�("D /)/��<()* E"O�(" 
 

�//#�&)<�("D B!)<�&�($ < !�E4�, !��#"G�8"" ��Q «��'+($� " (�-
'+()-B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009 – 2013 ;)&$. 

���������� 

1. Jin Y., Zhao Y. “Research on micro/nano film getters for vacuum mainte-
nance of MEMS”, Proceedings of SPIE, the International Society for Optical 
Engineering. ISSN 0277-786X, vol. 6032, 2006. 
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	������ �
��
�
��� �������	
� Q
��
��� 
�� �
��� Q
	����
��� Q���
� TiN � TiC 

��� 621.315.592 

��E&),)< �.., ��E&),)< F.., ��E&),)< .�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�)(4"� B#�(4" ("�!"&� �"��(� TiN " 4�!@"&� �"��(� TiC (�,)&D� </� 
@)#�� O"!)4)� B!"E�(�("� < (�()=#�4�!)("4�. Q!" =�)E �!�@)<�("D 4 
B#)/4)/�()/�" =�", B#�()4 <)G!�/����. �G #"��!��'!$ "G<�/�(), +�) E)!-
7)#);"D B)<�!,()/�" B)&#)%4" ";!��� )B!�&�#DC\'C !)#? B!" !)/�� 
B#�()4 [1, 2]. 

	 /<DG" / =�"E E$ "//#�&)<�#" <#"D("� (�)&()!)&()/�" B)<�!,()-
/�" 4!�E("D (� 7)!E' B)<�!,()/�" B#�()4 TiN " TiC. 

Q#�(4" TiN " TiC @$#" B)#'+�($ (� '/��()<4� �	��Q�-1-001 E�-
�)&)E <�4''E()-&';)<);) !�/B$#�("D �"��()<)* E"O�(" < ��E)/7�!� �G)-
�� " B!)B�(�, /))�<��/�<�((). 	 4�+�/�<� B)&#)%4" "/B)#?G)<�#"/? B#�-
/�"($ 4!�E("D E�!4" ���-20 / )!"�(��8"�* (100). Q�!�& (�B$#�("�E B)-
<�!,()/�? B)&#)%4" )+"\�#�/? )� G�;!DG(�("* / B)E)\?C "/�)+("4� ")(-
();) �!�<#�("D. 

��B$#�("� B#�()4 )/'\�/�<#D#)/? B!" !�@)+�E &�<#�("" 5×10>2 Q�. 
�� !"/. B!"<�&�($ ���-"G)@!�%��("D 7!�;E�(�)< B)<�!,()/�" 

B#�()4 TiN " TiC. 

 
�      5    

�"/. ���-"G)@!�%�("� '+�/�4)< B)<�!,()/�" B#�(4" TiC (�) " TiN (5) 
 

�� =�", !"/'(4�, ,)!)O) <"&($ (�)&()!)&()/�" B)<�!,()/�" B#�-
()4, "E�C\", 7)!E' B"4)<, !�/B)#)%�(($, (� &�7�4��, B)<�!,()/�" 
4!�E("�<)* B)&#)%4" < <"&� 8�!�B"(, <$4)#)<. Q)-<"&"E)E', =�) )@'-
/#)<#�() ��E, +�) B!" (�B$#�("" E)#�4'#$ TiN " TiC G�4!�B#DC�/D B!�-
"E'\�/�<�(() (� &�7�4��,, +�) B!"<)&"� 4 (�!�<()E�!()E' !�/B!�&�#�-
("C E)#�4'# B) B)<�!,()/�" B)&#)%4" " < !�G'#?���� =�);) – 4 B)<$O�(-
()E' !�G@!)/' �)#\"($ B#�(4" B) B)<�!,()/�" B)&#)%4". 
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��4"E )@!�G)E, &�7�4�$ B)<�!,()/�" 4!�E("D < <"&� 8�!�B"(, <$-
4)#)< /'\�/�<�(() <#"DC� (� 7)!E' B)<�!,()/�" B#�()4. �#D �);), +�)@$ 
&)@"�?/D <)/B!)"G<)&"E)* B#)/4)/�()/�" B#�()4 TiN " TiC, 4!�E("�<$� 
B)&#)%4" (�)@,)&"E) B)&<�!;('�? &)B)#("��#?()* B)#"!)<4�. 

���������� 

1. ��<�(4) 	.�., ��;��< �.�., �)4)()< �.�. �B)!D&)+�("� �!�,E�!($, 
(�()4#�/��!)< G)#)�� (� B)<�!,()/�" Si (111) !�G#"+()* E)!7)#);"". 
// 	�/�("4 ����, /�!"D 7"G"+�/4"� (�'4". 	$B. 7. ��#?+"4: ��@.-��#4. 
'(-�, 2002. �. 19–20. 

2. ��E&),)< F.. " &!. 
/)@�(()/�" )/�%&�("D ';#�!)&($, B#�()4 (� 
4!�E("�<'C B)&#)%4'. // 	�/�("4 ����, /�!"D 7"G"+�/4"� (�'4". 	$B. 
12. ��#?+"4: ��@.-��#4. '(-�, 2009. �. 56–57. 
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�	
���	� ������
� ������� 

������� ��
�� – F�����
��� 

��� 538.971 

�'@)#)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�//#�&)<�("� E�%7�G($, B!)8�//)< (� ;!�("8� )4/"&(�D <)#?7!�-
E)<�D @!)(G� (
	�) – =#�4�!)#"� B!)<)&"#" (� �<�)E��"G"!)<�(()* '/��-
()<4�, )B"/�(()* < [1], !�(�� [2, 3]. �/B)#?G'D B!�&/��<#�(($� !�G'#?���$ 
" <$<)&$ (< /)<)4'B()/�" / #"��!��'!($E" &�(($E") B)B!)@'�E )@)/()-
<��? 7"G"+�/4'C 4�!�"(' B!)8�//)< B!)"/,)&D\", (� ;!�("8� 
	� – 
=#�4�!)#"� " &��? �!�4�)<4' <$O�B!"<�&�(($E !�G'#?����E. �(�#"G B!)-
<�&�E &#D &<', /#'+��<: (��()&"!)<�(($* )@!�G�8 
	� / <$/)4"E /)&�!-
%�("�E \�#)+();) E���##� ((�B!"E�!, Na0,9WO3) " @!)(G� B!)O�&O�D 
B!�&<�!"��#?('C �()&('C )@!�@)�4'. 

��//E)�!"E B!)8�//$, B!)"/,)&D\"� B!" B!)��4�("" �)4� +�!�G 
;!�("8' (��()&"!)<�((�D @!)(G�-=#�4�!)#"�. �� !"/. 1 B!�&/��<#�($ B�!-
8"�#?($� G�<"/"E)/�" �E4)/�" C = f(E), )�!�%�C\"� /))�<��/�<'C\"� 
B!)8�//$ < )B!�&�#�(()* )@#�/�" B)��(8"�#)<. 

 

�"/.1. Q!"E�!($* <"& B�!8"�#?($, G�<"/"E)/��* �E4)-
/�" )� B)��(8"�#�: 1 – 7�!�&��</4�D �E4)/�?; 2 – �E4)/�? 
�F� + �&/)!@8")((�D �E4)/�?; 3 – (�4)B"��#?(�D �E4)/�? 
 

Q'/�? B)��(8"�# "GE�(D��/D "G �()&()* < 4��)&('C /�)!)('. Q!" 
B)��(8"�#�, (�E();) B)#)%"��#?()� E�4/"E'E� �E4)/�" =#�4�!)& B!"-
@#"%���/D 4 "&��#?() B)#D!"G'�E)E' (I�0). Q!" /E�\�("" B)��(8"�#� < 
)�!"8���#?('C /�)!)(' B!)��4�C\"� B!)8�//$, B)-<"&"E)E', /<DG�($ / 
�&/)!@8"�* 4��")()< (B!)�)()<) (� B)<�!,()/�", </#�&/�<"� +�;) !�/�'� 
&"77�!�(8"�#?(�D �E4)/�? " �)4 (B!" B)��(8")&"(�E"+�/4)E !�%"E�). 
��#?(�*O�� (�4)B#�("� G�!D%�(($, +�/�"8 B!" /&<";� B)��(8"�#� B!"<)-
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&"� (B) &)/�"%�("C (�4)�)!)* /��B�(" G�B)#(�("D B)<�!,()/�") 4 <)G-
("4()<�("C 4'#)()</4);) )���#4"<�("D E�%&' +�/�"8�E ", 4�4 /#�&/�<"�, 
4 'E�(?O�("C &"77�!�(8"�#?()* �E4)/�" (�. �. <)G("4��� E�4/"E'E (� 
G�<"/"E)/�" C = f(E)) " B)D<#�("C B"4� �)4� (� 4!"<)* I = f(E). Q!" �\� 
@)#�� )�!"8���#?($, B)��(8"�#�, (�@#C&���/D !�G4)� '<�#"+�("� 7�!�&�-
�</4);) �)4�, /<DG�(();) / <$&�#�("�E <)&)!)&�, +�) B!"<)&"�, G� /+�� B)-
D<#�("D B/�<&)�E4)/�", 4 !)/�' "GE�!D�E)* <�#"+"($ )@\�* �E4)/�". 	 
!�E4�, <$O�B!"<�&�(($, B!�&/��<#�("* ,)!)O) )@VD/(D��/D " ,�!�4��! 
<)#?��EB�!()* 4!"<)* " G�<"/"E)/�" R = f(E). �� !"/. 2 B!�&/��<#�(� =4-
<"<�#�(�(�D /,�E�, /))�<��/�<'C\�D &�(()* /"/��E�. ��4"E )@!�G)E, (�-
�()&"!)<�(($* E)()4!"/��## 
	� <�&�� /�@D 4�4 �"B"+($* E���##"+�-
/4"* =#�4�!)& < "(&"77�!�(�()E =#�4�!)#"��. 

 

�"/. 2. F4<"<�#�(�(�D =#�4�!"+�/4�D /,�E� B!)8�//)< (� ;!�("8� 

	� – =#�4�!)#"�: RF – /)B!)�"<#�("� =#�4�!)#"��; C1 – �E4)/�? 
�F�; W – "EB�&�(/ 	�!@'!;�; R7 , C� – =#�E�(�$, ,�!�4��!"G'C\"� 
B!)8�//$ �&/)!@8"" (� ;!�("8�; 7�RI ,C( – =#�E�(�$ ,�!�4��!"G'C-
\"� B!)8�//$ (�4)B#�("D G�!D&� (&#D �()&"!)<�(($, )@!�G8)<) 
 

�()&"!)<�("�, 4�4 '%� )�E�+�#)/? !�(�� [2–4], B!"<)&"� 4 /'\�/�-
<�(($E "GE�(�("DE 7"G"+�/4", ,�!�4��!"/�"4 B)<�!,()/�" )@!�G8� " /)-
)�<��/�<�(() 4 )B!�&�#�(()* �!�(/7)!E�8"" G�<"/"E)/��* C, R, I = f(E). 
��//E)�!"E, 4�4 " < B!�&$&'\�E /#'+��, B)<�&�("� /"/��E$ @!)(G�-
=#�4�!)#"� B!" /&<";� B)��(8"�#� =#�4�!)&� "G �()&()* < 4��)&('C /�)-
!)('. Q!" G(�+"��#?($, �()&($, B)��(8"�#�, =#�4�!)& <�&�� /�@D, B!�4-
�"+�/4", 4�4 " (�)@!�@)��((�D @!)(G� " B!"@#"%���/D 4 "&��#?() B)#D!"-
G'�E)E' ()�()/"��#?()� '<�#"+�("� �)4� B)/#� �()&"!)<�("D E)%(), < +�-
/�()/�", /<DG��? / '<�#"+�("�E O�!),)<��)/�" ", /#�&)<���#?(), B#)\�&" 
B)<�!,()/�"). Q!" /&<";� B)��(8"�#� < 4��)&('C /�)!)(' +�/�? �)4�, B!)-
��4�C\�;) +�!�G /"/��E', 4�4 " < B!�&$&'\�E /#'+��, !�/,)&'��/D (� G�-
!D%�("� &<)*();) /#)D. 
&(�4), )/()<(�D /)/��<#DC\�D �)4� "&�� (� B�-
!�()/ 4��")()< +�!�G E�%7�G('C ;!�("8' " <(�&!�("� ", < B)<�!,()/�-
($* B)#'B!)<)&("4)<$* /#)* /) /�)!)($ =#�4�!)#"�� " /))�<��/�<'C\�-
;) =4<"<�#�(�();) 4)#"+�/�<� =#�4�!)()< /) /�)!)($ E���##"+�/4)* )@-
4#�&4", �. �. 7�4�"+�/4" B!)"/,)&"� 7)!E"!)<�("� B!)/�!�(/�<�(();) G�-
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!D&� " B)D<#�("� (�4)B"��#?()* �E4)/�" (4!"<�D 3 (� !"/. 1) " G(�+"��#?-
()* B!)�"<)-F��. ��#?(�*O�� /E�\�("� B)��(8"�#� < )�!"8���#?('C 
/�)!)(' B!"<)&"� 4 )���#4"<�("C E�%&' �&/)!@"!)<�(($E" +�/�"8�E" " 
'E�(?O�("C <�#"+"($ �&/)!@8")(()* &"77�!�(8"�#?()* �E4)/�" (4!"-
<�D 2 (� !"/. 1) " �)4�, ��4'\�;) +�!�G /"/��E'. 
&(�4), < =�)E /#'+�� )/-
()<()* <4#�& < )@\'C �E4)/�? &��� (�4)B"��#?(�D �E4)/�?, B)=�)E' (� 
G�<"/"E)/�" C = f(E) E�4/"E'E �E4)/�" <$!�%�( /#�@). Q) &)/�"%�("" 
B)��(8"�#� <(�&!�("D <)&)!)&� (�+"(��� !�/�" B/�<&)�E4)/�?, )&(�4) �� 
<4#�& < )@\'C �E4)/�? ��4%� ("%� +�E < B!�&$&'\�E /#'+��. Q)=�)E' " 
E"("E'E �E4)/�" <$!�%�( E�(�� !�G4). 

	 )@#�/�" 4��)&()* B)#D!"G�8"" B!)"/,)&D� )4!�O"<�("� �()&"!)-
<�(($, )@!�G8)< @!)(G$. �+"�$<�D, +�) (� )@!�@)��(($� )@!�G8$ (� "G-
E�(DC� )4!�/4", )+�<"&(), +�) =#�4�!),!)E($* B!)8�// /<DG�( / 7"G"4)-
,"E"+�/4"E" /<)*/�<�E" B)<�!,()/�();) /#)D, /7)!E"!)<�(();) < !�-
G'#?���� =#�4�!),"E"+�/4)* )@!�@)�4" @!)(G$. ��4 "G<�/�() "G #"��!��'-
!$, =�)� /#)* @!)(G$ )@#�&��� B)#'B!)<)&("4)<$E" /<)*/�<�E". 	 (�E, 
B)-<"&"E)E', )@!�G'C�/D B!"E�/($� '!)<(", /#'%�\"� 8�(�!�E" )4!�-
/4". Q!" 4��)&()* B)#D!"G�8"" B!)"/,)&"� G�B)#(�("� =�", '!)<(�*, +�) 
B!"<)&"� 4 "GE�(�("C )4!�/4". 	 4�+�/�<� 4)EB�(/��)!)< G�!D&� <$/�'-
B�C� 4��")($ =#�4�!)#"��, <(�&!DC\"�/D < =�)� B)<�!,()/�($* /#)*. 
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��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�.������ 

	 )/()<� =#�4�!),!)E();) =77�4�� #�%"� 7"G"+�/4)� D<#�("� G�-
4#C+�C\��/D < "GE�(�("" /B�4�!� B!)B'/4�("D �)(4)* B#�(4" )4/"&)< 

E���##�: � � � �
0

100 %
J

T
J
�

� � , ;&� J(�) – /<��)<)* B)�)4 B!)O�&O"* +�!�G 

=#�4�!),!)E($* E���!"�# (F��), J0 –/<��)<)* B)�)4, B�&�C\"* (� F�� 
" B!"("E��E$* G� �&"("8' B!" "(%�48"" ()/"��#�* G�!D&� �)* "#" "()* 
B!"!)&$ < F��. �� /#�&'��, 4)(�+(), "/4#C+��? " B)#�<);) =77�4��, ��4 
4�4 =#�4�!),!)E($� '/�!)*/�<� (F��) "E�C�, 4�4 B!�<"#), �)(4)B#�()+-
($� F�� " B!" B!"#)%�("" !�@)+�;) (�B!D%�("D < �&"("8$ <)#?�, ,�-
!�4��!();) &#D F��, =#�4�!"+�/4"� B)#D &)/�";�C� <�#"+"($ 
104>106 	//E. ��*/�<"� ��4", B)#�* B!"<)&"� 4 "(%�48"" ()/"��#�* "#" 4 
", B�!�!�/B!�&�#�("C < �)(4)B#�()+()E F��. ��E) F�� B!�&/��<#D�� "G 
/�@D E();)/#)*('C B#�(�!('C /�!'4�'!' – ;���!)/�!'4�'!', B)=�)E' B!" 
"(%�48"" ()/"��#�* G�!D&� "#" B!" (�#)%�("" B)#D < ��4)* /�!'4�'!� 
B!)"/,)&D� /#)%($� (�/��8")(�!($� B!)8�//$ B�!�!�/B!�&�#�("D G�!D-
&)< B) )@V�E($E " B)<�!,()/�($E /)/�)D("DE. ��G ;#'@)4);) "//#�&)<�-
("D =�", B!)8�//)< (�<)GE)%() /)G&��? =77�4�"<() !�@)��C\"� F��. 
��@)� ��4);) B#�(� < (�'+()* #"��!��'!� B) =#�4�!),!)E()E' =77�4�' 
)+�(? E�#). 

	 (�4!"/��##"+�/4", �)(4", B#�(4�, )4/"&)< B�!�,)&($, E���##)< 
<)G("4�C� " ";!�C� /'\�/�<�(('C !)#? < B!)8�//�, B�!�()/� G�!D&)< " 
!�#�4/�8"" )B�)=#�4�!)(($, B!)8�//)< ;#'@)4"� )@V�E($� " B)<�!,()/�-
($� /)/�)D("D. 	�#"4� ", !)#? ��4%� < !�#�4/�8"" )B�"+�/4", B�!�,)&)< 
< "(��!<�#� =(�!;"* 2–0,5 =	. 

�//#�&)<�("D E�,�("GE)< B!)<)&"E)/�" < =#�4�!),!)E($, ;���!)-
/�!'4�'!�,, <)#?��EB�!($, ,�!�4��!"/�"4 (	AX), 4"(��"4" )4!�O"<�("D, 
/B�4�!�#?($, ,�!�4��!"/�"4 B)G<)#D�� &���#"G"!)<��? 7"G"+�/4"* E�,�-
("GE )B�)=#�4�!)(();) B!)8�//� – 4)"E D<#D��/D =#�4�!),!)E($* =77�4�. 
�#�&'�� )�E��"�?, +�) B!"G(�(($� E)&�#" =#�4�!),!)E();) )4!�O"<�("D 
()/D�, 4�4 B!�<"#), 4�+�/�<�(($* ,�!�4��! < !�E4�, =#�4�!),"E"+�/4);) 
)B"/�("D B!)8�//)<, B!�4�"+�/4" (� !�//E��!"<�D =#�4�!)(('C /"/��E' 
=#�4�!),!)E();) E���!"�#� " (� &���#"G"!'D )B�"+�/4"� B�!�,)&$, ", 
B!"!)&', 4"(��"4', G�<"/"E)/�? )� �)(4)B#�()+()* ��,()#);"". 
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� .�)���� � ��!�)������� . =��!������+��� �������� ����!����� 

	/� "G<�/�($� E)&�#" =#�4�!),!)E();) )4!�O"<�("D 4#�&'� < /<)C 
)/()<' B!)8�// <(�&!�("D ")(� (�+, Li+ " �. &.) < )4/"&($* E���!"�#. 	 
)@\�E <"&� B!)8�// =�)� )B"/$<�C� =#�4�!),"E"+�/4)* !��48"�* [1]: 

 , (1) 3WO M M WOxxe x �� � J 3

;&� � – ")( <(�&!�("D (�+, Li+ " �. &.). 
�"G"+�/4" )+�<"&()» +�) B!" (�#)%�("" )�!"8���#?();) B)��(8"�-

#� (� =#�4�!)&, B!�&/��<#DC\"* "G /�@D E)()4!"/��## 
	�, 4��)&(�D 
+�/�? �)4� )@'/#)<#�(� ��E, +�) =#�4�!)($ B!),)&D� +�!�G 
	� " <)//��-
(�<#"<�C� (� �;) B)<�!,()/�" ")(, "GE�(DD �;) <�#�(�()/�? (� >1. F�)� 
")( &)#%�( B�!�*�" < !�/�<)!, " < !�G'#?���� )( "#", +�) @)#�� <�!)D�(), 
4�4)*-�) &!';)* ")( )�&�/� =#�4�!)( B#��"()<)E' B!)�"<)=#�4�!)&'. ��-
4)<� /,�E� )@$+()* )4"/#"��#?()-<)//��()<"��#?()* !��48"" (� ;!�("8� 
!�G&�#� )4"/�#/B)#'B!)<)&("4. F#�4�!),!)E()� )4!�O"<�("� B!)"G<)-
&"�/D B!" E�(?O", B)��(8"�#�,, B!" 4)�)!$, (�� �\� !��48"" <)//��()<-
#�("D ")()< <)&)!)&� �+, () "&�� <(�&!�("� B!)�)(� < !�O��4' )4/"&()* 
@!)(G$, � "(%�4�"!)<�(($� "G E���##"+�/4);) =#�4�!)&� < E)()4!"/��## 

	� =#�4�!)($ G�,<��$<�C�/D ")(�E" B�!�,)&();) E���##�, < &�(()E 
/#'+�� <)#?7!�E�, B�!�<)&D ", "G G�!D&)<);) /)/�)D("D W+6 < W+5 [3]. ��-
4"E )@!�G)E, B�!<$E =��B)E =#�4�!),!)E();) )4!�O"<�("D E)%�� D<#D�?-
/D B!)8�// =#�4�!)&"77'G"", � (� &"77'G"" B!)�)(� "G =#�4�!)#"�� < E)-
()4!"/��## "#" �)(4'C B#�(4' 
	�. Q!" =�)E B!)�)(' B!�&/�)"� B!�)&)-
#��? B)��(8"�#?($* @�!?�! (� ;!�("8� )4"/�#/=#�4�!)#"�. 

�� B)<�!,()/�" �<�!&);) ��#� &)<)#?() +�/�) (�@#C&���/D !�/B!�-
&�#�("� G�!D&)<. < <"&� &<)*();) /#)D. �();&� &<)*()* /#)* E)%() !�/-
/E��!"<��? B!)/�), B)#�;�D G�!D& !�GE�\�(($E (� &<', B#)/4)/�D,. Q!"-
E�! ��4);) !�//E)�!�("D &��� E���##, B)4!$�$* /#)�E �&/)!@"!)<�(();) 
4"/#)!)&�, 4);&� 4"/#)!)& )@#�&��� @)#?O"E )�!"8���#?($E B�!8"�#?-
($E G�!D&)E, � (� B)<�!,()/�" E���##� /)/!�&)�)+�( !�<($* B) <�#"+"(� 
B)#)%"��#?($* G�!D&. 	)G("4O"* &<)*()* /#)* / ,)!)O"E B!"@#"%�("-
�E E)%() /+"���? /)/�)D\"E "G &<', G�!D%�(($, B#)/4)/��*. 

��#"+"� &<)*();) /#)D "#", /);#�/() P)��4", B)��(8"�#?();) @�!?-
�!� (� ;!�("8� !�G&�#� �<�!&)� ��#)/;�G "#" �<�!&)� ��#)/%"&4)/�? )B!�-
&�#D�� 4"(��"4' G�,<��� "#" "(%�48"" &$!)4 "#" =#�4�!)()< B)<�!,()/�-
($E" /)/�)D("DE" (8�(�!�E"), < �)E +"/#� " ")(�E", B!"O�&O"E" 4 B)-
<�!,()/�" �<�!&);) ��#� "G !�/�<)!�. ��E %� B!)8�// G�,<��� "#" "(%�4-
8"" ()/"��#�* G�!D&� ";!��� )/()<)B)#�;�C\'C !)#? < =#�4�!),"E"+�-
/4", B!)8�//�, (� B)<�!,()/�" �<�!&);) ��#�: 4)!!)G"D, 4���#"G, )4"/#"-
��#?()-<)//��()<"��#?(�D !��48"D " < @)#�� 7"G"+�/4", B!)8�//�,, ��4", 
4�4 G�,<�� ()/"��#�* B)<�!,()/�($E" ��)E�E" "#" E)#�4'#�E", &"//)-
8"�8"D B)#'B!)<)&("4)<$, /)�&"(�("*, !�4)E@"(�8"D (�!�<()<�/($, 
=#�4�!)(()-&$!)+($, B�!, 7)�)B!)8�//$ " �. &. 
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�'\�/�<'�� " <�)!�D E)&�#? E�,�("GE� <(�&!�("D B!)�)(� < 
	� 
B!" =#�4�!),!)E()E B!)8�//�. �);#�/() =�)* E)&�#" B!)�)(, �&/)!@"!'-
D/? (� B)<�!,()/�" F��, G�,<��$<��� =#�4�!)( "G B!"B)<�!,()/�()* )@-
#�/�", F�� " &"77'(&"!'�� < (�*�!�#?()E /)/�)D("" < )@V�E 
	�, )�&�-
<�D =#�4�!)( G���E 6-�" 4!��() ")("G)<�(()E' ��)E' <)#?7!�E�, B�!�<)&D 
�;) "G /)/�)D("D W+6 < /)/�)D("� W+5. �) /�E =#�E�(��!($* �4� B�!�,)&� 
")(� "G =#�4�!)#"�� (�<�!&);) "#" %"&4);)) < )4/"&($* E���!"�# / 7"G"-
+�/4)* /�)!)($ (� =#�E�(��!�( " �!�@'�� !�//E)�!�("D =(�!;��"+�/4);) 
/)/�)D("D ")(� < =#�4�!)#"�� " =#�4�!)(()* /�!'4�'!$ �)(4)* B#�(4" "#" 
E)()4!"/��##� F��. 

��4"E )@!�G)E, B!" #C@)E B)&,)&� 4 "//#�&)<�("C E�,�("GE� =#�4-
�!),!)E();) )4!�O"<�("D (�)@,)&"E) &���#?()� " ;#'@)4)� "//#�&)<�("� 
B!)8�//)< G�,<��� " "(%�48"" /<)@)&($, " /<DG�(($, =#�4�!)()< (� B)-
<�!,()/�($� /)/�)D("D, )@!�G)<�(($,, < �)E +"/#�, " <(�&!D�E$E" < )@V-
�E F�� ")(�E". �"G"+�/4" )+�<"&(), +�) =�" B)<�!,()/�($� /)/�)D("D 
(� E);'� @$�? �)#?4) E�#4"E". 

�#D )B"/�("D B�!�()/� =#�4�!)()< " &$!)4 E�%&' �<�!&$E ��#)E " 
B)<�!,()/�?C 'B)�!�@#�($ �!" E)&�#", )�#"+�C\"�/D ,�!�4��!)E B!"(D-
�$, B!"@#"%�("*. Q�!<�D "G E)&�#�* 4#�//"+�/4�D 7"G"+�/4�D E)&�#?, < 
4)�)!)* B#)�()/�? B)<�!,()/�($, /)/�)D("* /+"����/D E�#)* " B)/�)D(-
()* (B!"E�!: ;!�("8� !�G&�#)< Si " SiO2). 

	) <�)!)* E)&�#" B!"("E���/D, +�) B#)�()/�? B)<�!,()/�($, /)-
/�)D("* <�#"4�, () ��4%� B)/�)D((�. Q)/#�&(�� )G(�+��� B!�(�@!�%�("� 
"GE�(�("�E B#)�()/�" G�(D�$, " /<)@)&($, B)<�!,()/�($, /)/�)D("* < 
B!)8�//� B�!�()/� =#�4�!)()< 4 B)<�!,()/�". 

	 �!��?�* E)&�#" '+"�$<���/D, +�) =(�!;��"+�/4"� '!)<(" B)<�!,-
()/�($, /)/�)D("* E);'� "/B$�$<��? G(�+"��#?($� 7#'4�'�8"" <) <!�E�-
(", 4�4 =�) "E��� E�/�) < /#'+�� B)#D!($, <�\�/�<. Q!" =�)E B!)"/,)&"� 
"!�GE�G$<�("�" =(�!;��"+�/4", '!)<(�* B)<�!,()/�($, /)/�)D("* B) &)/-
���)+() O"!)4)* )@#�/�" =(�!;"*, �#'4�'�8"" =(�!;"" B)<�!,()/�($, 
/)/�)D("* <$G$<�C�/D 7#'4�'�8"DE" B)#D B)#D!"G�8"" /!�&$. 	 /�E)E 
&�#�, �/#" B)<�!,()/�($* 8�(�! )4!'%�( 7#'4�'"!'C\"E" &"B)#DE", �) 
</#�&/�<"� 7#'4�'�8"" &"B)#?($, E)E�(�)< 7#'4�'"!'��, " =#�4�!"+�-
/4"* B)��(8"�# < E�/�� !�/B)#)%�("D B)<�!,()/�();) 8�(�!� " /))�<��/�-
<�(() 7#'4�'"!'C� =#�4�!)(($� =(�!;��"+�/4"� '!)<(" B)<�!,()/�($, 
/)/�)D("*. �#�&'�� G�E��"�?, +�) B)&)@($� 7#'4�'�8"" E);'� <#"D�? (� 
B�!�()/ =#�4�!)(� )� B)<�!,()/�" �<�!&);) ��#� ("#" 4 (�*), �)#?4) < �)E 
/#'+��, �/#" B)#D!"G�8"D D<#D��/D "E�&#�(()*", G�<"/D\�* )� &<"%�("D 
")()<, � (� =#�4�!)()< /!�&$. �)#?4) < =�)E /#'+�� <!�ED B�!�()/� =#�4-
�!)(� E();) E�(?O� <!�E�(" &<"%�("D ")(� " =(�!;"C B)<�!,()/�();) 
/)/�)D("D E)%() /+"���? "G�E)!)%�(()*" (� <!�ED B�!�()/� =#�4�!)(�. 
�"(��"+�/4�D E)&�#? B�!�()/� =#�4�!)(� B!" 7#'4�'�8"" =(�!;"" B)-
<�!,()/�($, /)/�)D("* !�@)���� < B)#D!()* /!�&�, <#"DC\�* (� B)<�!,-
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()/�($� /)/�)D("D. ��4)* /!�&)* E);'� @$�? B)#D!($� %"&4)/�", �<�!&)-
��#?($� B)#D!"G'C\"�/D /!�&$, �&/)!@"!)<�(($* B)#D!($* ;�G. ��"@)-
#�� "G'+�(($E " '&)@($E B!"E�!)E B)#D!()* /!�&$ /#'%"� <)&�, <<"&' 
B)#D!()/�" �� E)#�4'# " <$/)4)* &"=#�4�!"+�/4)* B!)("8��E)/�" (B)-
!D&4� 80). �)#?O"(/�<) =#�4�!),!)E($, '/�!)*/�< /&�#�() (� )/()<� 
%"&4)/�($, "#" �<�!&)��#?($, =#�4�!)#"�)<, /)&�!%�\", <)&' < G(�+"-
��#?()E 4)#"+�/�<�. �E�(() B)=�)E' �(�#"G 7"G"+�/4)* E)&�#" B!)8�//� 
=#�4�!),!)E()�) )4!�O"<�("D (�)@,)&"E) <�/�" < !�E4�, 4"(��"+�/4)* 
E)&�#" B�!�()/� =#�4�!)()< B!" 7#'4�'�8"" =(�!;"" B)<�!,()/�($, /)-
/�)D("* < B)#D!()* /!�&�. 
/()<($� 4�+�/�<�(($� E)E�(�$ =�)* E)&�#", 
4�4 "G<�/�(), /#�&'C\"�. F(�!;��"+�/4)E' '!)<(C ")(� < !�/�<)!� /))�-
<��/�<'�� ��4)� ,�!�4��!"/�"+�/4)� (�"@)#�� <�!)D�()� G(�+�("� =(�!;"", 
B!" 4)�)!)E E"("E"G"!'��/D /<)@)&(�D =(�!;"D </�* /"/��E$ < 8�#)E. 
F(�!;"D '!)<(D 7#'4�'"!'�� )4)#) =�);) (�"@)#�� <�!)D�();) G(�+�("D. 

��4!"&�/ [2, 3] !�//E)�!�# )4"/#"��#?()-<)//��()<"��#?($� !��4-
8"" (� )4"/#�, B�!�,)&($, E���##)<. ��4 4�4 =�" )4"/#$ "E�C� ,)!)O'C 
=#�4�!)(('C B!)<)&"E)/�?, () ("G4'C B)&<"%()/�? =#�4�!)()<, 4)�)!$� 
"E�C� <)GE)%()/�? &<";��?/D B) )+�(? 'G4)* G)(�, �) /4)!)/�? )4"/#"-
��#?()-<)//��()<"��#?()* !��48"" @'&�� G�<"/��? )� B#)�()/�" =#�4�!)(-
($, /)/�)D("* )4"/#� <@#"G" '!)<(D ��!E". 	 =�)E /#'+�� B!"E�("E �(�-
#"G ��!O�!� [4, 5], B!)<�&�(($* "E &#D /"/��E )4"/�#/=#�4�!)#"�. �)%() 
)%"&��?, +�) B!�&�#?(�D /4)!)/�? #C@)* )4"/#"��#?()-<)//��()<"��#?()* 
!��48"" (� =�", )4"/#�, B�!�,)&($, E���##)< @'&�� E�(?O�, +�E /4)-
!)/�?, )B!�&�#D�E�D &"77'G"�* < !�/�<)!�, " @'&�� /"#?() G�<"/��? )� E�-
�)&� B!";)�)<#�("D )4"/#� " �;) <)/B!)"G<)&"E)/�". 

	/� "G#)%�(()� )&()G(�+() '4�G$<��� (� (�)@,)&"E)/�? !�//E)�!�-
("D <#"D("D ;#'@)4", '!)<(�* < )@V�E� )4/"&()* <)#?7!�E)<)* @!)(G$ " 
(� �� B)<�!,()/�" ;!�("+�\�* / =#�4�!)#"�)E (� B!)8�// =#�4�!),!)E()-
;) )4!�O"<�("D. 

�������.���� ��+)��������� ,�.���+����  
)��.���+���� ���!�� )����! .��("��+�.�� &���, 


&"( "G E��)&)<, / B)E)\?C 4)�)!);) E)%() (�*�" !�/B!�&�#�("� 
B) =(�!;"" (�.�. B#)�()/�? /)/�)D("*) #)4�#"G)<�(($, '!)<(�*, /<DG�(($, 
/ ��� < B)#"4!"/��##� =�) ��4 (�G$<��E$* "E��)& #�;"!)<�("D'' [6]. Q)-
<�&�("� )/()<($, ()/"��#�* B!" (�#)%�("" B)#D (� ��� E)%�� @$�? 
)B"/�() < !�E4�, ��!E)=#�4�!)(()* =E"//"" [7–12]. Q!"E�("E)/�? =�)* 
E)&�#" )B!�&�#D��/D /))�()O�("�E G(�+�("* O"!"($ @�!?�!� E " &#"($ 
/<)@)&();) B!)@�;� ()/"��#�* e : e @ E  (B!" /))�()O�("" e ;; E  "/B)#?-
G'��/D &"77'G(�D E)&�#?). 	 )@)", /#'+�D, B#)�()/�? �)4� +�!�G @�!?�! 
"E��� �4�"<�8")(('C G�<"/"E)/�? )� <$/)�$ B)��(8"�#?();) @�!?�!�. 
�#�&'�� G�E��"�?, +�) B!" /"#?()E #�;"!)<�("", )/)@�(() < )@#�/�" ���, 
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E)%�� <()/"�? /'\�/�<�(($* <4#�& < B�!�()/ G�!D&)< +�!�G @�!?�! �'(-
(�#?($* =77�4�. �#D 4)(��4�� &<', /�!'4�'!, &#D )B!�&�#�(()/�" /4�%�E 
)@#�&�C\", n-B!)<)&"E)/�?C, ��!E)=E"//")((�D E)&�#? B!�&/4�G$<��� 
/'\�/�<)<�("� jth /'EE�!();) �)4� )/()<($, ()/"��#�*. Q!"#)%�(($E 
(�B!D%�("�E U /E�\�(($* < B!DE)E (�B!�<#�("" (#�<$*) @�!?�! "E��� 
<�#"+"(' e� – =(�!;"D '!)<(D ��!E" < )@V�E� /�!'4�'!$, G�<"/D\'C )� 
4)(8�(�!�8"" #�;"!)<�("D ()�()/"��#?() &(� G)($ B!)<)&"E)/�" < )@V�-
E�). �!)E� �)4� ��!E)=#�4�!)(()* =E"//"" jth (� ��� �/�? " <�)!)* �)4 
jss, <)G("4�C\"* B)�)E', +�) /)/�)D("D (� B)<�!,()/�" !�G&�#� ��� @'-
&'� B)/�)D(() G�,<��$<��? =#�4�!)($ "G G)($ B!)<)&"E)/�" " /()<� =E"�-
�"!)<��? ", < =�' G)('. �)4 jss @'&�� B!)B)!8")(�#�( !�G()/�" E�%&' "(-
��(/"<()/�DE" G�,<��� )/()<($, ()/"��#�* (� B)<�!,()/�($� /)/�)D("D " 
=E"//"" / (",, �;) E)%() )B"/��? / B)E)\?C /���"/�"4" P)4#"-�"&�-
�)E�. Q!" '/#)<"" ��!E)&"(�E"+�/4);) !�<()<�/"D (eU<<KT, '/#)<"D ('-
#�<);) /E�\�("D) jss � 0 < /"#' B!"(8"B� &���#?();) !�<()<�/"D. 	 /))�-
<��/�<"" / =�)* E)&�#?C ��!E)=#�4�!)(()* =E"//"" ;!�("8' @'&'� B�!�-
/�4��? (�B!�<) #"O? �� ()/"��#", 4"(��"+�/4�D =(�!;"D 4)�)!$, @)#?O�, 
+�E <$/)�� @�!?�!�. 	 /)/�)D("" ��!E)&"(�E"+�/4);) !�<()<�/"D, B!" (�-
#)%�(()E (� @�!?�! (�B!D%�("" " < �;) )�/'�/�<"� @'&�� B!)"/,)&"�? " 
)@!��($* B!)8�//, B)=�)E' /'EE�!($* �)4 )/()<($, ()/"��#�* B!)B)!-
8")(�#�( !�G()/�" B)�)4)< )/()<($, ()/"��#�* /#�<� (�B!�<) " /B!�<� 
(�#�<) [13] " E)%�� @$�? <$!�%�( 7)!E'#)*: 

 � �2 exp 1 expth
e eUj AT

KT K
7 � �� �� �� � � �	 � 		 
 �
 �
 � T

��
�� , (2) 

;&� � – B)/�)D((�D �"+�!&/)(�, � �e KT � 1  – )@!��(�D ��!E"+�/4�D !�G-
()/�? B)��(8"�#)<, "($E" /#)<�E": )@!��(�D ��EB�!��'!� < �&"("8�, 
=#�4�!"+�/4);) (�B!D%�("D. Q�!<$� /"/��E��"+�/4"� )8�(4" B#)�()/�" 
/)/�)D("* (� )/()<� 7)!E'#$ (1) /&�#�($ @$#" < !�@)��, [14–18]. 
@$+() 
=4/B�!"E�(��#?() B)#'+�C� G�<"/"E)/�? B!)<)&"E)/�" )� ��EB�!��'!$ < 
<"&� G�4)(� �!!�("'/�, �.�. < <"&� =4/B)(�(8"�#?()* G�<"/"E)/�" B!)<)-
&"E)/�" )� )@!��()* ��EB�!��'!$: 

 exp actEG G
KT*

�� �	

 �

�
� , (3) 

;&� Eact – =(�!;"D �4�"<�8"" < G�4)(� �!!�("'/�, G¡ – G(�+�("� G B!" 
1/� = 0. 

�/#" B)#� B!"#)%�() 4 B)#"4!"/��##"+�/4)* B#�(4� &#"()* L /) 
/!�&("E !�GE�!)E G�!(� �, �) /'EE�!($* �)4 )/()<($, ()/"��#�* /);#�/-
() ��!E)=E"//")(()* E)&�#" G�B"O��/D 7)!E'#)*: 

 2 ( )exp 1 expth
ej AT eUa

KT KTL
7 � � � �� � �� � �	 � 		
 � 

 �

�
���

, (4) 

;&� Ua/L – B�&�("� (�B!D%�("� (� )&() ���. 
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Q!)<)&"E)/�? E)%() < =�)E /#'+�� G�B"/��? '!�<(�("�E: 

 thj LG
U

� . (5) 

Q!" '/#)<"", +�) Ua/L<<KT/e (� =�) 4�4 B!�<"#) "E��� E�/�)) < 7)!-
E'#� (4) G�<"/D\"* )� (�B!D%�("D +#�( E)%�E !�G#)%"�? < !D& ��*#)!� " 
B)&/��<"< < (4) " (5) B)#'+"E &#D G 

 ( )expe eG ATa
K KT

7 � ��� �	

 �

�
� . (6) 

�G 7)!E'# (3) " (6) (�*&�E 

 � � � � lnact
eATE e T e T KT
KG*

� �
� 7 � � � 	


 �
� . (7) 

�'EE� (e7+e�) !�<(� =(�!;"" ��!E" EF (� ��: 
 � � � � � �FE T e T e T� 7 � � . (8) 

�#�&)<���#?(): 
 � �0act FE E T� � . (9) 

F(�!;"D �4�"<�8"" &#D B!)<)&"E)/�" G, <)G("4�C\�* < /"#' ��B#)-
<)* �4�"<�8"" ()/"��#�*, D<#D��/D E�!)* =4/�!�B)#"!)<�(()* 4 �@/)#C�-
()E' ('#C ��EB�!��'!$ =(�!;"" ��!E" (� ��. 	 /<)C )+�!�&? G�<"/"-
E)/�? =(�!;"" �4�"<�8"" Eact )� '!)<(D #�;"!)<�("D B)#"4!"/��##"+�/4", 
B#�()4 #�;4) )@(�!'%"<���/D (� =4/B�!"E�(��#?($, 4!"<$, ��EB�!��'!-
()* G�<"/"E)/�" B!)<)&"E)/�". ��4"E )@!�G)E, "GE�(DD '!)<�(? #�;"!)-
<�("D, E$ E)%�E E�(D�? '!)<�(? ��!E" (� ��. �GE�(�("� =(�!;"" ��!-
E" " B)B�&�("� '!)<(D ��!E" (� !�G#"+($� '+�/�4" B#)�()/�" /)/�)D("* 
(� �� /))�<��/�<'�� "GE�(�("C G�!D&� < ��. F�)� G�!D& QSS E)%() <$-
+"/#"�? G(�D <$/)�' @�!?�!� e� "G 7)!E'#$ (8) / '+��)E '/#)<"D (9): 
 acte E e� � � 7 . (10) 

�!)<�(? ��!E" < )@V�E� 4!"/��##"+�/4);) G�!(� EFVe7 )8�("<�C� 
B) 4)(�!)#C (�& B!)8�//)E ")(()* "EB#�(��8"" #"@) B) "GE�!�("C =7-
7�4�� �)##� (� E)()4!"/��##"+�/4", )@!�G8�,. ��4)(�8, B#)�()/�? /)-
/�)D("* (� �� Nss )B!�&�#D��/D 4�4 B!)"G<)&(�D G�!D&� Q B) =(�!;"" 
��!E" EF: 

 � �ss F
F

dQN E
dE
� . (11) 

�#�&'�� G�E��"�?, +�) )@� <�#"+"($ G�<"/D� )� 4)(8�(�!�8"" #�;"-
!'C\�* B!"E�/": 

 � � F
ss F

F

dQ dQ dEN E
dN dNdE

� � . (12) 


8�(4� B#)�()/�" /)/�)D("* (� �� E��)&)E "#�;"!)<�("D" "E��� 
&)/���)+() B!)/�)* E���E��"+�/4"* 7)!E�#"GE, () �!�@'�� ;#'@)4);) �(�-
#"G� 7"G"+�/4)* E)&�#", 4 )B"/�("C 4)�)!)* B!"E�("E =�)� 7)!E�#"GE " 
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�\���#?()� =4/B�!"E�(��#?()� )B!�&�#�("� =(�!;"" �4�"<�8"" B!)<)&"-
E)/�", E�,�("GE 4)�)!)* !��#"G'��/D < B)#"4!"/��##"+�/4", �)(4", B#�(-
4�, )4/"&)< B�!�,)&($, E���##)<, #�;"!)<�(($, \�#)+($E" E���##�E". 

�#D !�/+��� =(�!;"* �4�"<�8"" B!)<)&"E)/�" @$#" <$B)#(�($ (�E" 
"GE�!�("D ��EB�!��'!()* G�<"/"E)/�" B!)<)&"E)/�" �)(4", B#�()4 )4-
/"&($, 4�#"*- " (��!"*-<)#?7!�E)<$, @!)(G [19–21]. 

�)(4"� B#�(4" 
	� @$#" B)#'+�($ E��)&)E <�4''E()* 4)(&�(/�-
8"" (� /��4#D(($� B)&#)%4", ��!E)/���"!)<�(($� B!" ��EB�!��'!�, 22, 
100, 200 " 300 °�. ��,()#);"+�/4"� B)&!)@()/�" )B'@#"4)<�($ < @)#�� 
!�((", !�@)��,. �GE�!�("D ��EB�!��'!()* G�<"/"E)/�" B!)<)&"E)/�" 
<$B)#(�($ &<',G)(&)<$E E��)&)E / B)E)\?C (�B$#�(($, G)#)�$, 4)(-
��4�)<. �(�#"G #"��!��'!$ " B!�&<�!"��#?($, "GE�!�("* B)G<)#"# /+"-
���? &�(('C E��)&"4' <B)#(� '&)<#��<)!"��#?()* &#D ��, 8�#�*, 4)�)!$� 
B!�/#�&)<�#"/? (� &�(()E =��B� !�@)�. �"/'(4" �"B"+($ &#D �)(4", B#�-
()4 4�#"�<$, " (��!"�<$, @!)(G " )�!�%�C� <"& ��EB�!��'!()* G�<"/"-
E)/�" B!)<)&"E)/�" < 4))!&"(���, � �3lg 10G T . F#�4�!),!)E()� )4!�O"-
<�("� B!)"/,)&"�, 4�4 B!�<"#), B!" 4)E(��($, ��EB�!��'!�,, B)=�)E' (�/ 
@'&�� "(��!�/)<��? E�,�("GE B!)<)&"E)/�" B!" 290–300 K "#" B!" G(�+�-
("" B�!�E��!� 103/T !�<()E 3. ��/+�� =(�!;"" �4�"<�8"" E)%() <$B)#("�? 
#"O? < �)E /#'+��, �/#" <$@!��? E)&�#? E�,�("GE� B!)<)&"E)/�" < &�(-
()E ��EB�!��'!()E "(��!<�#� " < &�(()E <�\�/�<�. 	 �E)!7()E B)#'B!)-
<)&("4� B!"(D�) !�G#"+��? �!" E�,�("GE� B!)<)&"E)/�" [22]: 

�) B!)<)&"E)/�?, /<DG�(('C / ()/"��#DE" <)G@'%&�(($E" < (�#)4�-
#"G)<�(($� /)/�)D("D ("#" !�/B!)/�!�(�(($� /)/�)D("D); 

@) B!)<)&"E)/�?, /<DG�(('C / ()/"��#DE"; 4)�)!$� <)G@'%&�C�/D < 
#)4�#"G)<�(($� /)/�)D("D (� 4!�D, G)(, �. �. <@#"G" 4�, "#" 4
; 

<) B!)<)&"E)/�?, /<DG�(('C / ()/"��#DE", 4)�)!$� /)<�!O�C� B�!�-
/4)4" ("#" �'((�#"!'C�) E�%&' #)4�#"G)<�(($E" /)/�)D("DE" <@#"G" '!)-
<(D ��!E". ��4 "G<�/�(), < /#'+�� �) B!)<)&"E)/�? <$!�%���/D 7)!E'#)*: 

 0 exp actEG G
KT

�� �	

 �

�
� , (13) 

;&� Eact = EF – EV &#D &$!)+();) B)#'B!)<)&("4� " Eact = EC – EF &#D =#�4-
�!)(();) B)#'B!)<)&("4�. 

	 =�)E /#'+�� =(�!;"D �4�"<�8"" )B!�&�#D��/D +�!�G ��(;�(/ ';#� 
(�4#)(� ;!�7"4� � �3lg 10G KT . ��E E�,�("GE !��#"G'��/D B!" &)/���)+() 
<$/)4", ��EB�!��'!�,, < /#'+�� @), 4);&� <)#()<$� 7'(48"" #)4�#"G)<�($. 

Q!" 4)E(��()* ��EB�!��'!� =�� 7)!E'#� &��� B)&<"%()/�? B)!D&4� 
10>2 /E>2 	>1 /E>1. �)!E'#� %� &#D B!$%4)<)* B!)<)&"E)/�" < ,<)/��, 
B#)�()/�" /)/�)D("* B!" (�4)�)!$, 'B!)\�C\", B!�&B)#)%�("D, @'&�� 
"E��? <"&: 
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 B!. onn. 1 exp 1 exp A FKT E E E EG G
E KT KT KT
� � � � �� �� � �� � � � �	 �	 �, -

W �
, -� 
 �
 � �� � �

, (14) 

;&� �E = EC > EA – O"!"(� )@#�/�" #)4�#"G�8"" =#�4�!)(� ' &(� G)($ B!)-
<)&"E)/�"; W – =(�!;"D ��EB�!��'!$ �4�"<�8"" B�!�/4)4� =#�4�!)(� "G 
)&();) #)4�#"G)<�(();) /)/�)D("D < &!';)�. 

��!�G ��(;�(/ ';#� (�4#)(� B!DE)*, <$!�%�C\�* ,)& ��EB�!��'!()* 
G�<"/"E)/�" B!$%4)<)* B!)<)&"E)/�", @'&�� )B!�&�#D�?/D, 4�4 =�) <$��-
4��� "G B!)/��*O", !�/+��)<, (� =(�!;"D �4�"<�8"" B�!�/4)4�, � @)#�� 
/#)%(�D <�#"+"(�: 
 E=EA–EF+W. (15) 


+�<"&(), +�) &#D )&()* " �)* %� B#�(4" < 4)�)!)* !��#"G'C�/D </� 
�!" E�,�("GE� B!)<)&"E)/�" G(�+�("D <�#"+"($ E = EA > EF + W &)#%($ 
@$�? E�(�� <�#"+"($ =(�!;"" �4�"<�8"" B!)<)&"E)/�" B) (�#)4�#"G)<�(-
($E /)/�)D("DE. ��4)(�8, < /#'+�� <) !)<)&"E)/�? B!�&/��<"� < <"&�: 
 � � � �0 exp 2 expG G R W KT� � � � , (16) 
;&� � � � �2 2

0 7)(.1 FG l R N� ) A E ; R – &#"(� B!$%4�, !�<(�D B!" <$/)4", ��E-
B�!��'!�, E�%��)E()E' !�//�)D("C; � – ,�!�4��!"/�"4� '@$<�("D <)#()-
<)* 7'(48""; A7)(. – +�/�)�� B)B$�)4 B�!�/4)4�, /�"E'#"!'�E);) 7)()E; 
N(EF) – B#)�()/�? /)/�)D("* (� '!)<(� ��!E"; W – =(�!;"D 7)()(�, &)/��-
�)+(�D &#D /�"E'#D8"" B�!�/4)4�. 

��/+�� B) ��(;�(/' ';#� (�4#)(� ;!�7"4� ��EB�!��'!()* G�<"/"E)-
/�" B!)<)&"E)/�" &��� (�E, < =�)E /#'+��, =(�!;"C �4�"<�8"" B�!�/4)4� 
W " �� <�#"+"(�, 4�4 B!�<"#), B)!D&4� B)#)<"($ O"!"($ G)($ #)4�#"G)-
<�(($, /)/�)D("* (� '!)<(� ��!E". ��4"E )@!�G)E, 7)!E�#?($* !�/+�� 
<�#"+"($ 4act , <,)&D\�* < G�4)( �!!�("'/�: 

 exp actEG G
KT*

�� �	

 �

�
� , (17) 

<)GE)%�( B!" #C@)E E�,�("GE� B�!�/4)4� G�!D&�. 

&(�4), !�/+�� (� )/()<� E��)&� #�;"!)<�("D B#)�()/�" EFS B)-

<�!,()/�($, /)/�)D("* (� ��� B) &�*/�<"��#?($E =(�!;"DE �4�"<�8"" 
<)GE)%�( #"O? B)/#� "&�(�"7"4�8"" 4)(4!��($, B'��* B�!�()/� G�!D&�. 

��4 B)4�G�#" "//#�&)<�("D, E�4/"E�#?()* =#�4�!),!)E()* =77�4-
�"<()/�?C )@#�&�C� �)(4"� B#�(4" )4/"&($, <)#?7!�E)<$, @!)(G, (�B$-
#�(($� B!" 300 °� (573 �). Q!" <$/)4", ��EB�!��'!�, (B�!�E��! 103/� 
/�!�E"�/D 4 <�#"+"(� ~1,9–1,5) G(�+�("D &"(�E"+�/4)* B!)<)&"E)/�" 
(+�/�)�� "GE�!�("* 104 �8) /)<#�&�C� / <�#"+"(�E" /���"+�/4)* B!)<)&"-
E)/�". ��B!)�"<)!�+"<�D 7"G"+�/4�D E)&�#? =�);) B!)8�//� )@VD/("E� 
&�/)!@8"�* ,�E)/)!@"!)<�(();) < &<', 7)!E�, 4"/#)!)&� / ��� – B!)-
/#)�4. Q!" <�4''E()* 4)(&�(/�8"" )4/"&($, <)#?7!�E)<$, @!)(G <$/)4� 
<�!)D�()/�? ,�E)/)!@8"" (� ��� 4"/#)!)&� < ("G4)��EB�!��'!()* " <$-
/)4)��EB�!��'!()* 7)!E�, B) !��48"DE: 
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 2
-
2

O +l O

O +l 2O
2

� �

� �

 

 
 (18) 

�G<�/�(), +�) '!)<(" , '/�)*+"<$ B!" ��175 °� [23], B!" @)#�� 
<$/)4", ��EB�!��'!�, "E��� E�/�) <$/)4)��EB�!��'!(�D 7)!E� ,�E)-
/)!@8"" O>. � /+�� )@�&(�("D B!"#�;�C\", 4 ��� )@#�/��* < B!)8�//� 
,�E)/)!@8"" 4"/#)!)&� )@!�G'��/D B)��(8"�#?($* @�!?�!. Q!" "GE�!�("" 
��EB�!��'!()* G�<"/"E)/�" B!)<)&"E)/�" < <�4''E� ~10>5 �)!! B!)"/,)-
&"� &�/)!@8"D ,�E)/)!@"!)<�(();) 4"/#)!)&�, +�) <�&�� 4 B)("%�("C B)-
��(8"�#?();) @�!?�!� " �;) B)#()E' "/+�G()<�("C. � =�);) E)E�(�� <�#"-
+"($ &"(�E"+�/4)* " /���"+�/4)* =#�4�!)B!)<)&()/�" (�+"(�C� /)<B�-
&��?. �)+4� /)<B�&�("D =�", <�#"+"( &#D �)(4)* B#�(4" 4)(&�(/"!)<�(-
()* B!" �B)&#. = 300 °� /&<"('�� < )@#�/�? @)#�� <$/)4", ��EB�!��'!, +�) 
<B)#(� )@VD/("E) ,�E)/)!@8"�* < =�)E /#'+�� �)#?4) )&()* 7)!E$ 4"-
/#)!)&�, � "E�((): <$/)4)��EB�!��'!()* O>. 

2O�

���4, "GE�!�("D ��EB�!��'!()* G�<"/"E)/�" B!)<)&"E)/�" (� B�!-
<)E =��B� "//#�&)<�("* =#�4�!),!)E()* D+�*4", 4�4 /#)%()* ;���!)/�-
!'4�'!$ < O"!)4)E /E$/#� =�);) B)(D�"D B)4�G�#", +�) <)GE)%() "/B)#?-
G)<�("� E��)&� #�;"!)<�("D &#D !�/+��� B#)�()/�" /)/�)D("* (� ��� B) 
=4/B�!"E�(��#?() )B!�&�#D�E$E =(�!;"DE �4�"<�8"" B!)8�//� B�!�()/� 
()/"��#�* G�!D&�. �#D !�/+��� Nss(M��) (�)@,)&"E) (� /#�&'C\�E =��B� 
"//#�&)<�("* B!)<�/�" "GE�!�("D =77�4�� �)##� &#D )B!�&�#�("D <�#"-
+"($ '!)<(D ��!E" < 4!"/��##"��. F�) B)G<)#"� B) "G<�/�()* =(�!;"" �4-
�"<�8"" " <�#"+"($ '!)<(D ��!E" < 4!"/��##"�� !�//+"���? <$/)�' @�!?-
�!� B) 7)!E'#�: 
 acte E e� � � � . (19) 

�������.���� �)�����!�� �.����.  
���!�� )����! .��("��+�.�� &���, 

��E" @$#) B!)<�&�() "//#�&)<�("� )B�"+�/4", /<)*/�< �)(4", B#�-
()4 )4/"&($,, <)#?7!�E)<$, @!)(G. ��G'#?���$ =�);) "//#�&)<�("D /#�-
&'�� /+"���? B!�&<�!"��#?($E", ��4 4�4 B)#()� "//#�&)<�("� E�,�("GE� 
"GE�(�("D )B�"+�/4)* B#)�()/�" ("#" "($, &!';", )B�"+�/4", ,�!�4��!"-
/�"4) < B!)8�//� =#�4�!),!)E();) )4!�O"<�("D &)#%() /)&�!%��? B�!�#-
#�#?()� "//#�&)<�("� (� E)()4!"/��##�, " (� �)(4",, �E)!7($,, B)#"-
4!"/��##"+�/4", B#�(4�, B!" O"!)4)E "GE�(�("" B�!�E��!� X, <,)&D\�-
;) < )@\'C 7)!E'#' )4/"&($, <)#?7!�E)<$, @!)(G MxWO3 . 	 #"��!��'!� 
(� /'\�/�<'�� ;#'@)4);) " B)#();) )B"/�("D E�,�("GE� "GE�(�("D )B�"-
+�/4)* B#)�()/�" �)(4", B#�()4, /)/��<#DC\", )/()<' =#�4�!),!)E();) 
'/�!)*/�<�. 
@\�B!"G(�() #"O? �), +�) =#�4�!),!)E() )4!�O�(($� �)(-
4"� B#�(4" "E�C� < /B�4�!� )@#�/�? <$/)4)* B!)G!�+()/�" /!�G' G� 4!��E 
7'(&�E�(��#?();) B);#)\�("D " )@#�/�? <$/)4);) B);#)\�("D < @#"%(�* 
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��-)@#�/�", (�<)&"E)* B!" =#�4�!),!)E()E )4!�O"<�("". 	 !�@)��, [23, 
24] B!"<�&�($ �"B"+($� /B�4�!$ B);#)\�("D �)(4)* B#�(4" )4/"&($, 
<)#?7!�E)<$, @!)(G. 	/� B)#'+��E$� (�E" B#�(4" "E�#" )&()�"B($� 
/B�4�!�#?($� ,�!�4��!"/�"4" D(�) / O"!)4)* B)#)/)* < )@#�/�" @#"%(�;) 
��-&"�B�G)(� " E�4/"E'E)E )B�"+�/4)* B#)�()/�" B!" 
�max � 1000>1100 (E " 'G4)* B)#)/)* <$/)4)* B!)G!�+()/�" (4)=77"8"�(� 
B!)B'/4�("D T ~ 95–98 %) (� &#"(�, <)#( ~ 450 (E, =�) " )B!�&�#D#) ;)-
#'@)* 8<�� �)(4", B#�()4 (� B!)/<��. 
�)%%�(($� (� <)G&',� �)(4"� 
B#�(4" 
	� B!)G!�+($. �B�4�!�#?(�D ,�!�4��!"/�"4� )@�/8<�+�(($, )�-
%";)E B#�()4 <E�/�) O"!)4)* B)#)/$ B);#)\�("D "E�#� !D& B)#)/ E�#)* 
"(��(/"<()/�" +"/#)E )� �!�, &) BD�". ��4'C %� /B�4�!�#?('C ,�!�4��-
!"/�"4' "E�C� �)(4"� B#�(4" )@�/8<�+�(($� =#�4�!),"E"+�/4". Q!" ", 
=#�4�!),!)E()E )4!�O"<�("" &) !�G#"+()* "(��(/"<()/�" B)#)/$ B)-
;#)\�("D !�/O"!DC�/D ", B!" )4!�O"<�("" &) E�4/"E�#?($, G(�+�("* 
)B�"+�/4)* B#)�()/�" < &"�B�G)(� 500–1200 (E, </� B)#)/$ /#"<�C�/D < 
)&('. �/��/�<�(() B!�&B)#)%"�?, +�) =�� O"!)4�D B)#)/� B!�&/��<#D�� 
/'B�!B)G"8"C B)#)/ B);#)\�("D )@'/#)<#�(($,, 4�4 E"("E'E, �!�ED �"-
B�E" 8�(�!)< )4!�O"<�("D < =#�4�!),!)E() +'</�<"��#?($, �)(4", B#�(-
4�, )4/"&($, <)#?7!�E)<$, @!)(G. 

��O� B!�&B)#)%�("� ) /#)%()* /�!'4�'!� B)#)/$ =#�4�!),!)E();) 
B);#)\�("D < "//#�&'�E$, �)(4", B#�(4�, &)/���)+() ,)!)O) B)&�<�!-
%&���/D !�(�� )B'@#"4)<�(($E" &�(($E" ) /#)%()* /�!'4�'!� /B�4�!)< 
B);#)\�("D (��!"�<)-<)#?7!�E)-7)/7��($, " #"�(�<)-<)#?7!�E)-
7)/7��($, /��4)# [25]. 


4/"&$ B�!�,)&($, E���##)< ", < �)E +"/#�, )4/"&($� <)#?7!�E)-
<$� @!)(G$, D<#DC�/D 4))!&"(�8")(($E" /)�&"(�("DE", �. �. ;&� /�!);)� 
4<�(�)<)-,"E"+�/4)� "#" #C@)� 'B!)\�(()� E)&�#?()� )B"/�("� <)G-
E)%() #"O? / '+��)E /<DG" 8�(�!�#?();) ")(� (4�4 B!�<"#), 4��")(� E�-
��##�) / 4))!&"("!)<�(($E", �. �. =(�!;��"+�/4" /<DG�(($E" <)4!'; (�;) 
#";�(&�E" (")(�E", E)#�4'#�E" " �. &.). �#D )B"/�("D )/()<($, )/)@�(-
()/��* /B�4�!)< )B�"+�/4);) B);#)\�("D 4))!&"(�8")(($, /)�&"(�("* 
"/B)#?G'C�/D ��)!"D 4!"/��##"+�/4);) B)#D, ��)!"D B)#D #";�(&)<, � ��4-
%� B)#'=EB"!"+�/4"� E��)&$ E)#�4'#D!($, )!@"��#�*. ��)!"D 4!"/��#-
#"+�/4);) B)#D (��Q) D<#D��/D )&()* "G B)B$�)4 /)+����? 4<�(�)<)-
,"E"+�/4"� B!�&/��<#�("D / =#�4�!)/���"+�/4"E B)&,)&)E; 	 +�/�()/�", 
B!" !�//E)�!�("" )B�"+�/4", /<)*/�< )4/"&)< B�!�,)&($, E���##)< < 
!�E4�, ��Q /),!�(D��/D < )/()<()E /,�E� )!@"��#�* 8�(�!�#?();) ")(�, 
,)�D )(" (�/4)#?4) /E�O�C�/D B) =(�!;"". �!)E� �);), d- " f-)!@"��#" B)-
&'!)<(D )4�G$<�C�/D (�!�<()8�(($E" < B)#D, (�"@)#�� )@$+()* /"EE��-
!"", +�) <�&�� 4 !�/\�B#�("C d- " f-B)&'!)<(�*. 

�#D )4��=&!"+�/4);) 4)EB#�4/�, 4�4)<$E D<#DC�/D )4/"&($� <)#?7-
!�E)<$� @!)(G$ (
	�) !�/\�B#�("� d-B)&'!)<(�* E)%() 4�+�/�<�(() 
!�//E)�!��? /#�&'C\"E )@!�G)E. Q'/�? )4��=&! WO3 !�/B)#)%�( ��4, +�) 
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)/" &�4�!�)<$, 4))!&"(�� /)<E�\�($ / )/DE" /"EE��!"" 4-;) B)!D&4�, 
D&!) 4��")(� (�,)&"�/D < (�+�#� /"/��E$ 4))!&"(��. �);&� #";�(&$, < 
(�O�E /#'+�� ��)E$ 4"/#)!)&� 
2>, !�/B)#)%�($ (� )/D, 4))!&"(��, )!-
@"��#"  (�B!�<#�($ (�B)/!�&/�<�(() 4 ("E, �);&� 4�4 )!@"��#" 
dxy, dxy, dyz < B!)/�!�(/�<) E�%&' #";�(&�E". Q)=�)E' =#�4�!)(, (�,)&D/? 
(� )&()* "G lg-)!@"��#�*, 4�4 (�G$<�C� < =�)E /#'+�� , /"#?() 
)���#4"<���/D )� )�!"8���#?($, G�!D&)<, " "E��� @)#�� <$/)4'C =(�!;"C, 
+�E (�,)&D/? (� )&()* "G t2g-)!@"��#�* (dxy, dxy, dyz). Q) �(�#);"+($E B!"-
+"(�E !�/\�B#D��/D B)&'!)<�(? " < B)#D, "()* /"EE��!"". 

2 2,
n x y

d d
� 2

2y2 2,
n x

d d
�

�#D /<)@)&($, d-")()< =#�4�!)(($� B�!�,)&$ E�%&' =(�!;��"+�-
/4"E" '!)<(DE" d-=#�4�!)()< (d-d-B�!�,)&$) G�B!�\�($ 4�4 B�!�,)&$ 
E�%&' '!)<(DE" )&()* " �)* %� +��()/�" (B!�<"#) ��B)!��). Q�!�,)&$ 
/�!);) G�B!�\�(($� B!�<"#)E ��B)!�� &#D /<)@)&($, ")()< /��()<D�/D 
!�G!�O�(($E", 4);&� ")( B�!�,)&();) E���##� (�,)&"�/D < /)�&"(�("". 

�'\�/�<'C� �!" �"B� =#�4�!)(($, B�!�,)&)< B!" 4)�)!$, /("E���-
/D G�B!�� B) +��()/�" [26]. 

1) <$('%&�(($� =#�4�!"+�/4"� &"B)#?($� B�!�,)&$, <$G<�(($� 
/���"+�/4"E "#" &"(�E"+�/4"E "/4�%�("DE" "(<�!/")(()* /"EE��!""; 

2) E�;("�($� &"B)#?($� B�!�,)&$; 
3) =#�4�!"+�/4"� 4<�&!'B)#?($� B�!�,)&$. 
Q!" �(�#"G� /B�4�!)< )B�"+�/4);) B);#)\�("D /#�&'�� '+"�$<��? 

</� �!" �"B� =#�4�!)(($, B�!�,)&)<. 
&(�4) < /"#' !�G#"+()* "(��(/"<-
()/�" B)#)/ B);#)\�("D &�<��E)* ��)!"�* E)%() <$&�#"�? (� =4/B�!"-
E�(��#?($, 4!"<$, B)#)/' )�<��/�<�(('C B�!�,)&', +�* <4#�& < )B�"+�-
/4)� B);#)\�("� ";!��� )B!�&�#DC\'C !)#?. 	�!)D�()/�? <$('%&�(($, 
&"B)#?($, B�!�,)&)< /);#�/() ;!'@)* )8�(4� (� &<�-+��$!� B)!D&4� B!�-
<$O�C� <�!)D�()/�? E�;("�($, " 4<�&!'B)#?($, B�!�,)&)<: &#D #�(��-
()"&)< �&"B. � 104 />1, �E�;(.� 2·102 />1, �4<�&!. � 0,5 />1. �#D 4��")()< " �4�"-
()"&)< <�!)D�()/�" <$('%&�(($, &"B)#?($, " < E�(?O�* /��B�(" E�;-
("�($, " 4<�&!'B)#?($, B�!�,)&)< �\� <$O� </#�&/�<"� /"#?();) <G�"-
E)&�*/�<"D / )4!'%�("�E. 	$('%&�(($� =#�4�!"+�/4"� &"B)#?($� B�!�-
,)&$ (	F�Q) <$G<�($ /���"+�/4)* "#" &"(�E"+�/4)* (�+��()* /)/��<-
#DC\�* 4!"/��##"+�/4);) B)#D. ����"+�/4�D /)/��<#DC\�D 4!"/��##"+�-
/4);) B)#D <)G("4��� B!" (�8�(�!)/"EE��!"+()E !�/B)#)%�("" #";�(&)<, 
4);&� #)4�#?(�D /"EE��!"D ")(� B�!�,)&();) E���##� ��4)<�, +�) (�� 8�(-
�!� "(<�!/"". 	 =�)E /#'+��, &�%� (�G(�+"��#?()� "/4�%�("� !�O��4", 4)-
�)!)� (� <#"D�� (� =(�!;��"+�/4"* d-")()< /4�G$<���/D (� <�!)D�()/�" B�-
!�,)&�, /("E�D G�B!�� B) +��()/�" [27]. 
4��=&!"+�/4"* 4)EB#�4/ < )4-
/"&($, <)#?7!�E)<$, @!)(G�, 8�(�!�#?()/"EE��!"+�(, B)=�)E' G�B!�� 
B) +��()/�" E)%�� @$�? /(D� &"(�E"+�/4)* (�+��()* /)/��<#DC\�* 4!"-
/��##"+�/4);) B)#D, <$G<�(()* =#�4�!)(-7)()(($E <G�"E)&�*/�<"�E. �/-
#" =#�4�!)(($* B�!�,)& !�G!�O���/D G� /+�� <G�"E)&�*/�<"D =#�4�!)()< / 
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(�/"EE��!"+($E" 7)()(�E", �) <�!)D�()/�? =�);) B�!�,)&� @'&�� '<�#"-
+"<��?/D / !)/�)E ��EB�!��'!$. ��4"E )@!�G)E, "GE�!�("� ��EB�!��'!()* 
G�<"/"E)/�" "(��(/"<()/��* B)#)/ < /B�4�!�, )B�"+�/4);) B);#)\�("D 
�)(4", B#�()4 
	� B)G<)#"� )&()G(�+() "&�(�"7"8"!)<��? d-d-B�!�,)&, 
!�G!�O�(($* =#�4�!)(-7)()(($E <G�"E)&�*/�<"�E. F�" "//#�&)<�("D 
<4#C+�($ < B)/#�&'C\"� =��B$ &�(()* !�@)�$. 

��.��� 
	 &�(()* !�@)�� B!�&B!"("E���/D B)B$�4� !�//E)�!��? B!)8�// 

=#�4�!),!)E();) )4!�O"<�("D (� / �!�&"8")(($, B)G"8"* 4#�//"+�/4)* 
=#�4�!),"E"", � / �)+4" G!�("D 7"G"+�/4", B!)8�//)<, ��4", 4�4 B�!�()/ 
G�!D&�, =#�4�!)(($� B�!�,)&$, �. �. / �)+4" G!�("D �<�!&)��#?()* )B�)-
=#�4�!)("4". ��4)* B)&,)& B!�&/��<#D��/D (�E @)#�� !�G'#?���"<($E &#D 
/)G&�("D %"G(�/B)/)@($, 4)EE�!+�/4", =#�4�!),!)E($, '/�!)*/�<. 

��4 4�4 < )/()<� B#�(�!($, =#�4�!),!)E($, '/�!)*/�< #�%�� 
�E)!7($�, B)#"4!"/��##"+�/4"� B#�(4", �) B)&)@($� "//#�&)<�("D B!�&-
/��<#DC� "(��!�/ " < 7'(&�E�(��#?()E B#�(�. 
B"!�D/? (� !�G'#?���$ 
B�!<$, "//#�&)<�("* E)%() /&�#��? /#�&'C\"� <$<)&$: 

1. ��,�("GE$ B�!�()/� ()/"��#�* G�!D&� < "//#�&)<�(($, �)(4", 
B#�(4�, (� <$,)&D� G� !�E4" B!�&/��<#�("* !�G<"�$, �)��)E, ��<"/)E " 
&!';"E". �) &���#"G�8"D ��4);) B�!�()/� +�!�G E�%7�G($� ;!�("8$ < 
=#�4�!),!)E()E '/�!)*/�<�, (�/E)�!D (� /#)%()/�? ��4)* G�&�+", B!)/�) 
(�)@,)&"E�. �(�+� (�<)GE)%() B!);()G"!)<��? ,�!�4��!"/�"4" '/�!)*/�< 
" /�!)"�? ,)�D @$ 4�+�/�<�(($� E)&�#" ", !�@)�$. 

2. �//#�&)<�("D B!)<)&"E)/�" &)#%($ @$�? &)B)#(�($ B)#�<$E" 
G�<"/"E)/�DE", � ��4%� "GE�!�("DE" B)&<"%()/��*, B)/�)D(()* �)##�, 
��!E)-F��. 

3. 
B�"+�/4"� "//#�&)<�("D �)(4", B#�()4 
	� &)#%($ @$�? &)-
B)#(�($ "//#�&)<�("DE" ��EB�!��'!($, G�<"/"E)/��* B!)8�//)< )B�"+�-
/4);) B);#)\�("D &#D B)&�<�!%&�("D B)#'+�(($, < &�(()* !�@)�� <$<)-
&)< ) <$('%&�(($, =#�4�!"+�/4", &"B)#?($, d-d-B�!�,)&�, < =#�4�!)-
,!)E() )4!�O�(($, �)(4", B#�(4�, )4/"&($, <)#?7!�E)<$, @!)(G (
	�). 
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Q���
-������������ �	
���	� ���
�����
	 ������� 
��� 548.0;535.56 

�G"G)< �.�., ��#"E;)�)< �.�., ��!&�()<� .�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 B!)<�&�(($, (�E" !�(�� "//#�&)<�("D, [1] B!" (�@#C&�("" / B)-
E)\?C )B�"+�/4);) E"4!)/4)B� G� !)/�)E B#)/4", E"4!)- " (�()4!"/��#-
#)< (��) ;�#);�("&)< /�!�@!�, < +�/�()/�" AgBr, @$#) )@(�!'%�() (�#"-
+"� )4!�/4" ' B#)/4", ��. �!)E� =�);) @$#) )@(�!'%�() D<#�("� &�7)!-
E�8"" B#)/4", �� B!" &�*/�<"" (� (", (�!�G#)%�(();) /<���. 

�� !"/. 1 B)4�G�(� &�7)!E�8"D �� @!)E"/�);) /�!�@!� �!�';)#?()* 
7)!E$. F#�4�!)E�;("�(�D <)#(� <"&"E);) &"�B�G)(� B�&��� (� B)<�!,-
()/�? �� ()!E�#?(), &�7)!E�8"D B!)"/,)&"� < ��+�("� (�/4)#?4", /�-
4'(& < <"&� G�;"@�("D <�!O"( �!�';)#?("4�. 

 

�"/. 1. ��7)!E"!)<�(($* 4!"/��## ;�#);�("&� 
/�!�@!� B)& &�*/�<"�E (�!�G#)%�(();) /<��� 
 

��,�("GE &�*/�<"D /<��� (� ;�#);�("& /�!�@!� " )@!�G)<�("� 8�(-
�!)< /4!$�);) "G)@!�%�("D )B"/�( ��!(" " �)��)E [2]. �� �� 4<�(�$ 
/<��� B�&�C� /���"/�"+�/4", �. �. B!"@#"G"��#?() !�<()E�!(), )&(�4) /�-
!�@!D($� (�()-+�/�"8$ )@(�!'%"<�C�/D < <"&� )�()/"��#?() E�#);) +"/-
#� )�&�#?($, 4!'B"()4 < /�E$, !�G($, E�/��, (� B)<�!,()/�" ��. ��#��, 
4�%&$* 4<�(�, B);#)\�(($* ��, &)@�<#D�� ��)E /�!�@!� 4 �)* "#" "()* 
"G =�", 4!'B"()4. �)/� /�!�@!D($, 8�(�!)< B) E�,�("GE' ��!(" " �)��� 
B!"<�&�( (� !"/. 2 [3]. 
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�"/. 2. �,�E� B)/#�&)<���#?($, /��&"* )@!�G)<�("D �&"("+($, ��)E)< �)-
#"�"+�/4);) /�!�@!� " 7)�)#"�"+�/4);) @!)E�, �. �. G�!)%&�("D /4!$�);) 
"G)@!�%�("D: � – B);#)\�("� 4<�(�� /<��� ")()E Br>, )@!�G)<�("� /<)@)&-
();) =#�4�!)(� " B)#)%"��#?()* &$!4", E();)4!��($� B�!�,)&$ =#�4�!)(� 
"G )&()* E�#4)* B)��(8"�#?()* DE$ < &!';'C, G�4!�B#�("� =#�4�!)(� < 
;#'@)4)* B)��(8"�#?()* DE� (� B)<�!,()/�" E"4!)4!"/��##�; 5 – 4)(4'-
!�(8"D E�%&' ")()E Ag+ " B)#)%"��#?()* &$!4)* G� (�*�!�#"G�8"C G�!D-
&� G�4!�B"<O�;)/D =#�4�!)(�, < 4)�)!)* <�!, )&�!%"<��� @)#�� B)&<"%($* 
4��")(, " )@!�G)<�("� ��)E� Ag0; 	 – <$,)& B)#)%"��#?()* &$!4" (� B)-
<�!,()/�? < E�/�� (�,)%&�("D 4�4);)-#"@) &!';);) )�!"8���#?();) G�!D&�, 
(�B!"E�! ")(� Br>; * – )@!�G)<�("� ��)E� Br0 (� B)<�!,()/�" " B)/#�&'C-
\�D !��48"D �;) / ��)E)E Ag0, �/#" %�#��"(� =�)E' (� <)/B!�BD�/�<'�� 
 

��(�;�()&"7!�4�)E��!"+�/4"* �(�#"G 7)�);!�7"+�/4", =E'#?/"*, 
/)&�!%�\", B#)/4"� 4!"/��##$, B)4�G�# /'\�/�<)<�("� )B!�&�#�(()* 
��4/�'!$, )!"�(�"!)<4� 4)�)!)* /)<B�&��� / (�B!�<#�("�E {111}. �/#" 
"E��? < <"&', +�) /+��+"4 !�(�;�()</4);) "G#'+�("D 7"4/"!'�� ;!�(", B�-
!�##�#?($� B)<�!,()/�" )@!�G8�, �) "G /)B)/��<#�("D =�", =4/B�!"E�(-
��#?($, &�(($, E)%() G�4#C+"�?, +�) <�!,("� " ("%("� B)<�!,()/�" 
B#)/4);) �� );!�("+�($ ;!�(DE" {111}. Q!�&B)#)%"<, +�) <�!,(DD ;!�(? 
{111} @!)E"&� /�!�@!� /)/�)"� "G /��4" Br>, � ��)E($* (")(($*) !�&"'/ 
Br> (1,95÷1,96)·10>10i, Ag+ (1,26÷1,19)·10>10i, �) B!" )/<�\�("" @!)E"&� /�-
!�@!� /<��)E Br> <$,)&"� (� B)<�!,()/�? ��. Q)(D�(), +�) )�4#)(�("D 
��)E)< )� "&��#?($, B)#)%�("* &)#%($ @$�? B!)B)!8")(�#?($ !�G()/�" 
�r !�&"'/)< G�E�\�C\", &!'; &!';� ��)E)<, )(" &)#%($ G�<"/��? ��4%� 
)� 4)(8�(�!�8"". Q!"  <$,)&� )&();) ��)E� @!)E� �r /)/��<#D�� 0,7 Å G� 
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/+�� <$,)&� ��)E)< Br> "G (�/4)#?4", ��)E($, /#)�< @!)E"/�);) /�!�@!� 
B!)"/,)&"� &�7)!E�8"D B#)/4", ��. 

Q)-<"&"E)E', < &�(()E /#'+��, !��#"G'��/D =77�4� �)!/4);), �. �. 
B!" "G;"@� �� ��)E$ Br> &"77'(&"!'C� < !�/�D('�$� '+�/�4" B)/4)#?4' 
��)E$ (")($) @!)E� "E�C� @)#?O"* !�&"'/, +�E ��)E$ (")($) /�!�@!� < 
!�G'#?���� +�;) < )@#�/�D, /%��"D " !�/�D%�("D <)G("4��� !�G("8� < 4)(-
8�(�!�8"" 4)EB)(�(� (!"/. 3). 

 

�"/. 3. ��)&()!)&()� !�/B!�&�#�("� ��)-
E)< !�G($, /)!�)< < "G);('�)E 4!"/��##� 
 

�/#" 4!"/��##$ &�!%��? < "G);('�)E /)/�)D("" &)/���)+()  &)#;), 
�) < (", B)/#� &)/�"%�("D !�<()<�/"D '/��()<"�/D ;!�&"�(� 4)(8�(�!�8"" 
4)EB)(�(�, G�<"/D\"* )� "GE�(�("D �)#\"($ )@!�G8�. Q!" !�G;!'G4� 4)(-
8�(�!�8"D &)#%(� <$!)<(D�?/D. 

Q)/#� B!�4!�\�("D )/<�\�("D �� @!)E"/�);) /�!�@!� &�7)!E�8"D 
/),!�(D��/D, +�) /<"&���#?/�<'�� ) B!)"/O�&O�E < ;�#);�("&� /�!�@!� (�-
)@!��"E)E B!)8�//�. Q!DE$� !�(�;�();!�7"+�/4"� )B!�&�#�("D /!�&(�4<�-
&!��"+();) /E�\�("D ��)E)< "G '/!�&(�(($,  "&��#?($, B)#)%�("* &�C� 
<�#"+"($ B)!D&4� 0,1–0,3 Å. �)#?O"� G(�+�("D �r, < (�O�E /#'+�� B)!D&4� 
0,7 Å, B!"<)&D� 4 (�'/�)*+"<)/�" !�O¯�4" @!)E"&� /�!�@!� " (�<)GE)%()-
/�" )@!�G)<�("D �&"()* /�!'4�'!$ �<�!&);) ��#�. Q!)"/,)&"� !�G&�#�("� 
4)EB)(�(�, �.�. <)G("4()<�("� ()<$, 7�G < <"&� /�!�@!D($, +�/�"8. 

���������� 

1. �.�. �G"G)<, �.�. �"�<, �.�. �)4)()<. // �!"/��##);!�7"D, 2003, �)E. 
48, � 2. �. 346–349. 

2. R.W. Gurney and N.F.Mott. / Proc.Roy.Soc.(A). // 164, 151 (1938). 
3. �.�. ��!�'%�(/4"*, �.	. �!�/($*-�&E)("*. �"E"D " 7"G"4� 7)�);!�-

7"+�/4", B!)8�//)<. ��("(;!�&, «�"E"D», 1987;. 
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���� � ���
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���� ������
	 

��� 532.53834:541.1.14 

�,4'@�4)< �.�., �+��<� F.�., ��;)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 
vegros@rambler.ru 

	 !�@)�� B!"<)&D�/D =4/B�!"E�(��#?($� !�G'#?���$ "//#�&)<�("D 
B#�<#�("D B)<�!,()/�" �<�!&$, ��# < !D&� )&()!)&($, " !�G()!)&($, 
/"/��E E��)&)E 4)(��4�"!)<�("D. Q!�&#)%�(� ;"B)��G� E�,�("GE� /)�&"-
(�("D "G'+�(($, E���##)<, @�G"!'C\�D/D (� G�<"/"E)/�" ��EB�!��'!$ 
4!"/��##"G�8"" (�())@V�4�)< )� ", !�GE�!�. 

�G<�/�(), +�) < !��#?($, E���##"+�/4", /"/��E�, B#�<#�("� B)-
<�!,()/�" B!)"/,)&"� B!" ��EB�!��'!�, ("%� ��EB�!��'!$ B#�<#�("D 
)@V�E($, )@!�G8)<, B!"+�E %"&4)/�? )@!�G'D/? (� B)<�!,()/�" &<"%��/D 
< )@V�E 4!"/��##� [1]. 	)G("4()<�("� " /'\�/�<)<�("� /#)D !�<()<�/()* 
(B) )�()O�("C 4 )@V�E') %"&4)* 7�G$ )B!�&�#�(()* �)#\"($ (� B)<�!,-
()/�" 4!"/��##�, /))�<��/�<'C\�* &�(()* ��EB�!��'!�, (�G$<�C� ;���!)-
;�(($E B#�<#�("�E, < )/()<� 4)�)!);) #�%"� =77�4� B)("%�("D ��EB�!�-
�'!$ B#�<#�("D ("G4)!�GE�!($, )@V�4�)< ((�()<$/�'B)<), (� B)<�!,()/�" 
�<�!&$, ��#, / 'E�(?O�("�E ", !�GE�!)< [1, 4]. 

��4 < !�@)�� [3] =4/B�!"E�(��#?() B)4�G�(), +�) "/4'//�<�(() /)G-
&�<��E$� (� B)<�!,()/�" �<�!&$, E���##)< E"4!)&�7�4�$ (G�G)!$), B)/#� 
),#�%&�("D )4�G$<�#"/? G�B)#(�(($E" /#)�E G��<�!&�<O�;) !�/B#�<�, 
+�) B)G<)#"#) �<�)!�E G�4#C+"�?, +�) =�) !�G'#?��� B)<�!,()/�();) B#�<-
#�("D (QQ) < )&()!)&($, E���##�,. 
&(�4), < !�@)�� (� '4�G$<�#)/? 4)(-
4!��(�D ��EB�!��'!� )B$�� )�()/"��#?() ��EB�!��'!$ B#�<#�("D )&()-
!)&();) <�\�/�<�. 

�!)E� �);) < #"��!��'!� (� '&�#)/? )@(�!'%"�? )�<��$ (� /#�&'C-
\"� <)B!)/$: 

1) 4�4)<� <!�E�((�D G�<"/"E)/�? )@!�G)<�("D " !)/�� B#�(4"?; 
2) (� 4!"/��##"G'��/D #" )@!�G)<�<O"�/D %"&4"� )+�;" (�B)/!�&/�-

<�(() < ��!E)/���� B!" ��EB�!��'!� ", B)D<#�("D?; 
3) (� '/��()<#�( ("%("* B!�&�# (�+�#� QQ " &!';"� 7�4�)!$. 
��4"E )@!�G)E, &�(()� (�B!�<#�("� "//#�&)<�("* �!�@'�� &�#?(�*-

O�;) @)#�� ';#'@#�(();) "G'+�("D, �.4. =�� B!)@#�E� "E��� (� �)#?4) 7'(-
&�E�(��#?()� G(�+�("� < (�'4�, () /)&�!%"� @)#?O)� B!"4#�&()� B!"E�-
(�("�, )/)@�(() < ��, /#'+�D,, 4);&� 4)(��4�"!'�E�D B)<�!,()/�? /)/��<-
#D�� @)#?O'C +�/�? "G&�#"* < E"4!)((�())=#�4�!)("4�. 
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	 &�(()E /))@\�("" )@VD/(�("D B)#'+�(($, =4/B�!"E�(��#?($, 
!�G'#?���)< "/B)#?G'��/D G�<"/"E)/�? ��EB�!��'!$ 4!"/��##"G�8"" %"&-
4", (�())@V�4�)< )� ", !�GE�!�. ��4 < !�@)�� [1] B)4�G�(), +�) B!" 4)(-
&�(/�8"" "G B�!� < B�!<'C )+�!�&? )@!�G'C\"�/D )+�;" (�,)&D�/D < %"&-
4)E (!�<()<�/()E) /)/�)D("" [2], " B) E�!� '<�#"+�("D ", !�GE�!)< )(" 
4!"/��##"G'C�/D, �.�. (�@#C&���/D G�<"/"E)/�? � �4!T f h� . 

� 8�#?C "(��(/"7"4�8"" )@!�G)<�("D " !)/�� E���/��@"#?()* %"&-
4)/�" < 4)(��4�� !�G()!)&($, E���!"�#)<, (�E" "/B)#?G'��/D D<#�("� 
=#�4�!)B�!�()/�, �.4. < G�<"/"E)/�" )� (�B!�<#�("D �)4� )@!�G'C\�D/D 
%"&4�D B!)/#)*4� #"@) @$/�!) !�/���, #"@) !�G4) G�E�&#D��/D, +�) B!)<)-
&"� 4 �� 4!"/��##"G�8"" [4]. 

Q#)�()/�? �)4�, B!)B'/4��E);) +�!�G )@!�G8$, /)/��<#D#� 
j = 0,5 �/EE2. 

������!� =!�)���+���� 

	 /B�8"�#?()E &�!%���#� '/��(�<#"<�C�/D )&()<!�E�(() �!" B�!$ 
)@!�G8)<, +�) B)G<)#D�� B!)<)&"�? =4/B�!"E�(�$ < )&"(�4)<$, '/#)<"D,. 
Q�!�& 4)(��4�"!)<�("�E )@!�G8$ !�GV�&"(�($. Q) &)/�"%�("" )B!�&�-
#�(()* ��EB�!��'!$ < ��!E)/����, "//#�&'�E$� )@!�G8$ B!"<)&D�/D < 
4)(��4�. 	!�ED 4)(��4�"!)<�("D &#"#)/? )� 2–3 /�4'(& &) (�/4)#?4", +�-
/)< (��@#"8� 1). � 8�#?C B!)<�!4" (�#"+"D /)�&"(�("D )@!�G8$ < ("%(", 
O�)4�, @$#" /<)@)&($E", +�) B)G<)#D#) "E, �/#" )(" /)�&"("#"/?, &<"-
;��?/D <<�!, <E�/�� / <�!,("E )@!�G8)E, #"@) B!)<)!�+"<��?/D <E�/�� / 
("E. ��4�D E��)&"4� B)G<)#"#� B!)<�!"�? B!)D<#�("� 4�4 QQ )&()!)&($, 
)@!�G8)<, ��4 " E���/��@"#?();) �Q [4], < �)E +"/#� " (�,)&"�? ("%("* 
B!�&�# QQ /�'B�(+��) "GE�(DD ��EB�!��'!' ��!E)/����. 

	 =4/B�!"E�(��, "/B)#?G)<�#"/? E���##$ (In, Bi, Pb, Sn, Cd) <$/)-
4)* +"/�)�$: (� E�(�� 99,999 % )/()<();) 4)EB)(�(��, Zn E�!4" ���. 

��,��(���� � �� �&�������� 

��G'#?���$ "//#�&)<�("* B!"<�&�($ < ��@#"8�, 1 " 2. 
�#�&'�� )�E��"�?, +�) < "//#�&)<�(($, &<)*($, =<��4�"+�/4", /"/-

��E�, (Sn-Bi, Sn-Zn, In-Zn, Sn-Cd, Cd-Pb) (�@#C&���/D /'\�/�<�(()� B)-
("%�("� ��EB�!��'!$ /��@"#?()* =<��4�"4", (� /E)�!D (� )�/'�/�<"� "(-
��!E���##"&)< " B�!���4�"+�/4", !��48"* (� &"�;!�EE� /)/�)D("D. 

��4 <"&() "G ��@#. 1, ��EB�!��'!� (�+�#� /)�&"(�("D (B#�<#�("� B)-
<�!,()/�") )� /"/��E$ 4 /"/��E� /)/��<#D�� )� (�/4)#?4", &) /)��( ;!�&'/)<. 

	 @)#?O"(/�<� /#'+��< B!" /))�<��/�<'C\", ��EB�!��'!�, /)�&"-
(�("� )@!�G8)< B!)"/,)&"#) (�B)/!�&/�<�(() < ��!E)/����. 
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��@#"8� 1. Q)<�!,()/�()� B#�<#�("� < )&()!)&($, " !�G()!)&($, /"/��E�, 
 

�"/��E� �Q�, 
°C 

�)B$��, 
°C 

³T, 
°C Â, /. ��G'-

#?��� Q!"E�+�("� 

140 16 40 +  In-In 156 
80 76 300 +  

Sn-Sn 232 221 11 300 +  
221 106 300 +  
221 106 300 + 	�!,-4!';#$*, ("G-B#)/4"* 
221 106 300 – 	�!,-B#)/4"*, ("G-4!';#$* 

Pb-Pb 327 

221 106 300 – 	�!,-4!';#$*, ("G-4!';#$* 
28 1 2-3 –  
28 1 60 –  

Ga-Ga 29 

28 1 300 –  
110 15 300 +  
110 15 5 +. +  
110 15 1800 + 	�!,-4!';#$*, ("G-B#)/4"*  
110 15 1800 + 	�!,-4!';#$*, ("G-B#)/4"* 

Bi-Pb 125 

110 15 1800 – 	�!,-B#)/4"*, ("G-4!';#$* 
In-Bi 72,4 68 4,4 60 +  

110 9 3600 + 	�!,-4!';#$*, ("G-4!';#$* 
110 9 2-3 +  

In-Sn 119 

50 69 3 +. + 	�!,-4!';#$*, ("G-4!';#$* 
110 - 3600 + 	�!,-B#)/4"*, ("G-4!';#$* 
110 - 3600 +  
110 - 2-3 –  

In-Pb - 

50 - 3 +. – 	�!,-B#)/4"*, ("G-4!';#$* 
120 19 600 – �� �)!8�, <"&($ )+�;" «%», 

B)<�!,()/�? G�B)#(�(� ~50 % 
Sn-Bi 139 

130 9 600 – �� �)!8�, <"&($ )+�;" «%», 
B)<�!,()/�? G�B)#(�(� ~75% 

Sn-Zn 198 180 20 600 +  
In-Zn 143,5 130 13,5 60 +  

160 17 600 – �� �)!8�, "E�C�/D /#�&$ «%» Sn-Cd 177 
170 7 600 +  

Cd-Pb 248 222 26 1800 +  
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��@#"8� 2. 	#"D("� =#�4�!"+�/4);) �)4� (� QQ < /"/��E� Bi-Pb 
 

��EB-!�, °� ��G'#?��� 4)(��4��
�"/��E� Q#)�()/�? 

�)4�, �/EE2 
	!�ED 

)B$��, + TF	 �QT �  
³�, 
°� «–»* 0 «+»* 

0,5 2 110 15 
0,5 3,5 110 15 
0,5 3,5 110 15 

Bi-Pb 

0,5 4,5 

125 

101 24 

/)�& /)�& (�/)�&

* – B)#D!()/�? (� <�!,(", )@!�G8�, 

�� (�O <G;#D& )&("E, "G <)GE)%($, <�!"�(�)< )@VD/(�("D /)�&"(�-
("D )@!�G8)< B!"<�&�(($, < 4)(��4�, D<#D��/D <$B)#(�("� G�<"/"E)/�" 
��EB�!��'!$ 4!"/��##"G�8"" %"&4", +�/�"8 (B#�()4) )� ", !�GE�!�. �/#" 
&)B'/�"�?, +�) B!" "//#�&'�E)* ��EB�!��'!� (� B)<�!,()/�" )&();) " 
&!';);) /)�&"(D�E$, E���##)< B!)"G)O#) ;���!);�(()� B#�<#�("� )B!�-
&�#�(()* �)#\"($ hA " hB , �) B)/#� B!"<�&�("D ", < 4)(��4� B!)�D%�(-
()/�? /)<E�/�()* %"&4)/�" <)G!�/���, +�) " E)%�� /���? B!"+"()* ", /)-
�&"(�("D, �. 4. � �4!T f h� . 

�G =�", )B$�)< B)4� �!'&() G�4#C+"�? B!)"/,)&"� QQ )@)", )@!�G-
8)< "#" )&();) "G (",, B)=�)E' =�) �!�@'�� &)B)#("��#?($, "//#�&)<�-
("*, +�) " @'&�� /&�#�() < &�#?(�*O�E. 

Q)&�<�!%&�("�E B!)+();) /)�&"(�("D E�%&' )&()!)&($E" " !�G-
()!)&($E" )@!�G8�E" D<#D��/D "/B$��("� (� !�G!$< G)($ /)�&"(�("D. �� 
!"/. 1. B!"<�&�( !�G'#?��� =�);) "/B$��("D < /"/��E� In-Bi. 

 
�"/. 1. Q!�&�# B!)+()/�" B!" !�/�D%�("" /"/��E$ In-Bi 
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��4 <"&() "G !"/. 1 B!�&�# B!)+()/�" G)($ /)�&"(�("D /)/��<"# 
) = 0,467 4;/EE2, < �) <!�ED 4�4 )In = 0,35 4;/EE2 [5]. 

�� !"/. 2. B!"<)&"�/D 7)�) /)�&"(�(($, )@!�G8)< " �)!8)< /"/��E$ Bi-Pb. 

   
 

 � 5 	    

�"/. 2. �)�) /)�&"(�(($, )@!�G8)< " �)!8)< /"/��E$ 
Bi-Pb, �=383 �, Â=60 /, 40×: �) /)�&"(�(($� )@!�G8$, 
5, 	) �)!8$ Bi " Pb B)/#� 4)(��4�"!)<�("D " !�G!$<� 
 

���������� 
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	��	� ����
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��� 621.315 

��#D�<� �.
.1, �D@"("( �.�.2, �#�(4)< 	.	.2, �</��< 	.�.3 

1�)/4)</4"* ;)/'&�!/�<�(($* ��,("+�/4"* '("<�!/"���  
"E�(" �.F. ��'E�(�, �)/4<� 

2


 �Q
 «�!"/��##», �)/4<� 
3��8")(�#?($* "//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"���  

«���"�», �)/4<� 

��!E)=#�4�!"+�/4"� ;�(�!��)!($� E)&'#" (���), !�@)��C\"� (� 
=77�4�� Q�#?�?�, B!�&/��<#DC� /)@)* /)<)4'B()/�? ��!E)B�!, /)�&"(�(-
($, E�%&' /)@)* =#�4�!"+�/4" B)/#�&)<���#?() B) �)4' " B�!�##�#?() B) 
��B#)<)E' B)�)4' (!"/'()4 1). ��!E)B�!� B!�&/��<#D�� /)@)* &<� <��<" 
B)#'B!)<)&("4� n- " p-�"B�. ��!E)B�!$ B)E�\�C�/D E�%&' &<', 4�!�E"-
+�/4", B#�/�"(. 	��4" (�B�"<�C�/D (� E�&($� B!)<)&D\"� B#)\�&4" 
(O"(4"), 4)�)!$� 4!�BD�/D 4 /B�8"�#?()* ��B#)B!)<)&D\�* 4�!�E"4�, (�-
B!"E�!, "G )4/"&� �#CE"("D. �)#"+�/�<) ��!E)B�! E)%�� <�!?"!)<��?/D < 
O"!)4", B!�&�#�, )� (�/4)#?4", �&"("8 &) (�/4)#?4", /)��(, +�) B)G<)-
#D�� /)G&�<��? ��� / E)\()/�?C )� &�/D�$, &)#�* <���� &) /)��( <���. 
��"@)#?O�* ��!E)=#�4�!"+�/4)* =77�4�"<()/�?C, /!�&" B!)E$O#�(() 
"/B)#?G'�E$, &#D "G;)�)<#�("D ��� E���!"�#)<, )@#�&��� ��##'!"& <"/-
E'��, < 4)�)!$* &#D B)#'+�("D (�)@,)&"E);) �"B� " B�!�E��!)< B!)<)&"-
E)/�" &)@�<#DC� /B�8"�#?($� B!"/�&4", (�B!"E�!, /�#�( " /'!?E'. 

 

�"/. 1. �,�E� !�@)�$ ��� (� =77�4�� Q�#?�?� 
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	 (�/�)D\�� <!�ED ��� O"!)4) "/B)#?G'C�/D < /"/��E�, '�"#"G�-
8"" @!)/)<);) ��B#�, �<�)()E()E B"��("" E�#)E)\($, =#�4�!"+�/4", 
'/�!)*/�<, ��4%� B�!/B�4�"<($E (�B!�<#�("�E !�G<"�"D D<#D��/D "/B)#?-
G)<�("� < �<�)E)@"#�/�!)�("" " <)&()E �!�(/B)!��, �<�)()E()E )@�/B�-
+�("" =#�4�!)=(�!;"�* =#�4�!)(($, @#)4)< &#D <)&D($, 4)�#)< E'/)!)-
/%";���#?($, '/��()<)4, 4��)&()* G�\"�� ;�G)<$, �!'@)B!)<)&)<, B!�)@-
!�G)<�("" ��B#� B!"!)&($, "/�)+("4)<, �<"�8")(()E B!"@)!)/�!)�("". 

	 (�/�)D\�� <!�ED �4�'�#?()* D<#D��/D B!)@#�E� B)<$O�("D (�&�%-
()/�" !�@)�$ ��� B!" B)<$O�(($, ��EB�!��'!�,, ��4 4�4 =�) )&"( "G ;#�-
<($, /&�!%"<�C\", 7�4�)!)< !�G<"�"D !$(4� ��� < �)//"" " G� !'@�%)E. 


&()* "G )/()<($, B!"+"( B)��!" !�@)�)/B)/)@()/�" ��� D<#D��/D 
&�;!�&�8"D B)#'B!)<)&("4)<$, <��<�* ���, 4)�)!�D B!"<)&"� 4 /("%�-
("C <$!�@��$<��E)* E)\()/�" ���. 

Q!)<�&�(($� !�(�� "//#�&)<�("D B)4�G�#", +�) B!" !�@)�� ��� (� 
B)<$O�(($, ��EB�!��'!�, (B!" ��EB�!��'!� =4/B#'���8"" T > 150 °C), &�-
;!�&�8"D B)#'B!)<)&("4� B!)"/,)&"� </#�&/�<"� ��!E"+�/4)* &"77'G"" 
E���!"�#� B!"B)D (Sn) " B!)<)&("4� (Cu) < B)#'B!)<)&("4 (Bi2Te3). F�)� 
B!)8�// B!"<)&"� 4 #�;"!)<�("C B)#'B!)<)&("4�, )/)@�(() =�) )B�/() 
&#D B)#'B!)<)&("4� n-�"B�, B)/4)#?4' E�&? " )#)<) '<�#"+"<�C� 4)(8�(-
�!�8"C ()/"��#�* G�!D&�, B)#'B!)<)&("4 (�+"(��� B!")@!����? =#�4�!"-
+�/4"� /<)*/�<� B!"E�/", +�) /("%��� ��!E)=#�4�!"+�/4'C =77�4�"<()/�? 
��!E)B�!$, " ��� < 8�#)E [1]. 

�#�&)<���#?(), B)&!)@()� "G'+�("� B!)8�//� &"77'G")(();) (�/$\�-
("D B)#'B!)<)&("4)<$, <��<�* n-�"B� E�&?C " )#)<)E +�!�G G�\"�()� B)-
4!$�"� D<#D��/D (�"@)#�� <�%($E &#D B!);()G"!)<�("D (�&�%()/�" ���. 

�#D /("%�("D &"77'G"" E�&" " B!"B)D < <��<" Bi2Te3, (� <��<" (�-
()/D� G�\"�()� B)4!$�"�. 	 (�/�)D\�� <!�ED < 4�+�/�<� G�\"�();) B)-
4!$�"D �!�&"8")(() "/B)#?G'C� &<',/#)*()� B)4!$�"�, /)/�)D\�� "G E)-
#"@&�(� " ("4�#D, 4)�)!)� (�()/"�/D < <�4''E� / B)E)\?C E�;(��!)(($, 
"/�)+("4)< !�/B$#�("D. 

��((�D !�@)�� B)/<D\�(� )8�(4� G�\"�($, /<)*/�< B)4!$�"*, (�()-
/"E$, / B)E)\?C E�;(��!)(()* " =#�4�!)&';)<)* ��,()#);"" < <�4''E�, 
� "E�((), "G'+�("C E"4!)/�!'4�'!$ B)4!$�"* " 4�+�/�<�(();) ,"E"+�-
/4);) �(�#"G� )@!�G8)< &) " B)/#� (�;!�<� ()B!�&�#�("� /��B�(" &"77'G"-
)(();) (�/$\�("D E�&?C " )#)<)E B)#'B!)<)&("4)<$, <��<�* n-�"B� 
B!)<)&"E)/�" / B)E)\?C !�(�;�()/B�4�!�#?();) E"4!)�(�#"G�) [3, 4]. 

F4/B�!"E�(��#?($� "//#�&)<�("D B!)<)&"#"/? (� &<', B�!�"D, 4!"-
/��##)< (10 O�.) �<�!&);) !�/�<)!� ��##'!"&� <"/E'�� n-�"B� B!)<)&"E)-
/�". �� )&(' B�!�"C )@!�G8)< @$#) (�(�/�() G�\"�()� B)4!$�"� Mo-Ni 
(Mo – 1 E4E, Ni – 9 E4E) / B)E)\?C E�;(��!)(();) "/�)+("4� (�(�/�("D < 
<�4''E�, (� &!';'C B�!�"C Ti-Cu (Ti – 2 E4E, Cu – 2 E4E) / B)E)\?C 
=#�4�!)&';)<);) "/�)+("4� (�(�/�("D / /�B�!�8"�* B)�)4� B#�GE$. 

 154



	 ,)&� "//#�&)<�("D 4�+�/�<� B)4!$�"* &) " B)/#� (�;!�<� B!)<)&"-
#)/? "G'+�("� G)($ B!"#�;�("D B)4!$�"* / B)E)\?C =#�4�!)(()* E"4!)-
/4)B"". 	 !�G'#?���� @$#" B)#'+�($ "G)@!�%�("D )@!�G8)< <) <�)!"+($, 
=#�4�!)(�, < B#)/4)/�" B�!B�(&"4'#D!()* B)<�!,()/�" B)4!$�"D. �#D 
</�, )@!�G8)< @$#" B)#'+�($ "G)@!�%�("D / !�G#"+($E '<�#"+�("�E. 

/)@)� <("E�("� '&�#D#)/? &�7�4�($E E�/��E. �V�E4" B!)<)&"#"/? B!" 
'/4)!DC\�E (�B!D%�("" 20 4	. 

	 !�E4�, "//#�&)<�("* <#"D("D ("G4)��EB�!��'!();) (�;!�<� 
(250 °�) (� &"77'G"C B!)<)&"#)/? "G'+�("� ,"E"+�/4);) /)/��<� " !�/-
B!�&�#�("D ,"E"+�/4", =#�E�(�)< < )@!�G8�, &) " B)/#� (�;!�<�. 

Q)#'+�($ "G)@!�%�("D E"4!)/�!'4�'!$ B)<�!,()/�" )@!�G8)< &) " 
B)/#� (�;!�<� (G)($ B!"#�;�("D B)4!$�"* 4 B)#'B!)<)&("4') <) <�)!"+-
($, =#�4�!)(�, < <�4''E� B!" &�<#�("" 10–3 Q�. Q!)<)&"#)/? "G'+�("� 
4�+�/�<�(();) ,"E"+�/4);) /)/��<� " !�/B!�&�#�("D ,"E"+�/4", =#�E�(-
�)< < )@!�G8�, &) " B)/#� (�;!�<� (!�%"E 4�!�"!)<�("�). 	 4�+�/�<� !�-
G'#?���)< @$#" B)#'+�($ 4�!�$ !�/B!�&�#�("D ,"E"+�/4", =#�E�(�)< B) 
"//#�&'�E)* B)<�!,()/�". ��4"� 4�!�$ B)G<)#DC� (�;#D&() /'&"�? ) /��-
B�(" &"77'G"" !�G#"+($, ,"E"+�/4", =#�E�(�)< < )@!�G8�,. 

�G)@!�%�("� E"4!)/�!'4�'!$ B)<�!,()/�" /#)E� )@!�G8� / B)4!$-
�"�E Ti-Cu, (!"/'()4 2) B)#'+�() / B)E)\?C <�)!"+()* =#�4�!)(()* E"4-
!)/4)B"". ��(()� G�\"�()� B)4!$�"� @$#) (�(�/�() / B)E)\?C =#�4�!)-
&';)<)* ��,()#);"" / /�B�!�8"�* B)�)4� B#�GE$, 4)�)!�D "E��� !D& B!�-
"E'\�/�< B�!�& ��,()#);"�* E�;(��!)(();) (�(�/�("D B)4!$�"D (Mo-Ni). 

�� !"/'(4� <"&() /#)"/�'C /�!'4�'!' B)#'B!)<)&("4�, � ��4%� 
E"4!)/�!'4�'!' G�\"�();) B)4!$�"D, 4)�)!�D B!�&/��<#D�� /)@)* @)#�� 
B#)�('C /�!'4�'!', 4)#"+�/�<) E"4!)&�7�4�)< < (�(�/�(()E G�\"�()E 
B)4!$�"" (�G(�+"��#?(), =�) &��� )/()<�("� B)#�;��?, +�) B)4!$�"� )@#�-
&��� ,)!)O"E" @�!?�!($E" /<)*/�<�E". �/B)#?G)<�("� /"/��E$ B!�&<�-
!"��#?()* )+"/�4" < /!�&� �!;)(� &)#%() )@�/B�+"�? #'+O'C �&;�G"C. 
��E (� E�(��, D!4) <$!�%�(� <$/)4�D O�!),)<��)/�? B)4!$�"D, 4)�)!�D 
)�!�%��� !�#?�7 B)<�!,()/�" B)#'B!)<)&("4�. 
�/'�/�<"� < (�(�/�(()E 
G�\"�()E B)4!$�"" (Ti-Cu) B)! " 4�B�#?()* 7�G$ ,�!�4��!"G'�� B)4!$-
�"�, (�(�/�(()� / B)E)\?C =#�4�!)&';)<)* ��,()#);"" / /�B�!�8"�* B)-
�)4� B#�GE$. 

��4"E )@!�G)E, !�O"�? B!)@#�E' B!)8�//� &"77'G"" /��()<"�?/D 
<)GE)%($E / B)E)\?C '#'+O�("D ��,()#);"" (�(�/�("D G�\"�();) B)-
4!$�"D, +�) B!"<�&�� 4 'E�(?O�("C �;) E"4!)-&�7�4�()/�", /��@"#"G�8"" 
��!E)=#�4�!"+�/4", /<)*/�< B)#'B!)<)&("4)<);) E���!"�#� " )@�/B�+"-
<��� (�)@,)&"E'C (�&�%()/�? !�@)�$ ��� " '/�!)*/�< (� ", )/()<�. 
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�"/. 2. �"4!)/�!'4�'!� B)<�!,()/�" /#)E� B)#'B!)<)&-
("4)<)* <��<" c G�\"�($E B)4!$�"�E Ti-Cu ('<�#. 6370×) 
 

���������� 

1. �)#?8E�( �.�., �'&"()< 	.�., �E"!()< �.�. / Q)#'B!)<)&("4)<$� 
��!E)=#�4�!"+�/4"� E���!"�#$ (� )/()<� Bi2Te3. �., ��'4�, 1972, 
320 /. 

2. ��!�;)</4"* 	.	., �',)B�#?("4)< �.	., ��!�,��()< �.�., �'!�(4)<� 
�.�. �!�<("��#?($* �(�#"G 4�B�#?()* 7�G$ < B)4!$�"D,, B)#'+�(($, 
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��» � 4 (24) &�4�@!? 2008. 	�/�("4 ���� "�.�.�. �)/)<�, 2008, 97 /. 
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., �)#(8�< 	.�. �)&�#"!)<�("� &"77'G")(($, B!)8�//)< 
+�!�G @�!?�!()� B)4!$�"� < B)#'B!)<)&("4)<$� <��<" ��!E)=#�4�!"-
+�/4", E)&'#�* // �'!(�# "��()- " E"4!)/"/��E(�D ��,("4�" 1 (114) 
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 156



�
�����
	���� �����
�
 �����	� 
�������������
�
 ��F�������� 

��� 535.21 

��<�O�#" �.P.1, ��<�O�#" �.
.2, ��<"(8�< �.Q.2 

1��� B!"4#�&()* E���E��"4" " �<�)E��"G�8"" ���� ���, ��#?+"4 
2��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 /���?� !�//E��!"<���/D G�&�+� ) (�;!�<� 4!"/��##"+�/4);) &"=#�4-
�!"4� #�G�!($E "G#'+�("�E 4)(�+()* &#"��#?()/�". 

Q'/�? (� B)<�!,()/�? &"=#�4�!"4� B�&��� #�G�!()� "G#'+�("�, G� 
/+�� 4)�)!);) B!)"/,)&"� (�;!�<. �)(<�4�"<($E ��B#))@E�()E @'&�E 
B!�(�@!�;��?. F�) /B!�<�&#"<), �/#" )@#'+�("� E���!"�#� )/'\�/�<#D��/D 
< <�4''E($, '/#)<"D,. Q!" =4/B�!"E�(��, < <)G&'O()* /!�&� / #�G�!($E" 
"EB'#?/�E" 4)!)�4)* &#"��#?()/�" 4)(<�4�"<($* ��B#))@E�( ��4%� 
B!�&/��<#D��/D (�G(�+"��#?($E < <"&' E�#)* ��B#))�&�+". ��4"E )@!�-
G)E, 4)#"+�/�<) ��B#�, B!),)&D\�� +�!�G /�+�("� �S G� <!�ED �t, !�<() 

� �,T z t
S t

z
�
� �
�

� , 

;&� � �,T T  – ��EB�!��'!� ��#�, � – 4)=77"8"�(� ��B#)B!)<)&()/�", z – 
4))!&"(���, )�/+"�$<��E�D <;#'@? )� B)<�!,()/�" )@!�G8�. �)#"+�/�<) 
��B#� +�!�G (�4)�)!$* E�#$* "(��!<�# !�//�)D("* �z /��()<"�/D !�<($E 

z t�

� �,T z z t
S t

z
� � �
� �

�
� . 

�#�&)<���#?(), 4)#"+�/�<) ��B#� < /#)� �)#\"()* �z �/�? 

 � � � � � � �
2

2

, , ,T z z t T z t T z t
S t S t V t z

z z z
� � � � �
� � � �� � � � � � � � K �

� � �
�

S

, (1) 

;&�  – )@V�E (�;!��);) /#)D. F77�4�"<(�D ;#'@"(� B!)("4()-
<�("D "G#'+�("D < E���!"�# /))�<��/�<'�� <�#"+"(� +>1, ;&� + – 4)=77"8"-
�(� B);#)\�("D. Q)=�)E' E)\()/�?, B!",)&D\�D/D (� �&"("8' )@V�E�, 
@'&�� !�<(� I0+, ;&� I0 – "(��(/"<()/�? "G#'+�("D #�G�!�. Q)/4)#?4' "E�-
��/D "/�)+("4 #�G�!();) "G#'+�("D, � ��4%� <)G("4�C� B!)8�//$ )�!�%�-
("D )� B)<�!,()/�" " B);#)\�("D #�G�!();) "G#'+�("D < /#)� <�\�/�<�, �) 
(�)@,)&"E) '+�/�? /#�&'C\'C /)/��<#DC\'C 

V z� � � �

 � � � � � �0 1 expI R z t+ � �+ D � � � �V t , (2) 
;&� R– 4)=77"8"�(� )�!�%�("D #�G�!();) "G#'+�("D, D(x) – 7'(48"D ��-
<"/�*&�, � – &#"��#?()/�? #�G�!();) "EB'#?/�. Q!" G�B"/" <$!�%�("D (2) 
B!�&B)#�;�#)/?, +�) #�G�!($* "EB'#?/ &#"��#?()/�?C � )B"/$<���/D /�'-
B�(+��)* 7'(48"�*, � B);#)\�("� G�4)()E �';�!�-��E@�!��-��!�. Q!" (�-
;!�<� &"=#�4�!"4� B!)"/,)&"� B)��!D =(�!;"" (� ��B#)<)� "G#'+�("� < )4-
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!'%�C\�� B!)/�!�(/�<). �#D '+��� =�", B)��!? E)%() <)/B)#?G)<��?/D 
G�4)()E ���7�(�-�)#?8E�(�. �))�<��/�<'C\�� 4)#"+�/�<) =(�!;"" !�<() 
 � �4 4

0T T V t�)+ � � � , (3) 
;&� T0 – ��EB�!��'!� )4!'%�C\�* /!�&$, ) – B)/�)D((�D ���7�(�-�)#?8E�-
(�. (�4 E"('/ < <$!�%�("" (3) )G(�+���, +�) =(�!;"D “B)4"&���” )@#�/�? 
(�;!�<�. �()%"��#? + < <$!�%�("" (3) <)G("4��� ��4%� 4�4 " < <$!�%�("" 
(2) – B!" B�!�,)&� 4 '&�#?()* )@V�E()* E)\()/�" "G#'+�("D. � &!';)* /�)-
!)($, ��B#)�� <$!�%���/D +�!�G '&�#?('C ��B#)�E4)/�? &"=#�4�!"4� 

 � �,
p

T z t
C

t
�

V t� � �
�

, (4) 

;&� Cp – '&�#?(�D "G)@�!(�D ��B#)�E4)/�?, � – B#)�()/�? <�\�/�<� &"=#�4�!"4�. 
��4"E )@!�G)E, '+"�$<�D <$O�'4�G�(($� <4#�&$, B)#'+��E 

 � � � � � � �
2

4 4
0 02 1 exp -p

T TC I R z t
t z
� �
� � � � + � �+ / � � � )+
� �

�T T . (5) 

��+�#?()� '/#)<"�: 
 � � 0,0T z T� . (6) 

�!�("+()� '/#)<"�: 

 � � � �00, s

t
T

s sT t T T T e
�

� � � , (7) 
;&� TS – ��EB�!��'!� (� B)<�!,()/�" &"=#�4�!"4�, 4)�)!�D '/��(�<#"<���/D 
< !�G'#?���� #�G�!();) (�;!�<�. 

�!�<(�("� (5) <E�/�� / '/#)<"DE" (6) " (7) (� E)%�� @$�? !�O�() < 
�(�#"�"+�/4)E <"&�. Q)=�)E' B!�&/��<#D�� "(��!�/ !�//E)�!��? +�/�($* 
/#'+�*. �'&�E B!�&B)#�;��?, +�) (�;!�< &"=#�4�!"4� <@#"G" B)<�!,()/�" 

. 	 =�)E /#'+�� "G '!�<(�("D (5) B)#'+��E � 0z �
 � � � � � 4 4

0 1p
TC I R t T
t
�
� � + � D � � � )+ �
�

�0T .  (8) 

Q!" Cp=const, < ��+�("� &#"��#?()/�" #�G�!();) "EB'#?/�, '!�<(�-
("� (8) !�O���/D E��)&)E !�G&�#�("D B�!�E�(($, 

 
0

40
0

sTp

T
i

C dTdt
T T

�

4

�
�
)+ �3 3 , (9) 

4
1

4
0

0 )1(
�
�
�

	


� �

�
� TRITi )

, 

;&� Ti – ��EB�!��'!� =4<"<�#�(�();) �@/)#C�() +�!();) ��#�, "(��(/"<-
()/�? "G#'+�("D 4)�)!);) !�<(� � � 4

0 1 0I R T� � ) . Q!)"G<)&D "(��;!"!)<�-
("� < '!�<(�("" (9), B)#'+"E 

 � �� �
� �� �

0 0

0

ln 2arctg 2arctgp s i i s

s i i i i

C T T T T T
T T T T T T

� �# $� � � � � � �. .� � � �, -% & 	 � 	 �)+ � �. ., -
 � 
 �' (� �

T .  (10) 
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Q!" E�#$, ��EB�!��'!�, (�;!�<� � �s iT T;; , �/#" ��B#)<$E "G#'+�-
("�E E)%() B!�(�@!�+?, �) !�O�("� (10) G(�+"��#?() 'B!)\���/D 

 4
0s i

p

T T T
C
+�

� � )
�

. (11) 

�/#" ��EB�!��'!)* T0 – E)%() B!�(�@!�+?, �) < 7)!E'#� (11) B)/�)-
D((�D ���7�(�-�)#?8E�(� /)4!�\���/D, " "G (11) /#�&'�� "G<�/�()� "G #"-
��!��'!$ [1] <$!�%�("� 

� �
2
0 0

1
s

p

R W
T

C d L
�

�
� 8

, 

;&� � �2
0 0I W d� 8 , 1

0L �� + . 
��//E)�!�((�D E)&�#? /B!�<�&#"<� < )�/'�/�<"� ;�G)&"(�E"+�/4", =7-

7�4�)<, � ��4%� =77�4�)<, /<DG�(($, / ")("G�8"�* " )@!�G)<�("�E B#�GE$. 
��.��: 	 (�/�)D\�* !�@)�� B)#'+�(� @)#�� )@\�D 7)!E'#� (10) &#D 

��EB�!��'!$ #�G�!();) (�;!�<� &"=#�4�!"4�. ��#?(�*O�� !�G<"�"� B!�&-
#)%�(()* E)&�#" G�4#C+���/D < +"/#�(()E !�O�("" '!�<(�("D (5) c (�-
+�#?($E (6) " ;!�("+($E (7) '/#)<"DE" !�G()/�($E E��)&)E. 

���������� 

1. �,E�()< �.�., �"4"�"( �.�. �"G"+�/4�D )B�"4�. ��'4�, �. 2004. 
656 /. 
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Q���Q����	��� 
Q��
Q
�
���� ������

������� 
��������� ��� ��
	
� ����
���� 

��� 537.9, 539.23, 539.198

�)(&�!�(4) �.�.1, �)(&�!�(4) �.�.1, �!�,��(@�!; �.�.1, 
��!;"( �.�.2, �'/�< �.�.2, �",(�< �.	.3 

1���Q «��'+()-"//#�&)<���#?/4"* 7"G"4)-,"E"+�/4"* "(/�"�'� 
"E. �.�. ��!B)<�», �)/4<� 

2��8")(�#?($* "//#�&)<���#?/4"* D&�!($* '("<�!/"��� «����», 
�)/4<� 

3�
� 	Q
 ��<�!)-��<4�G/4"* ;)/'&�!/�<�(($* ��,("+�/4"* '("<�!/"���, 
���<!)B)#? 

	 B)/#�&("� &�/D�"#��"D )@O"!($� "//#�&)<�("D < )@#�/�" /�(/)-
!"4" <$G<�($ B!�&VD<#D�E$E 4 ;�G)<$E /�(/)!�E @)#?O"E �!�@)<�("DE: 
(�&�%()/�", &�O�<"G(� " #�;4)/�" < "/B)#?G)<�("". 

����!"�#$ (� )/()<� )4/"&($, /)�&"(�("* E���##)< )@#�&�C� '("-
4�#?($E (�@)!)E 7"G"4)-,"E"+�/4", /<)*/�<, 4)�)!$� B)G<)#DC� ", "/-
B)#?G)<��? < !�G#"+($, )@#�/�D,, < )/)@�(()/�", < 4�+�/�<� �4�"<($, /#)-
�< ;�G)<$, /�(/)!)<. �/B)#?G'�E$� < (�/�)D\�� <!�ED ��,()#);"" (� B)-
G<)#DC� /'\�/�<�(() B)<$/"�? 4�+�/�<) ��4", /�!'4�'!. 	 =�)E /#'+�� �4-
�'�#?()* G�&�+�* 7"G"+�/4);) E���!"�#)<�&�("D D<#D��/D B)"/4 E��)&)< 
B)#'+�("D E���##))4/"&($, E���!"�#)< / B)<$O�(($E" 7'(48")(�#?-
($E" <)GE)%()/�DE". 


@$+() < 4�+�/�<� ;�G)<$, /�(/)!)< (� )/()<� E���##))4/"&($, E�-
��!"�#)< "/B)#?G'C�/D B#�()+($� /�!'4�'!$. Q!" =�)E ;�G)<�D +'</�<"-
��#?()/�?, ��E <$O�, +�E E�(?O� !�GE�! G�!�( B#�(4", ��4 4�4 <G�"E)&�*-
/�<"� B)<�!,()/�" B)#'B!)<)&("4� / ;�G)E B!)D<#D��/D < "GE�(�("" B!)-
/�!�(/�<�(();) G�!D&� " B)<�!,()/�();) =#�4�!)/)B!)�"<#�("D B#�(4". 
��GE�! G�!�( G�<"/"� )� ��EB�!��'!$ " '/#)<"* 4!"/��##"G�8"" B#�(4". 
�� /�;)&(DO("* &�(? /'\�/�<'�� E();) E��)&)< B)#'+�("D (�()/�!'4�'-
!"!)<�(($, E���##))4/"&($, B#�()4, 4)�)!$� )/()<�($ (� 7"G"+�/4", 
E��)&�, !�/B$#�("D E���##� / B)/#�&'C\"E )�%";)E, #"@) E"O�(" "G 
)4/"&� E���##�, � ��4%� G)#?-;�#? E��)&$. F�" E��)&$ B)G<)#DC� B)#'-
+"�? E���##))4/"&($� B#�(4" / E"("E�#?() &)B'/�"E$E" / �)+4" G!�("D 
7"G"+�/4", /))@!�%�("* !�GE�!�E" (�()4!"/��##)< )� 3 (E. �#D &�#?-
(�*O�;) B)<$O�("D ;�G)<)* +'</�<"��#?()/�" E���##))4/"&()* B#�(4" 
(�)@,)&"E) '<�#"+�("� �� �4�"<()* B)<�!,()/�". Q!�&#�;��E$* < !�@)�� 
E��)& (�B!�<#�( (� !�O�("� =�)* G�&�+". ��4 )%"&���/D, "/B)#?G)<�("� 
)B�#)B)&)@($, /�!'4�'! (� )/()<� )4/"&($, /)�&"(�("* E���##)< B)G<)-
#"� /)G&�<��? E���!"�#$ / '&�#?()* B)<�!,()/�?C &) 50 E2/;, +�) B!"<�&�� 
4 /'\�/�<�(()E' '<�#"+�("C ;�G)<)* +'</�<"��#?()/�". 
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B�#)B)&)@($� E���!"�#$ (7)�)(($� 4!"/��##$) B!�&/��<#DC� /)-
@)* 4�!4�/ "G 7'(48")(�#?();) E���!"�#�, B)<�)!DC\�;) /�!'4�'!' )B�#� 
(���-!�O��4�). ��4'C /�!'4�'!' E)%() B!�&/��<#D�? < <"&� /��4", /)�&"-
(�(($, E�%&' /)@)* /7�!"+�/4", B'/�)�. 

	 !�@)�� B!)&�E)(/�!"!)<�(� ��,()#);"D /)G&�("D B#�()+($, )B�-
#)B)&)@($, /�!'4�'! (� )/()<� SnO2 , " B!)<�&�() "//#�&)<�("� +'</�<"-
��#?()/�" ��4", /�!'4�'! 4 H2 " CO ;�G�E. �'%() G�E��"�?, +�) E��)&"4�, 
B!�&/��<#�((�D < !�@)�� '("<�!/�#?(� " E)%�� @$�? B!"E�(�(� 4 &!';"E 
)4/"&($E B)#'B!)<)&("4�E Fe2O3 , TiO2, ZnO, CuO, " �. &., )%"&���/D, +�) 
"/B)#?G)<�("� ��4", /)�&"(�("*, B!)D<"�/D < <$/)4)* +'</�<"��#?()/�" " 
/�#�4�"<()/�" 4) E();"E &!';"E ;�G�E. 

	 (�/�)D\�� <!�ED )B�#)B)&)@($� /�!'4�'!$ B)#'+�C� ��EB#��($-
E" E��)&�E". 	 4�+�/�<� ��EB#��� "/B)#?G'C� B#�(4" 'B)!D&)+�(($, < 
��� /�!'4�'!' E)()&"/B�!/($, E"4!)/7�! B)#"/�"!)#� (!"/'()4 1). 

 

�"/. 1. SEM-"G)@!�%�("� !)/�)<)* B#)/4)/�" ��� /�!'4�'!$ 
(111) 7)�)(();) 4!"/��##� (� )/()<� E"4!)/7�! B)#"/�"!)#� 
 
	 &�#?(�*O�E ��EB#�� G�B)#(DC� <�\�/�<)E B!�4'!/)!)E " B)& 

<)G&�*/�<"�E ��, "#" "($, 7"G"4)-,"E"+�/4", 7�4�)!)< B!)"/,)&"� '&�-
#�("� ��EB#��� " 7)!E"!)<�("� < �;) B)!�, (�)@,)&"E);) /)�&"(�("D. � 
�)+4" G!�("D B)#'+�("D )B�#)B)&)@($, /�!'4�'! (� )/()<� SnO2 , B�!-
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/B�4�"<($E" /+"��C�/D E��)&$, )/()<�(($� (� =#�4�!),"E"+�/4)E G�-
B)#(�("" B)! ��EB#��� )#)<)E / B)/#�&'C\"E )4"/#�("�E < ��E)/7�!� 
<)G&',�. �)�D / B)E)\?C =�);) E��)&� " '&�#)/? B)#'+"�? <$/)4)B)!"/-
�$� (�()E���!"�#$ SnO2, ' (�;) �/�? /'\�/�<�(($* (�&)/���)4, ("G4)� 
/�!'4�'!()� /)<�!O�(/�<) ((�!'O�("� /�!);)* B�!")&"+()/�" 7�G)<$, 
B!)/�!�(/�< 4!"/��##� < !�G'#?���� ��!E"+�/4);) )4"/#�("D )#)<�), +�) 
/4�G$<���/D (� ','&O�("" 7)�)(()-4!"/��##"+�/4", /<)*/�<. Q!�&#�;��-
E$* < B!)�4�� E��)& #"O�( =�);) (�&)/���4� " )/()<�( (� B!)B"�4� ��E-
B#��� (�/$\�(($E /B"!�)<$E !�/�<)!)E &",#)!"&� )#)<�, 4)�)!$* B!" 
&)/���)+() ("G4)* ��EB�!��'!� 400 °� !�G#�;���/D &) &")4/"&� )#)<�, 
7)!E"!'D 4�!4�/ / 'B)!D&)+�(($E" /7�!"+�/4"E" B'/�)��E" (!"/'()4 2). 

 

�"/. 2. SEM-"G)@!�%�("� )B�#)B)&)@()* B#�(4" (� )/()<� SnO2 
 

F4/B�!"E�(��#?($� )@!�G8$ /�(/)!)< B!�&/��<#D#" /)@)* B#�/�"($ 
Al2O3 (B)#"4)!) !�GE�!)E 2,5×3×0,3 EE / �-)@!�G($E" B#��"()<$E" =#�4-
�!)&�E" " <$!�\�(()* (� ", B)<�!,()/�" )B�#)B)&)@()* B#�(4)* (� )/()<� 
SnO2 . �� )@!��()* /�)!)(� B#�/�"($ !�/B)#�;�#/D B#��"()<$* (�;!�<���#?. 

��(/)!($� /<)*/�<� )B�#)B)&)@($, B#�()4 "//#�&)<�#" (� /B�8"-
�#?()* '/��()<4�. �GE�(�("� /)B!)�"<#�("D /�(/)!� B!" �&/)!@8"" <)&)-
!)&� " E)())4"/" ';#�!)&� !�;"/�!"!)<�#)/? / B)E)\?C '("<�!/�#?();) 
B!"@)!� �-300, / <)GE)%()/�?C B�!�&�+" /";(�#� (� F	�. �#D !�;'#"!)-
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<�("D ��EB�!��'!$ /�(/)!� "/B)#?G)<�#" E"4!)��!E)!�;'#D�)! ��-2. �)4 
" (�B!D%�("� (� (�;!�<���#� "GE�!D#" / B)E)\?C B!"@)!)< �-301-1 " 
�-4300. �)+()/�? B)&&�!%�("D ��EB�!��'!$ /)/��<#D#� ±1 �. 

��G!�@)��(($� (�E" =4/B�!"E�(��#?($� )@!�G8$ /�(/)!)< (� )/()<� 
)B�#)B)&)@();) &")4/"&� )#)<� )@#�&�C� <$/)4)* =77�4�"<()/�?C B!" 
&���4�"!)<�("" ��4", ;�G)< 4�4 <)&)!)& (H2) " E)())4/"& ';#�!)&� (CO). 
�)@�<#�("� '%� (�@)#?O", 4)#"+�/�< =�", ;�G)< B!"<)&"� 4 G(�+"��#?()-
E' '<�#"+�("C B!)<)&"E)/�" +'</�<"��#?();) /#)D /�(/)!� (!"/'()4 3). 

 
�"/. 3. �<"/"E)/�? )�4#"4� =4/B�!"E�(��#?();) )@!�G-
8� /�(/)!� (� )/()<� )B�#)B)&)@();) SnO2 (� <)&)!)& 
(�2) " E)())4/"& ';#�!)&� (�
) )� ��EB�!��'!$ 
 

��4 /#�&'�� "G B!"<�&�(($, (� !"/'(4� &�(($,, B!" 4)(8�(�!�8"" 
<)&)!)&� < <)G&',� 2 <�/. % B!)<)&"E)/�? B#�(4" "G SnO2 B!" 430 °� <)G-
!�/���� < 53 !�G�, &)@�<#�("� 0,46 <�/. % �
 /)B!)<)%&���/D <)G!�/��("�E 
B!)<)&"E)/�" ��4)* B#�(4" @)#�� +�E < 14 !�G. �#�&'�� )�E��"�?, +�) =7-
7�4�"<()/�? /�(/)!)< /'\�/�<�(($E )@!�G)E G�<"/"� )� ��EB�!��'!$: 
E�4/"E�#?(�D +'</�<"��#?()/�? B!" &���4�"!)<�("" 4�4 �2, ��4 " �
, (�-
@#C&���/D < )@#�/�" 420–440 °�. 

��4"E )@!�G)E, < !�@)�� B)#'+�($ =4/B�!"E�(��#?($�  )@!�G8$ /�(-
/)!)< (� )/()<� )B�#)B)&)@($, B#�()4 &")4/"&� )#)<� " "//#�&)<�() 
<#"D("� ��EB�!��'!$ (� +'</�<"��#?()/�? B#�()4 4 H2 " CO < "(��!<�#� 
250–500 °�. 
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Q��
���
	����� �� 
��
	� InGaP/InGaAs/Ge 
��� �������� �Q���������� ���Q�
�
	 

��� 621.383.51

�)!\�</4"* .	., �"&�(4) �.�., ��#("( �.	., �4/�()< �.�. 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("� 
<$/O�;) B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($* 

"//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"��� «���"�», �)/4<� 

��@)�� <$B)#(�(� < !�E4�, !��#"G�8"" ��Q «��'+($� " (�'+()-
B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009–2013 ;)&$. 

 
	 (�/�)D\�� <!�ED 4�%&$* 4)/E"+�/4"* �BB�!�� )/(�\�( /)@/�<�(-

()* =(�!;��"+�/4)* '/��()<4)*. 
&(�4) /'\�/�<'�� �#?��!(��"<(�D "&�D 
=(�!;)/(�@%�("D, B!�&'/E��!"<�C\�D "/B)#?G)<�("� 8�(�!�#"G)<�(($, 
=#�4�!)/��(8"* " B�!�&�+' =(�!;"" 4)/E"+�/4"E �BB�!���E - B)�!�@"��-
#DE B!" B)E)\" =#�4�!)E�;("�();) "G#'+�("D �	� "#" )B�"+�/4);) &"�-
B�G)()<. Q!" =�)E E)%() !��#"G)<��? /,�E' 8�(�!�#"G)<�(();) =(�!;)-
/(�@%�("D, 4�4 )�&�#?($, 4)/E"+�/4", �BB�!��)<, ��4 " ", ;!'BB"!)<)4, 
+�) !�/O"!D�� ", 7'(48")(�#?($� <)GE)%()/�" " '<�#"+"<��� ", !�/'!/. 


&("E "G <)GE)%($, /B)/)@)< B�!�&�+" =(�!;"" < 4)/E)/� D<#D��/D 
#�G�!()� "G#'+�("�. 	 =�)E /#'+�� "/�)+("4)E =(�!;"" D<#D��/D #�G�!, � < 
4�+�/�<� B!"�E("4� <$/�'B��� 7)�)=#�4�!"+�/4"* B!�)@!�G)<���#? 
(�FQ). �Q� /)<!�E�(($, /)#(�+($, @���!�* /)/��<#D�� 15–20 %, � !�-
�#?(�D <$,)&(�D =#�4�!"+�/4�D E)\()/�? /)/��<#D�� 150–250–	�/E2. �/-
B)#?G)<�("� &#D B�!�&�+" =(�!;"" E)(),!)E��"+�/4);) "G#'+�("D B)G<)-
#"� B)&(D�? �Q� B!"�E($, B!�)@!�G)<���#�* =(�!;"", "/4#C+"< ,�!�4-
��!($� &#D )@$+($, /)#(�+($, @���!�* /B�4�!�#?($� B)��!" =(�!;"" " 
B)&(D�? �Q� &) 50 % " <$O�. Q!" =�)E G(�+"��#?() /("%���/D !�G);!�< 
B�(�#�* �FQ )@'/#)<#�(($* /B�4�!�#?($E" B)��!DE" " E)%() "/B)#?-
G)<��? 4)(8�(�!��)!$ "G#'+�("D / <$/)4)* /��B�(?C 4)(8�(�!�8"", (� 
)B�/�D/? B�!�;!�<� ", /))�<��/�<�((), /("%�D /�)"E)/�? B�(�#�* < (�-
/4)#?4) !�G " '#'+O�D ", E�//);�@�!"�($� B)4�G���#" [1]. 

	 ,)&� !�@)�$ @$#" B!)�(�#"G"!)<�($ <)GE)%()/�" /)G&�("D 4�/-
4�&($, B!"�E("4)< #�G�!();) "G#'+�("D / &#"(�E" <)#( )� 432 &) 809 (E 
(� )/()<� �!�,4�/4�&($, �FQ 
�
 «�QQ «�<�(�». �$# /B!)�4�"!)<�( 
&<',4�/4�&($* �FQ &#D B!"�E("4� #�G�!();) "G#'+�("D / &#"(()* <)#($ 
671 (E (� )/()<� InGaP/InGaAs. �<�#"+�("� =77�4�"<()/�" B!�)@!�G)<�-
("D &<',4�/4�&();) =#�E�(�� B) /!�<(�("C / )&()4�/4�&($E /<DG�() / 
'<�#"+�("�E (�B!D%�("D ,)#)/�);) ,)&� )� 1,5 &) 2,6 	 " '<�#"+�("�E 
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7�4�)!� G�B)#(�("D )� 0,7 &) 0,8, B!" /("%�("" �)4� 4)!)�4);) G�E$4�("D 
< 2 !�G�. 

�� '/��()<4� Veeco E��)&)E �
���F <$!�\�($ /�!'4�'!$ =#�-
E�(�)< (� B!)<)&D\�* Ge B)&#)%4� / !�@)+"E" /#)DE" InGaP, �)#\"()* 
300 (E, " InGaAs, �)#\"()* 2,2 E4E. �G =�", /�!'4�'! /)G&�($ B!)�)�"B$ 
�FQ / (�(�/�(($E" /��(&�!�($E" 4)(��4��E" (Au) " �(�")�!�%�C\"E 
B)4!$�"�E (�
Q) [2]. 

��G!�@)��( /B)/)@ !�;"/�!�8"" 7)�)=#�4�!"+�/4", ,�!�4��!"/�"4 / "/-
B)#?G)<�("�E /<��)7"#?�!)< &#D E)&�#"!)<�("D "G#'+�("D < G�&�(()E &"�B�-
G)(� &#"( <)#( " /B)/)@ !�/+��� '&�#?()* E)\()/�" B�&�C\�;) "G#'+�("D. 

�)G&�(($� B!)�)�"B$ &<',4�/4�&($, �FQ &#D B!"�E("4)< #�G�!-
();) "G#'+�("D (� )/()<� InGaP/InGaAs B)4�G�#" B!" "GE�!�("D, E�4/"-
E�#?()� (�B!D%�("� ,)#)/�);) ,)&� !�<()� 1,86 	, +�) ("%� !�/+��)< &#D 
"&��#?()* /�!'4�'!$ / Uxx = 2,66 	. 	 !�G'#?���� +�;) /"#?() G�("%�( 4)-
=77"8"�(� B)#�G();) &�*/�<"D B!"@)!� (&) 28 %), )�()/"��#?() !�/+��-
($, &�(($, &#D "&��#?();) B!"�E("4� #�G�!();) "G#'+�("D. 

Q!�&#)%�($ <�!"�(�$ 4)!!�4�"!)<4" !�8�B�)< <$!�\"<�("D =B"-
��4/"�#?($, /�!'4�'! &#D /)G&�("D B!"�E("4� #�G�!();) "G#'+�("D. ��-
4)E�(&'��/D "GE�(�("D B�!�E��!)< !)/�� InGaP 4�/4�&� / '<�#"+�("�E 
�)#\"($ =E"���!� &#D /("%�("D &"77'G")(();) <#"D("D /)/�&(", /#)�<. 


B�"E"G�8"D /�!'4�'!$ B!)<)&"#�/? B!" <�!?"!)<�("" �)#\"( )/-
()<($, /#)�< /�!'4�'!$ / �)+4" G!�("D E�4/"E�#?() =77�4�"<();) B)-
;#)\�("D /<��� 4�%&$E 4�/4�&)E < /))�<��/�<'C\�* )@#�/�" /B�4�!�. �� 
)/()<�("" B)#'+�(($, !�/+��)< <$D/(�($ )B�"E�#?($� �)#\"($ /#)�< 
;���!)/�!'4�'!$ &#D E�4/"E�#?();) B);#)\�("D #�G�!();) "G#'+�("D, )B-
�"E�#?($� )B�"+�/4"� &"�B�G)($ !�@)�$ )�&�#?($, 4�/4�&)<. 

	 ��@#"8� 1 B!�&/��<#�($ !�/+��($� &�(($� &#D "&��#?();) )B�"-
E"G"!)<�(();) )&()4�/4�&();), &<',4�/4�&();) " �!�,4�/4�&();) B!"�E-
("4)< #�G�!();) "G#'+�("D (� )/()<� InGaP/InGaAs/Ge, !�//+"��(($, &#D 
B!"�E� "G#'+�("D #�G�!� / &#"()* <)#($ 671 (E " E)\()/�?C 1 	�. 	 ��@-
#"8�, '4�G�($ (�B!D%�("D ,)#)/�);) ,)&� B!"�E("4)< " 7�4�)! G�B)#(�-
("D (FF), (� )/()<� &�(($, )@ =��#)(($, )@!�G8�,. ��4%� '4�G�($ !�/+��-
($� &�(($� �)4� 4)!)�4);) G�E$4�("D, E)\()/�", <$!�@��$<��E)* B!"-
�E("4)E, " �;) )8�()+($* �Q�. 

�� !"/'(4� 1 B!�&/��<#�(� ;!�7"+�/4�D "(��!B!���8"D <$+"/#�("D 
)B�"E�#?()* �)#\"($ 4�/4�&)< InGaP " InGaAs &#D &<',4�/4�&();) B!"-
�E("4� #�G�!();) "G#'+�("D / &#"()* <)#($ 671 (E (� )/()<� 4)=77"8"-
�(�)< B);#)\�("D =�", E���!"�#)<. 
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��@#"8� 1. 
B�"E�#?($� /�!'4�'!$ "&��#?();) 4�/4�&();) �FQ (� )/-
()<� InGaP/InGaAs/Ge &#D #�G�!();) "G#'+�("D 671 (E E)\()/�?C 1 	� 
 

�)#\"(� /#)D, (E �"/#) 
4�/4�&)< Ge InGaAs InGaP U, 	 I, E� W, E	� FF �Q�, %

1 1000   0,232 541 125,5 0,5 6,3 

1  3000  1,166 541 630,8 0,7 44,2 
1   3000 1,502 541 812,6 0,7 56,9 
2 1000 225  1,398 270,5 378,2 0,7 26,5 
2 900  300 1,734 270,5 469 0,7 32,8 
2  2200 300 2,668 270,5 721,7 0,8 57,7 
3 900 225 177 2,9 180,3 523 0,8 41,8 

 
�"/. 1. 
B�"E�#?($� �)#\"($ 4�/4�&)< InGaP " InGaAs &#D 
&<',4�/4�&();) B!"�E("4� #�G�!();) "G#'+�("D / &#"(()* 
<)#($ 671 (E (� )/()<� InGaP/InGaAs; £1 – 4)=77"8"�(� 
B);#)\�("D InGaP; £2 – 4)=77"8"�(� B);#)\�("D InGaAs 
 

�� )/()<� =4/B�!"E�(��#?($, &�(($, @$#) B!"(D�) !�O�("� "G;)-
�)<"�? )@!�G�8 B!"�E("4� #�G�!();) "G#'+�("D / &#"()* <)#($ 671 (E (� 
)/()<� &<',4�/4�&()* /�!'4�'!$ InGaP/InGaAs, ��4 4�4 &#D (�;) B!);()-
G"!'��/D (�"@)#?O"* 4)=77"8"�(� B)#�G();) &�*/�<"D – 57,7 %. �� !"-
/'(4� 2 B!�&/��<#�(� /�!'4�'!� )@!�G8� �251 B) /#)DE" " +�!��% )@!�G8�. 
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Au �
Q 

n++-GaAs 0,3 E4E

n-In0,49Al0,51P 0,05 E4E

n-In0,49Ga0,51P 0,04 E4E

p-In0,49Ga0,51P 0,26 E4E

p-In0,49Ga0,51P 0,04 E4E

p-In0,49(AlGa)0,51P 0,03 E4E

p++-Al0,3Ga0,7As 0,015 E4E

n++-In0,49Ga0,51P 0,015 E4E

n-In0,49(AlGa)0,51P 0,1 E4E

n-(In)GaAs In 1 % 0,1 E4E

p-(In)GaAs In 1 % 2,1 E4E

p-InGaP 0,01 E4E

p-Ge 155±15 E4E
�) /�!'4�'!� )@!�G8� @) +�!��% )@!�G8�  

�"/. 2. Q!"�E("4 #�G�!();) "G#'+�("D (� )/()<� InGaP/InGaAs/Ge 
 

�G B)#'+�(($, B#�/�"( @$#" "G;)�)<#�($ B!)�)�"B$ B!"�E("4)< 
"G#'+�("D, /);#�/() �)B)#);"" 
�
 «�QQ «�<�(�» &#D 7)�)B!�)@!�G)<�-
��#�* (/E. !"/. 2, @). 

�#D "GE�!�("D <)#?��EB�!($, ,�!�4��!"/�"4 7)�)B!�)@!�G)<���#�* 
"G /B�4�!� /)#(�+();) "E"���)!� UNISIM100-3Z / B)E)\?C /<��)7"#?�-
!)< @$# <$!�G�( 'G4"* '+�/�)4 &#"( <)#( )� 600 &) 670 (E &#D "E"��8"" 
#�G�!();) "G#'+�("D, !�/+��(�D E)\()/�? =�);) '+�/�4� /B�4�!� /)/��<"#� 
9,2 E	�//E2. �GE�!�("D B!)<)&"#"/? B!" !�G#"+($, /)B!)�"<#�("D, (�-
;!'G4", "GE�(DD !�%"E$ !�@)�$ '/�!)*/�<� )� 4)!)�4);) G�E$4�("D &) 
,)#)/�);) ,)&�. ��G'#?���$ "GE�!�("D 	�� B)#'+�(($, =#�E�(�)< 
K251out6-1, K251in11-2, K251in11-1 " K251out6-2 B!�&/��<#�($ (� !"/. 3. 
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�"/. 3. 	�� B)#'+�(($, =#�E�(�)< 

 
��//+"���E 4)=77"8"�(� B)#�G();) &�*/�<"D &#D B)#'+�(();) B!"-

�E("4� K251out6-2. Q!" )@#'+�("" E)\()/�?C 9,2 E	�//E2, "E��E E�4/"-
E�#?('C E)\()/�? 61,8 E	� / =#�E�(�� B#)\�&?C 26,6 /E2, +�) =4<"<�-
#�(�() 2,32 E	�//E2. 
�()O�("� B)�!�@#D�E)* " B)#'+��E)* E)\()/�" 
0,261. �Q� =#�E�(�� !�<�( 26,1 %. �(�#);"+() !�//+"���E B�!�E��!$ &#D 
&!';", )@!�G8)<. ��G'#?���$ !�/+��� &#D </�, B!"�E("4)< B!�&/��<#�($ < 
��@#"8� 2. ��4%� < ��@#"8� B!�&/��<#�( 7�4�)! G�B)#(�("D FF. 

��@#"8� 2. ��4�)! G�B)#(�("D (FF) " �Q� B)#'+�(($, =#�E�(�)< 
 

F#�E�(� K251out6-1 K251in11-2 K251in11-1 K251out6-2 
FF 0,59 0,54 0,55 0,65 

�Q�, % 24,43 20,67 20,97 26,11 

4)���! ���������� 

1. �.�. 	�/"#?�<, �.�. <�!?4)<, �.�. �<�/("4)<, �.Q. �E�,�"(, �.�. �'-
D(. Q)#'B!)<)&("4)<$� 7)�)=#�4�!"+�/4"� B!�)@!�G)<���#" < 4�+�/�-
<� <$/)4)=77�4�"<($, B!"�E("4)< E)(),!)E��"+�/4);) "G#'+�("D. – 
�.: �)/4)</4"* �<"�8")(($* "(/�"�'� (���), 2007. 

2. 	.�. ��(�!��)<, �.�. ��#C%($*, �.�. �"(��"!)<, �.�. �"E)O"(�, 
�.. P<�!8, 	.�. �(&!��<. 	$/)4)=77�4�"<($� &<',B�!�,)&($� 
GaInP/GaAs /)#(�+($� =#�E�(�$, B)#'+�(($� E��)&)E 
�
�-;"&!"&()* =B"��4/"". // �"G"4� " ��,("4� B)#'B!)<)&("4)<. – 
2004. – �. 41. – � 6. 
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������� � ������
	���� 
���
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	�� 
Q���
� �� 
��
	� �����
���� ������ 

��� 539.21 

���< �.�.1, �'O,)< �.�.2 

1��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 
2 ��8")(�#?($* "//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"���  

«���"�», �)/4<� 
dahir@mail.ru 

�.������ 

�<�(�)<)-!�GE�!($� /�!'4�'!$ (� )/()<� /)�&"(�("* �3	5 " ", 
�<�!&$, !�/�<)!�, B!�&/��<#DC� B)<$O�(($* "(��!�/ &#D "G&�#"* 4<�(-
�)<)* " )B�"+�/4)* =#�4�!)("4". 	 +�/�()/�", /)G&�("� /)<!�E�(($, <$-
/)4)=77�4�"<($, B!"�E($, " "G#'+�C\", &")&($, /�!'4�'! < �� " <"-
&"E)* )@#�/�D, /B�4�!� (� )/()<� =�", E���!"�#)< )!"�(�"!)<�(() (� B)-
#'+�("� /�!'4�'! / 4<�(�)<$E" �)+4�E", 4)�)!$� D<#DC�/D B!�&�#?($E 
/#'+��E )/�!)<4)<$, B#�()4 [1–3]. 


/()<($E E��)&�E" B)#'+�("D ��4);) !)&� /�!'4�'!, �BB�!��(�D 
!��#"G�8"D 4)�)!$, ,)!)O) /)B!D;���/D / "(��;!�#?($E" ��,()#);"DE", 
D<#DC�/D E)#�4'#D!()-B'+4)<�D =B"��4/"D " ;�G)7�G()� )/�%&�("�. ��-
/E)�!D (� G(�+"��#?($� &)/�"%�("D B) "/B)#?G)<�("C =�", E��)&)< < (�-
()��,()#);"", E();"� <)B!)/$, 4�/�C\"�/D ��,()#);"" 7)!E"!)<�("D 
4<�(�)<) - !�GE�!($, /�!'4�'! / G�&�(($E (�@)!)E /<)*/�< D<#DC�/D 
B!)@#�E($E", )/)@�(() =�) <$!�%�() &#D /�!'4�'! (� )/()<� B!)E�%'-
�)+($, 7�G, )@!�G'C\",/D < /"/��E�,, 4)�)!$� ,�!�4��!"G'C�/D <$/)4)* 
'B!';)/�?C B�!)< " "(4)(;!'=(�($E "/B�!�("�E. 	 "G<�/�()* E�!�, 4 ("E 
)�()/D�/D /"/��E$ �III–	V. 

	 (�/�)D\�* !�@)��, (� B!"E�!� /"/��E$ Ga-Sb, !�//E)�!�(� <)G-
E)%()/�? B)#'+�("D 4<�(�)<)-!�GE�!($, )/�!)<4)<$, /�!'4�'! (� )/()<� 
(�4)�)!$, /)�&"(�("* �3	5, E��)&)E "(4)(;!'=(�();) "/B�!�("D B#�(4" 
G�&�(();) /)/��<� < )@#�/�" B�!<"+()* 4!"/��##"G�8"" B!)E�%'�)+()* 
7�G$ /) /�)!)($ #�;4)#��'+�;) 4)EB)(�(�� [4]. ���)&"4� =4/B�!"E�(-
��#?() �B!)@"!)<�(� B!" B)#'+�("" )/�!)<4)<$, 4<�(�)<)-!�GE�!($, 
B#�()4 (� )/()<� �(�"E)("&� ;�##"D. 

������!� �,*���.����% ����!��� 


/�!)<4)<$� B#�(4" B)#'+�#" E��)&)E "(4);!'=(�();) "/B�!�("D 
B#�()4 G�&�(();) /)/��<� " �)#\"($. Q)&!)@() E��)&"4� B)#'+�("D )@-
!�G8)< "G#)%�(� < [4]. Q)#'+�("� =4/B�!"E�(��#?($, /�!'4�'! B!)<)&"#" 
(� '/��()<4� <�4''E();) (�B$#�("D �"B� �	�-2� / /)<�!O�(/�<)<�(($E 
'G#)E (�;!�<���#D < /)/��<� / D+�*4)* �('&/�(�. �GE�!�("� ��EB�!��'!$ 
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)@!�G8� <) <!�ED B!)8�//� B!)<)&"#" / B)E)\?C ,!)E�#? - �#CE�#�<$, 
��!E)B�! B!�&<�!"��#?() )�;!�&'"!)<�(($, B) !�B�!($E �)+4�E =��#)(-
($, <�\�/�<. �)+()/�? "GE�!�("D ��EB�!��'!$ /)/��<#D#� 9 2 °�. ��G@!)/ 
��EB�!��'!$ B) )@V�E' D+�*4" (� B!�<$O�# 9 0,1 °�. 

Q!" B)#'+�("" )/�!)<4)<$, /�!'4�'! (� )/()<� /)�&"(�("D GaSb 
/)/��< "/,)&()* B#�(4" Ga1-xSbx <$@"!�#/D "G 4)(8�(�!�8")(();) "(��!-
<�#� �=0,6–0,85 ��. &)#�*, )�<�+�C\�;) )@#�/�" B�!<"+()* 4!"/��##"G�-
8"" /)�&"(�("D. �B#�<$ G�&�(();) /)/��<� (�()/"#"/? (� )4"/#�(($� 
B)&#)%4" 4!�E("D E�!4" ���10 !�GE�!)E 1×1 /E E��)&)E <G!$<();) "/-
B�!�("D. �)#\"(� B#�()4 (� "/,)&($, /�!'4�'!�, <�!?"!)<�#�/? < B!�&�-
#�, )� 0,1–0,15 E4E. �/B�!�("� B#�()+($, /�!'4�'! B!)<)&"#"/? < "/B�-
!"��#?()* D+�*4� �('&/�(� B!" ��EB�!��'!�, )�<�+�C\�* ��EB�!��'!� 
#"4<"&'/� /))�<��/�<'C\�;) /)/��<' B#�(4" " &�<#�("" �!;)(� < <�4''E-
()* 4�E�!� B)!D&4� 10-3EE !�./�. �<�!O�("� )�@)!� 4)(&�(/��� 7"4/"!)-
<�#" B) /��@"#"G�8"" /)B!)�"<#�("D B)&#)%4"-/B'�("4�. Q) )B"/�(()* 
E��)&"4� @$#" "G;)�)<#�($ 4 B�!�"" /�!'4�'! (I-IV) B'��E "(4)(;!'=(�-
();) "/B�!�("D "/,)&($, /�!'4�'! /) /#�&'C\"E" ,�!�4��!"/�"4�E": I – 
Ga0.3Sb0.7 , ��EB�!��'!� "/B�!�("D 680 °�; I – Ga0,25Sb0,75 , 660 °�; II – 
Ga0,2Sb0,8 , 640 °�; IV – Ga0,15Sb0,85 , 600 °�. 

������ �������.���% ����!��� 

�"4!)/�!'4�'!� " E)!7)#);"D B)<�!,()/�" )@!�G8)< "//#�&)<�#�/? 
E��)&�E" /<��)<)* (L�timet-20, 1000×) " ��)E()-/"#)<)* E"4!)/4)B"" 
(Solver Pro EC, ��-���). �&�(�"7"4�8"D 7�G)<);) /)/��<� )/�!)<4)<$, 
)@!�G)<�("* B!)<)&"#�/? (� !�(�;�()</4)E &"7!�4�)E��!� ��
�-6 (K� , 
Cu) / &#"()* <)#($ � = 1,54051 Ê). 

��,��(���� 

Q) &�(($E !�(�;�()7�G)<);) �(�#"G� B)4�G�(), +�) B)#'+�(($� (� 
B)<�!,()/�" /�!'4�'! (�()!�GE�!($� )/�!)<4)<$� )@!�G)<�("D D<#DC�/D 
!�G<"�$E" G�!)&$O�E" /)�&"(�("" GaSb. 

Q) &�(($E �(�#"G� ���-"G)@!�%�("* B)<�!,()/�" =4/B�!"E�(��#?-
($, /�!'4�'! '/��()<#�(), +�) !�/B!�&�#�("� )/�!)<4)< B) !�GE�!�E (d – 
&"�E��! )/()<�("D, h – <$/)�� )/�!)<4�) B!�"E'\�/�<�(() )&()E)&)<)�: / 
!�G@!)/)E ,�!�4��!"/�"4 d=15–35 (E, h=7–12 (E (/E. !"/. 1). Q#)�()/�? )/-
�!)<4)<$, )@!�G)<�("* '<�#"+"<���/D / B)("%�("�E ��EB�!��'!$ (!"/. 2). 
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 5 
�"/. 1. ���-"G)@!�%�("� B)<�!,()/�" )/�!)<4)<)* 
/�!'4�'!$ (�) " ;"/�);!�EE� !�/B!�&�#�("D )/�!)<-
4)< B) <$/)�� (5) )@!�G8� IV – Ga0,15Sb0,85 , 600 °� 
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�"/. 2. Q)<�!,()/�(�D B#)�()/�? )/�!)<4)<, B)/#� "(4)(;!'=(�-
();) "/B�!�("D "/,)&($, /�!'4�'! /) /#�&'C\"E" ,�!�4��!"-
/�"4�E": I – Ga0,3Sb0,7 , ��EB�!��'!� "/B�!�("D 680 °�; I – 
Ga0,25Sb0,75 , 660 °�; II – Ga0,2Sb0,8 , 640 °�; IV – Ga0,15Sb0,85, 600 °� 
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��� 621.791.3 

�#�4)�<� �.�., �)G$!�< �.�., �)G��< 	.�. 

��<�!)-��<4�G/4"* ;)!()-E���##'!;"+�/4"* "(/�"�'� (���),  
	#�&"4�<4�G 

��,()#);"D B�*4" "G&�#"* =#�4�!)(()* ��,("4" / "/B)#?G)<�("�E 
4)EB)G"8")(($, B!"B)�< [1–7] B)#'+"#� (�G<�("� &"/B�!/")(()* [1] "#" 
4)EB)G"8")(()* [7, 8] B�*4". ��"@)#�� +�/�) < ��,()#);"D, &"/B�!/")(-
()* B�*4" "/B)#?G)<�#"/? B)!"/�$� E���##$ (Ni, Cu) / !�GE�!�E" B)! 
1÷10 E4E, B!)B"��(($� /<"(8)E, /B#�<�E" Pb–Sn, Pb–Sn–Ag, Pb–Ag, In, 
Pb–In, Sn–In " &!. "#" %� B!"B)" �!E"!)<�#"/? B)!)O4�E" E"4!)(($, 
!�GE�!)<. �"/B�!/")((�D "#" 4)EB)G"8")((�D B�*4� B)G<)#D�� =4)()E"�? 
&!�;E���##$, B)#'+��? B�D($� /)�&"(�("D / '#'+O�(($E" ,�!�4��!"/�"-
4�E", !�/O"!"�? 4!'; B�D�E$, /)�&"(�("*. 

Q!"E�(�("� B)!)O4)< /'@E"4!)(();) " (�()E��!)<);) !�GE�!� 
B!"<)&"� 4 '<�#"+�("C 4�B"##D!($, /"#, "(��(/"7"4�8"" E�//)B�!�()/� 
(� E�%7�G()* ;!�("8� B!"B)* – �<�!&)� ��#), '/"#�("C =77�4�)< /E�+"-
<�("D, !�/�<)!"E)/�" " �. &. 


&(�4) 7"G"4)-,"E"+�/4"� /<)*/�<� B)&)@($, B!"B)�< "G'+�($ (�-
&)/���)+(). ��(�� '/��()<#�(($� G�4)()E�!()/�" (!�GE�!($� =77�4�$ 
��EB�!��'!$ B#�<#�("D, !�/�<)!"E)/�", /E�+"<�("D " �. &.) 4�/�#"/?, 4�4 
B!�<"#), &"/B�!/($, /"/��E E"4!)(($, !�GE�!)<. Q)#'+�("� (�()-
/�!'4�'!"!)<�(($, B!"B)�< " ��,()#);"D B�*4" / ", "/B)#?G)<�("�E, � 
��4%� /"/��E E���##"G�8"" )/()<$<���/D, <)-B�!<$,, (� /<)*/�<�, E���#-
#"+�/4", /"/��E, (�,)&D\",/D < ��4 (�G$<��E)E %"&4)-�<�!&)E /)/�)D-
("" [9, 10]. � /+�� B)&@)!� /)/��<� " ��EB�!��'!($, !�%"E)<, <(�O(", 
<)G&�*/�<"* E)%() 'B!�<#D�? !�GE�!�E" +�/�"8 �<�!&)* 7�G$ < %"&4)* 
E��!"8� �);) %� <�\�/�<�, &)<)&D ", &) (�()E�/O��@($, !�GE�!)< " )/�-
%&��? �<�!&)7�G($� +�/�"8$ (� E�%7�G()* ;!�("8� B!"B)* – E���## (4�-
!�E"4�, B)#'B!)<)&("4). 

	)-<�)!$,, &#D "G;)�)<#�("D (�()4)EB)G"8")(($, B!"B)�< " /"/-
��E E���##"G�8"" E);'� "/B)#?G)<��?/D #�;4)B#�<4"� =<��4�"4" " B�!"-
��4�"4" &<)*($, " �!)*($, /"/��E / &)@�<4�E" E"4!)- " (�()B)!)O4)< 
�';)B#�<4", E���##)< Ni, Ti, Fe " ", )4/"&)<. Q'��E <�!?"!)<�("D !�GE�-
!)< B)!)O4)<, /)/��<� B!"B)�< E);'� @$�? !�G!�@)��($ ()<$� @)#�� =7-
7�4�"<($� B!"B)" " /"/��E$ E���##"G�8"" 4�!�E"4 " B)#'B!)<)&("4)<. 


&("E "G B!"E�!)< B)&)@($, B!"B)�< D<#D��/D 4)EB)G"8")(($* 
B!"B)* (� )/()<� =<��4�"4" Sn-Al / &)@�<#�("�E E"4!)B)!)O4� ("4�#D 
!�GE�!)E 20÷100 E4E [11]. 

��G'#?���$ "GE�!�("* B!)+()/�" B�D(($, /)�&"(�("* B)4�G�#", +�) 
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4)EB)G"8")(($* B!"B)*, B)#'+�(($* B'��E &)@�<#�("D B)!)O4� ("4�#D 
< !�/B#�< Sn–Al )@�/B�+"<��� @)#�� <$/)4'C B!)+()/�? B�D();) /)�&"(�-
("D. F�) )@VD/(D��/D ��E, +�) �!E"!)<�("� B!"B)D +�/�"8�E" ("4�#D '<�-
#"+"<��� B!)+()/�? B!"B)D, " < �)E +"/#� B)/#� ��!E)8"4#)<, ��4 4�4 (�-
#"+"� ("4�#D < B!"B)� 'E�(?O��� !�G#"+"� < ��B#)<$, 4)=77"8"�(��, 
!�/O"!�("D �#CE"("D " E���##"G"!)<�(()* 4�!�E"4". 

��/�"8$ ("4�#D )@�/B�+"<�C� ��4%� @)#�� <$/)4'C 4)!!)G")(('C 
/�)*4)/�? B!"B)D B) /!�<(�("C / ��E", < 4)�)!$, /)&�!%"�/D /<"(�8. 
�-
/'�/�<"� < /)/��<� B!"B)D <$/)4)#��'+", E���##)< (Zn, Cd) )@�/B�+"<��� 
@)#�� #'+O"� '/#)<"D �!'&� B!" #'%�("" " B�*4� "G&�#"* "G �#CE"("D " 
�;) /B#�<)<. 

F�)� B!"B)* '/B�O() "/B)#?G)<�#/D B!" "G;)�)<#�("" "G&�#"* 
=#�4�!)("4", < +�/�()/�" B!" B�*4� 4�!�E"+�/4", B#�� "(��;!�#?($, /,�E 
4 �#CE"("�<$E )/()<�("DE B?�G)4�!�E"4 [13] "G&�#"* �	�-��,("4", /"-
#)<$, B)#'B!)<)&("4)<$, B!"@)!)<. 	�%()� B!�"E'\�/�<) "G;)�)<#�("D 
=�", B!"B)�<, +�) )(" (� /)&�!%�� /<"(8�, ��4 4�4 /);#�/() &"!�4�"<� �<-
!)B�*/4);) �)CG� B) =4)#);"+�/4)* @�G)B�/()/�" RoCHS / 1 "C#D 2006 
;)&� );!�("+�() "/B)#?G)<�("� /<"(8� < ()<$, =#�4�!)(($, " =#�4�!)-
��,("+�/4", "G&�#"D,. 	 =�)* /<DG" B�!/B�4�"<($E" E);'� )4�G��?/D ��4-
%� B!"B)" (� )/()<� =<��4�"4" Sn-Ag [14]. �!E"!)<�("� =<��4�"4 Sn-Ag 
(�()+�/�"8�E" Ni, Cu, Zr " &!. )�4!$<��� B'�" 4 B)#'+�("C @�//<"(8)<$, 
4)EB)G"8")(($, B!"B)�<. 

F77�4�"<()� "/B)#?G)<�("� (�()4)EB)G"8")(($, B!"B)�< <)GE)%-
() E��)&�E", B)&)@($E" ��,()#);"" B�*4", < 4)�)!$, "/B)#?G'C�/D B�/-
�$ [10]. �) (�)@,)&"E '+�� /B�8"7"+�/4", )/)@�(()/��* (�()4)EB)G"8"-
)(($, B!"B)�< " < /<DG" / =�"E /))�<��/�<'C\�D E)&�!("G�8"D " ��,()-
#);"D B�*4", !�G!�@)�4� /B�8"�#?()* )/(�/�4". 
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��� 539.1 

��#E$4)< P.�., ���,�()< �.�. 

��@�!&"()-��#4�!/4"* �)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 !�@)�� [1] @$# B!�&#)%�( /B)/)@ )B!�&�#�("D B!)7"#D !�/B!�&�-
#�("D B!"E�/" B) ;#'@"(� < ")(()-"EB#�(�"!)<�(()E /#)� B)#'B!)<)&-
("4� E��)&)E !�(�;�()7#')!�/8�(�();) �(�#"G� (���), 4)�)!$* G�4#C+�-
��/D < /#�&'C\�E. 

�/#" �)#\"(� "EB#�(�"!)<�(();) /#)D G(�+"��#?() E�(?O� ;#'@"-
($ B!)("4()<�("D <)G@'%&�C\�;) !�(�;�()</4);) #'+� " < (�E E)%() 
B!�(�@!�+? B);#)\�("�E, �) "(��(/"<()/�? 7#')!�/8�(�();) "G#'+�("D 
@'&�� 7)!E"!)<��?/D B)+�" </�E" ��)E�E" B!"E�/", /)&�!%�\"E"/D < 
"EB#�(�"!)<�(()E /#)� B)#'B!)<)&("4�. �);&� "(��(/"<()/�? 7#')!�/-
8�(�();) "G#'+�("D B!" B)/#�&)<���#?()E '&�#�("" �)(4", /#)�< B)#'-
B!)<)&("4� @'&�� 'E�(?O��?/D, " E$ B)#'+"E ;!�7"4 G�<"/"E)/�" "(��(-
/"<()/�" 7#')!�/8�(�();) "G#'+�("D )� �)#\"($ '&�#�(();) /#)D I=I(�). 

F�)� ;!�7"4 B)G<)#"�, <)-B�!<$,, )B!�&�#"�? B)#('C �)#\"(' "E-
B#�(�"!)<�(();) /#)D, <)-<�)!$,, B)#'+"�? !�/B!�&�#�("� "(��(/"<()/�" 
7#')!�/8�(�();) "G#'+�("D B!"E�/" B) ;#'@"(� 4�4 G�<"/"E)/�? "(��(-
/"<()/�" 7#')!�/8�(�();) "G#'+�("D, B!",)&D\�;)/D (� 4�%&$* '&�#�(-
($* /#)* In > In+1 = �In )� 4))!&"(��$ =�);) /#)D � = (�n + �n-1)/2,  ;&� n = 0, 
1, 2, 3,… . Q)#'+�(($* ��4"E )@!�G)E ;!�7"4 �In = f(�) E)%() B!�)@!�G)-
<��? < B!)7"#? 4)(8�(�!�8"" &�(()* B!"E�/" / B)E)\?C "GE�!�("D "(-
��(/"<()/�" 7#')!�/8�(�();) "G#'+�("D =��#)(();) )@!�G8�. 

�#D B!)<�!4" B!�&#)%�(();) /B)/)@� "//#�&)<�#/D E)()4!"/��##"-
+�/4"* 4!�E("* ���-10, )@#'+�(($* B!" 4)E(��()* ��EB�!��'!� ")(�E" 
7)/7)!� / =(�!;"�* 40 4=	 " &)G)* 1·1015 ")(//E2. �)#\"(� "EB#�(�"!)-
<�(();) /#)D < =�)E )@!�G8� /)/��<#D�� B!"E�!() 100 (E [2, 3]. ��� B!)-
<)&"#/D (� '/��()<4� �B�4�!)/4�( ��4/ GV. 

�GE�!�("D 7#')!�/8�(�();) "G#'+�("D ��)E)< 7)/7)!� / )@�", /�)-
!)( )@!�G8�, �)#\"(� 4)�)!);) /)/��<#D#� 380 E4E, B)4�G�#", +�) <)G@'%-
&�C\�� !�(�;�()</4)� "G#'+�("� B)#()/�?C B!)("G$<��� </C �)#\"(' 
)@!�G8� / (�G(�+"��#?($E "(��;!�#?($E B);#)\�("�E. 

��4"E )@!�G)E, ;#'@"(� B!)("4()<�("D "G#'+�("D " �)#\"(� "E-
B#�(�"!)<�(();) /#)D <GD�);) )@!�G8� '&)<#��<)!D#" �!�@'�E$E '/#)<"DE. 

�G B)#'+�(($, ;!�7"4)< I = I(�) " �In = f(�) /#�&)<�#), +�) �)#\"(� 
/#)D, /)&�!%�\�;) ��)E$ 7)/7)!�, " ;#'@"(� !�/B)#)%�("D E�4/"E'E� 
!�/B!�&�#�("D 7)/7)!� G�E��() @)#?O� )�()/"��#?() B!);()G"!'�E);). 

 176



�$#) /&�#�() B!�&B)#)%�("�, +�), <)-B�!<$,, < !�G'#?���� &"77'-
G"" ��)E$ 7)/7)!� < ��+�("� &#"��#?();) <!�E�(" ()@!�G�8 @$# )@#'+�( 
B!"E�!() 24 ;)&� (�G�&) B!)&<"('#"/? <;#'@? )@!�G8�. 	)-<�)!$,, <)G-
E)%(), E();)4!��()� " &#"��#?()� )@#'+�("� )@!�G8� < B!)8�//�, ��� 
<$G<�#) /E�\�("� ��)E)< 7)/7)!� <;#'@? (� G�E��()� !�//�)D("�. 

Q)<�)!($* =4/B�!"E�(� B)&�<�!&"# =�" !�G'#?���$. 
�#D '�)+(�("D B!"+"($ <)G("4()<�("D )@(�!'%�(();) =77�4�� "/-

/#�&)<�#/D ��4)* %� )@!�G�8, (� 4)�)!)E B!)<)&"#/D ��� B!" @)#�� <$-
/)4)* "(��(/"<()/�" G)(&"!'C\�;) "G#'+�("D, +�) &)/�";�#)/? '<�#"+�-
("�E �)4� =#�4�!)(();) #'+� I� !�(�;�()</4)* �!'@4". 	/� )/��#?()� @$#) 
B)<�)!�("�E =4/B�!"E�(�� !�@)�$ [1]. Q)#'+�(($� !�G'#?���$ B!�&/��<-
#�($ (� !"/. 1 " 2. 

 

�"/. 1. �<"/"E)/�? "(��(/"<()/�" 7#')!�/8�(�();) "G#'+�("D ��)-
E)< 7)/7)!� )� �)#\"($ /(D�);) /#)D 4!�E("D: ���-10, �+, 
4=40 4=	, D=1·1015 /E>2; B�!�E��!$ ���: 4�=40 4=	, I�=4 E�, t=1 E"( 
 

�G ;!�7"4)< <"&(), +�) �)#\"(� "EB#�(�"!)<�(();) /#)D ��)E�E" 
7)/7)!� (� E�(?O� 250 (E, � E�4/"E'E !�/B!�&�#�("D "(��(/"<()/�" 
7#')!�/8�(�();) "G#'+�("D 7)/7)!� (�,)&"�/D (� ;#'@"(� )4)#) 220 (E. 
��4"E )@!�G)E, '<�#"+�("� "(��(/"<()/�" G)(&"!'C\�;) "G#'+�("D B!" 
��� B!"<�#) 4 !)/�' < (�/4)#?4) !�G B�!�E��!)< !�/B!�&�#�("D 7)/7)!� 
< )@#'+�(()E 4!�E("".  


�/C&� /#�&'��, +�), &�*/�<"��#?(), < B!)8�//� ��� B)& &�*/�<"�E 
!�(�;�()</4);) "G#'+�("D ")(()-<(�&!�(($� ��)E$ 7)/7)!� B�!�E�\�-
C�/D <;#'@? )@!�G8�. Q!" =�)E <�#"+"(� =�);) /E�\�("D /'\�/�<�(() G�-
<"/"� )� "(��(/"<()/�" G)(&"!'C\�;) !�(�;�()</4);) "G#'+�("D " <!�-
E�(" )@#'+�("D )@!�G8�, �. �. )� &)G$ )@#'+�("D. 
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�"/. 2. �<"/"E)/�? "GE�(�("* "(��(/"<()/�" 7#')!�/8�(�();) "G#'-
+�("D ��)E)< 7)/7)!� )� �)#\"($ /(D�);) /#)D 4!�E("D:  ���-10, �+, 
4=40 4=	, D=1·1015/E>2; B�!�E��!$ ���: 4�=40 4=	, I�=4 E�, t=1 E"( 
 


&("E "G E�,�("GE)< &�(();) =77�4�� E)%�� @$�? «<�D;"<�("�» 
B!"E�/" < &�7�4�('C )@#�/�? [4], 4)�)!�D )@!�G'��/D B)& &�*/�<"�E !�(�-
;�()</4);) )@#'+�("D [5, 6] < B!)8�//� ���. 
@!�G)<�("� &�7�4�()* )@-
#�/�" B!" ��� <)GE)%() < !�G'#?���� (�4)B#�("D B�! �!�(4�#D, )@!�G'�-
E$, < !�G'#?���� 'B!';);) /)'&�!�("D 7)�)=#�4�!)()< / ��)E�E" 4!"/��#-
#� 4!�E("D. F(�!;"D 7)�)=#�4�!)()< EL , <)G("4�C\", < !�G'#?���� <('�-
!�((�* ")("G�8""  ��)E)< 4!"/��##� 4!�E("D G)(&"!'C\"E "G#'+�("�E 
!�<(� EL = E� > Ei . F(�!;"D 4<�(�)< G)(&"!'C\�;) "G#'+�("D / &#"()* 
<)#($ § = 1,5405 Å [5] /)/��<#D�� E� = 10 4=	. F(�!;"D %� ")("G�8"" ��)-
E)< Ei B!�(�@!�%"E) E�#� B) /!�<(�("C / =�)* <�#"+"()*, �. �. 7)�)=#�4-
�!)($, B!")@!���C� B)+�" </C =(�!;"C B);#)\��E$, 4<�(�)< 
(EL � 10 4=	). Q)!);)<�D =(�!;"D /<DG" /)@/�<�(($, ��)E)< 4!"/��##� 
4!�E("D Ed = 20,4 =	 G(�+"��#?() E�(?O� =�)* <�#"+"($. �!)E� �);), )+�-
<"&(), "E��� E�/�) " B)&B)!);)<)� &�7�4�))@!�G)<�("� [7]. 

��4"E )@!�G)E, )&()* "G B!"+"( ;#'@)4);) B!)("4()<�("D ��)E)< 
7)/7)!� < E��!"8' B!" ��� D<#D��/D !�&"�8")(()-/�"E'#"!)<�((�D 
&"77'G"D, <$G<�((�D )@#'+�("�E !�(�;�()</4"E "G#'+�("�E "EB#�(�"!)-
<�(();) /#)D. 

�!';)* B!"+"()* E)%�� @$�? /#�&'C\��. �B!';)� " (�'B!';)� 
/�)#4()<�("� 7)�)=#�4�!)()< E);'� "/B$�$<��? " ��)E$ 7)/7)!�. F(�!-
;"D %� E";!�8"" ��)E)< B!"E�/" �\� ("%�, +�E B)!);)<�D =(�!;"D /)@/�-
<�(($, ��)E)< 4!"/��##�. Q)=�)E', )+�<"&(), +�) =�" /�)#4()<�("D B!"-
<�&'� 4  E";!�8"" ��)E)< 7)/7)!� <;#'@? )@!�G8�. 
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Q)#'+�(($� !�G'#?���$ B)4�G$<�C�, +�), )@#'+�D !�(�;�()</4"E 
"G#'+�("�E ")(()-<(�&!�(($* /#)* B)#'B!)<)&("4�, E)%() "GE�("�? 
B!)7"#? !�/B!�&�#�("D B!"E�/" < �)* "#" "()* /��B�(" < G�<"/"E)/�" )� 
&)G$ )@#'+�("D.  


B"/�(($* =77�4� E)%�� )4�G��/D B)#�G($E 4�4 ��,()#);"+�/4"* 
B!"�E < ��, /#'+�D,, 4);&� �!�@'��/D E)&"7"8"!)<��? B!)7"#? !�/B!�&�-
#�("D B!"E�/". 

�G B)#'+�(($, !�G'#?���)< ��4%� /#�&'��, +�) E��)& ��� E)%() 
B!"E�("�? &#D )B!�&�#�("D !�/B!�&�#�("D B!"E�/" < "EB#�(�"!)<�(($, 
/#)D, B)#'B!)<)&("4)<: 

1) / E�#)* �)#\"()* "EB#�(�"!)<�(();) /#)D; 
2) B!" ("G4)* "(��(/"<()/�" G)(&"!'C\�;) "G#'+�("D; 
3) "EB#�(�"!)<�(($, ")(�E" �D%�#$, ��)E)<; 
4) /#�@) B);#)\�C\", G)(&"!'C\�� "G#'+�("�. 

���������� 

1. ��#E$4)< P.�., ��@"�)< �.	., ���,�()< �.�. 
B!�&�#�("� B!)7"#D 
!�/B!�&�#�("D ")(()-"EB#�(�"!)<�(();) 7)/7)!� < 4!�E("" E��)&)E 
!�(�;�()7#')!�/8�(�();) �(�#"G�. / �"4!)- " (�()��,()#);"" < =#�4-
�!)("4�. ����!"�#$ ��%&'(�!)&()* (�'+()-��,("+�/4)* 4)(7�!�(-
8"". ��#?+"4: ��@.-��#4. '(-�, 2009. �. 181–183. 

2. �%. ��*�!, �. F!"4/)(, �%. �=<"/. �)(()� #�;"!)<�("� B)#'B!)<)&-
("4)<. �G&���#?/�<) �"!, 1973. 296 /. 

3. ��@#"8$ B�!�E��!)< B!)/�!�(/�<�(();) !�/B!�&�#�("D ")(()-
"EB#�(�"!)<�(($, B!"E�/�*. �.�. �'!�(4)<, �.�. �)E�!)<. 
�.�. �'E�,)<, �.�. ��E4"(. �"(/4: ���, 1980. 352 /. 

4. �"G"+�/4"� B!)8�//$ < )@#'+�(($, B)#'B!)<)&("4�,. Q)& !�&. 
�.�. �E"!()<�. �)<)/"@"!/4, «��'4�», 1977. 256 /.  

5. �. �. �*4)</4�D, �.�. ��,"!)<, �.�. �('/)<. ��&"�8")(($� =77�4�$ 
< 4!�E("" B!" !�(�;�()</4)E )@#'+�("". // �"G. " ��,(. B)#'B!. 1976, �. 
10, <$B. 1. �. 37–40. 

6. �)E�()< �.�. 	)G&�*/�<"� !�(�;�()</4);) "G#'+�("D (� ,�!�4��!"/�"-
4" &��+"4)< &�<#�("D (� )/()<� ���-/�!'4�'!$ / B!"E�(�("�E #"(G$ 
�'E�,)<�. // �(%�(�!(�D 7"G"4�. 2006, � 9. �. 23 – 26. 

7. 	)B!)/$ !�&"�8")(()* ��,()#);" B)#'B!)<)&("4)<. Q)& !�&. 
�.�. �E"!()<�. �)<)/"@"!/4, «��'4�», 1977. 256 /.  
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	���� ��������� � ��������� 
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��������
	 � ������
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�������� ���
�
�Q
��
	 

��� 541.64:539.3 

�)%"�)< �.	., �)G#)< 	.	., �)/�"O"( 	.�., �)!+�(4) �.�., 
�'!��)< �.�., �'!"�< �.	., �)!/4"* �.�., �);'()< �.�. 

��8")(�#?($* "//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"���  
���"�, �)/4<� 

	 E���!"�#)<�&�("" " ��,()#);"" "G&�<(� "/B!)@)<�( " '/B�O() 
B!"E�(D��/D B!"(8"B /)+���("D !�G#"+($, "(;!�&"�(�)<, B)G<)#DC\"* 
«4)(/�!'"!)<��?» E���p"�#$ / ()<$E" /<)*/�<�E", (�G$<��E$� 4)EB)G"-
8")(($E". 
(" B!�&/��<#DC� /)@)* /"/��E$ "G &<', "#" (�/4)#?4", 7�G, 
)�#"+�C\",/D ,"E"+�/4"E /)/��<)E, /�!'4�'!)*, 7"G"+�/4"E" ,�!�4��-
!"/�"4�E", < 4)�)!$, < �)* "#" "()* /��B�(" '&���/D !��#"G)<��? B!"(-
8"B 4)E@"("!)<�("D "/,)&($, <�\�/�<. 	 ", +"/#), < +�/�()/�", <,)&D� 
E���!"�#$ / !�G#"+($E" (�B)#("��#DE", B)#'+��E$� (� )/()<� ';#�!)&-
($, " B)#"E�!($, 4)EB)(�(�)<. �) �/#" < �!�&"8")(($, 4)EB)G"8")(-
($, E���!"�#�, ,�!�4��!($* !�GE�! /�!'4�'!($, =#�E�(�)< (7�G) )@$+() 
#�%"� < &"�B�G)(� )� �&"("8 E"4p)E��p)< &) (�/4)#?4", E"##"E��!)<, 
+�) B)G<)#D�� B!"E�("�? 4 ("E �� %� B!�&/��<#�("D, +�) " 4 E�4!)/4)B"-
+�/4"E ��#�E �);) %� /)/��<� " /�!'4�'!$, �) < /"/��E�, / '#?�!�&"/B�!/-
($E" (�B)#("��#DE" "/B)#?G'C�/D +�/�"8$ (�()E��!)<);) E�/O��@�. 	 
/"#' &�*/�<"D !�GE�!();) 7�4�)!� (�()E���!"�#$ )@#�&�C� (�)@$+($E" 
/<)*/�<�E" B) /!�<(�("C / B!"<$+($E" 4)EB)G"8")(($E" E���!"�#�E". 


/)@$* "(��!�/ B!�&/��<#D�� (�()4)EB)G"�$, /)G&�<��E$� (� )/()-
<� E�;("�($, E���!"�#)< (4�4 E���##)<, ��4 " ", !�G#"+($, /)�&"(�("*), 
< 4)�)!$, (�"@)#�� )�+��#"<) B!)D<#DC�/D !�G#"+"D E�%&' )@V�E($E" " 
(�()!�GE�!($E" )@V�4��E". �#D B!";)�)<#�("D 4)EB)G"�)<, /)&�!%�\", 
E�;("�($� (�()+�/�"8$, B)/#�&("� (�)@,)&"E) G�4!�B"�? < "(�!�()* 
E��!"8�, < 4�+�/�<� 4)�)!)* +�/�) �)%� "/B)#?G'C� "E�(() B)#"E�!($� 
"#" ';#�!)&)B)&)@($� /�!'4�'!$. �)G&�("� �)B)#);"+�/4);) !"/'(4� < 
4)EB)G"8")(($, E���!"�#�, / 7�!!)- " 7�!!"E�;("�($E" (�()+�/�"8�-
E", !�/B!�&�#�(($E" < ��4)* /��@"#"G"!'C\�* /!�&�, E)%() )/'\�/�-
<"�?, 'B!�<#DD B!)8�//)E )!;�("G�8"" / B)E)\?C E�;("�();) B)#D, (�-
B!"E�!, < ;"@!"&($, /�!'4�'!�,, "/B)#?G'D < 4�+�/�<� B)&#)%4" B)&/#)" 
/ !�G#"+()* 4)(7";'!�8"�* E�;("�($, &)E�()< [1]. 

� (�/�)D\�E' <!�E�(" !�G!�@)��() E()%�/�<) !�G($, E��)&)< B)-
#'+�("D (�()4)EB)G"�)<; 4 ("E, < +�/�()/�", )�()/D�/D ��!E"+�/4)� !�G-
#)%�("� B!�4'!/)!)< " ,"E"+�/4)� <)//��()<#�("�, /"(��G E���##)B)#"-
E�!($, (�()4)EB)G"�)< (� /��&"" B)#"E�!"G�8"" (B)#"4)(&�(/�8""). 
��4, /�*+�/ (�@#C&���/D B)<$O�(($* "(��!�/ 4 ��!E))@!�@)�4� " ,"E"-
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+�/4)* )@!�@)�4� B)#"E�!)< ((�B!"E�!, B)#"<"("#,#)!"&� (Q	�), B)#"-
=�"#�(��!�7��#��� (QF�), B)#"/�"!)#� (Q�), B)#"<"("#)<);) /B"!�� 
(Q	�), B)#"�4!"#)("�!"#� (Q��) " &!.) < B!"/'�/�<"" /)#�* B�!�,)&($, 
E���##)<, < !�G'#?���� 4)�)!);) B)#'+�C�/D (�()/�!'4�'!"!)<�(($� E�;-
("�($� E���!"�#$. 

	 &�(()* !�@)�� < 4�+�/�<� "/,)&($, !��;�(�)< @$#" <$@!�($ /)#" 
3d-E���##)< " B)#"E�!$ Q�� " Q	�. �#D B)#'+�("D (�()4)EB)G"�)< "/-
B)#?G)<�#"/? E��)& ,"E"+�/4);) <)//��()<#�("D " &<� E��)&� ��!E"+�/-
4);) !�G#)%�("D: )@$+($* !�G"/�"<($* (�;!�< " ��-B"!)#"G. 

�#D "G'+�("D ,"E"+�/4", B!�<!�\�("*, B!)��4�C\", < B!)8�//� 
B)#'+�("D (�()4)EB)G"�)<, @$#" B!)<�&�($ "//#�&)<�("D / B!"E�(�("�E 
E��)&)< ��- " ��-/B�4�!)/4)B"". �!�&("* !�GE�! )@#�/��* 4);�!�(�();) 
!�//�D("D )B!�&�#D#" "G B)#'O"!"($ /�E);) "(��(/"<();) !�7#�4/� /B�-
4�!)< !�(�;�()</4)* &"7!�48"" B) 7)!E'#� ��@�D-P�!!�!�. �¯//@�'=!)-
</4�D /B�4�!)E��!"D (��) )@!�G8)< )/'\�/�<#D#�/? B!" 4)E(��()* ��EB�-
!��'!� (� /B�4�!)E��!� �S-1104�M / "/�)+("4)E 57�) < E��!"8� ,!)E� 
"#" !)&"D. �G)E�!($* /&<"; !�//+"�$<�#/D )�()/"��#?() �-Fe. ��+�/�<) 
!�G#)%�("D E�//@�'=!)</4);) /B�4�!� (� /)/��<#DC\"� )8�("<�#)/? B) 
B!"@#"%�("C !�/+��();) /B�4�!� 4 =4/B�!"E�(��#?()E' / B)E)\?C 4!"-
��!"D C2

min . �!"<$� (�E�;("+"<�("D (�()4)EB)G"�)< !�;"/�!"!)<�#"/? 
E��)&)E <"@!�8")(()* E�;("�)E��!"" (	�). 

Q!" ("G4)* ��EB�!��'!� Q�� " E();"� &!';"� B)#"E�!$ B!�&/��<-
#DC� /)@)* ,"E"+�/4" /��@"#?($� /)�&"(�("D. 	 B!)8�//� (�;!�<�("D <$-
O� 200 °� B!)"/,)&"� ", &�/�!'48"D / )@!�G)<�("�E ';#�!)&();) E���-
!"�#�, B!"+�E B!)&'4�$, <$&�#DC\"�/D < =�)E B!)8�//�, D<#DC�/D <)//��-
()<"��#?()* /!�&)* &#D /)#�* E���##)<, (�,)&D\",/D < =�)* /"/��E�. 	<�-
&�("� /)�&"(�("* B�!�,)&($, E���##)< < B)#"E�!('C /!�&' (Q��) B!"<)-
&"� (� �)#?4) 4 /)4!�\�("C <!�E�(" )@!�@)�4", () " 4 /("%�("C ��EB�!�-
�'!$ (�+�#� 8"4#"G�8"" &) 140 °C. Q!" =�)E <�%() "G@�%��? <G!$<();) 
B!)��4�("D B!)8�// "G-G� <)GE)%()/�" ��!E)'&�!� B!" !�G4)E (�;!�<�. 

Q!"(8"B"�#?()� )�#"+"� "/B)#?G'�E$, <"&)< ��!E"+�/4);) !�G#)-
%�("D B!)D<#D��/D < �)E, +�) B)#"E�!($� E���!"�#$ "(��(/"<() B);#)-
\�C� =#�4�!)E�;("�()� "G#'+�("� < "(7!�4!�/()E &"�B�G)(� &#"( <)#(, 
@#�;)&�!D B!"E�(�("C, 4)�)!);) E)%() &)@"�?/D G(�+"��#?();) '/4)!�-
("D B!)8�//� ", /#�&)<���#?(), /)4!��"�? <!�ED /"(��G�. ��4, "//#�&)<�-
("� ,"E"+�/4", B!�<!�\�("* < �)(4", B#�(4�, Q�� B)& &�*/�<"�E 
��-"G#'+�("D B)4�G�#) '<�#"+�("� !��48")(()* /B)/)@()/�" E�4!)E)#�-
4'# (� !�((", /��&"D, B!�<!�\�("D B) /!�<(�("C / )@$+($E ��!E"+�-
/4"E )�%";)E. F�) )@'/#)<#�() /B�8"7"+�/4"E &�*/�<"�E ��-)@#'+�("D 
(� 4)#�@���#?('C =(�!;"C (�4)�)!$, ;!'BB E�4!)E)#�4'#. ��B!"E�!, 
'E�(?O�("� =(�!;"" �4�"<�8"" 4)#�@���#?()-<)G@'%&�(($, E)#�4'# E)-
%(), B)-<"&"E)E', )@VD/("�? B)<$O�("�E "/,)&();) '!)<(D E)#�4'# (� 
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<�#"+"(' =(�!;"" 4)#�@���#?();) B�!�,)&�. Q)=�)E' =77�4�"<()/�? )@!�-
@)�4" < ��-/<��� ;)!�G&) <$O�, +�E B!" (�;!�<� < B�+" !�G"/�"<();) �"B�. 

Q!" ��-B"!)#"G� /!�&("* !�GE�! +�/�"8 E���##� "#" �;) )4/"&($, 
/)�&"(�("* /)/��<#D# )� 5 &) 100 (E, < G�<"/"E)/�" )� '/#)<"* /"(��G�, 
4)(8�(�!�8"" E���##� " <"&� "/B)#?G'�E);) B!�4'!/)!�. �,)&($� !�G'#?-
���$ @$#" B)#'+�($ " < E��)&� !�G"/�"<();) (�;!�<�, &#D 4)�)!);) /!�&-
("� !�GE�!$ +�/�"8 #�%�#" < &"�B�G)(� 12–45 (E. 	 +�/�()/�", &#D B!�-
4'!/)!)< / E�//)<$E /))�()O�("�E 4)EB)(�(�)< Fe28,6 %/Q��71,4 % )@!�@)-
�4� < ��+�("� B)#'+�/� B!" 580 °C B!"<)&"#� 4 )@!�G)<�("C +�/�"8 +"/�)-
;) %�#�G� £-Fe, B!" 860 °C &)B)#("��#?() B)D<#DC�/D +�/�"8$ 4�!@"&)< 
FeC " Fe3C. Q!" /))�()O�("" < "/,)&()* 4)EB)G"8"" /)&�!%�("D E���##� 
" B)#"E�!� 1:1 )�%"; B!" 590 °C 4!)E� )@!�G)<�("D £-Fe B!"<)&"� 4 B)D<-
#�("C �-E)&"7"4�8"" %�#�G�, < )@$+($, '/#)<"D, D<#DC\�*/D <$/)4)-
��EB�!��'!()* 7�G)*, � B)/#� )@!�@)�4" B!" 845 °C 4 '4�G�(($E 7�G�E 
&)@�<#DC�/D +�/�"8$ 8�E�(�"�� Fe3C. 
@!�@)�4� B!" 950 °C <E�/�) Fe3C 
)@!�G'��/D 7�G� FeC. 
@!�G8$, B!";)�)<#�(($� (� )/()<� Co/Q��, /)&�!-
%�� #"O? +�/�"8$ ¤-Co !�GE�!)E 40–55 (E < ';#�!)&()* E��!"8�, � )@!�G-
8$, B!";)�)<#�(($� (� )/()<� Ni/Q��, < G�<"/"E)/�" )� '/#)<"* /"(��G�, 
)@(�!'%"<�C� +�/�"8$ Ni /) /!�&("E !�GE�!)E &) 170 (E, NiO (19 (E) 
"#" NiC (33 (E). �!"<$� G�<"/"E)/�" E�;("�();) E)E�(�� &#D "+($, /)-
/��<)< ��4", 4)EB)G"�)< )� <(�O(�;) B)#D, B)#'+�(($� / B)E)\?C 	�, 
B!"<�&�($ (� !"/'(4�, � – 1. 

�&�#?(�D (�E�;("+�(()/�? ¦s (�()4)EB)G"�� Co/Q��, B)#'+�(();) 
B!" 945–950 °C, / '<�#"+�("�E /)&�!%�("D E���##� < B!�4'!/)!� )� 30 &) 
50 E�//. % <)G!�/���� )� 17 &) 24 =. E. �./;. 	 )@!�G8�, Fe/Q�� " Ni/Q��, 
B)#'+�(($, < /,)&($, '/#)<"D,, (�/$\�("� (�E�;("+�(()/�" (� )@(�!'-
%"<�#)/? <B#)�? &) B)#�* (�B!D%�(()/�?C 3 4F. �)/�";('�$� < =�)E B)#� 
G(�+�("D ¦(H) /)/��<#D#" 25,5 " 56 =. E. �./; (&#D Fe28,6 %/Q��71,4 % " 
Fe50 %/Q��50 % , /))�<��/�<�(()) " 51,7 =. E. �./; – &#D )@!�G8)< 
Ni50 %/Q��50 % . 

��!D&' / ��!E"+�/4"E" E��)&�E" &#D B)#'+�("D E���##)B)#"E�!-
($, (�()4)EB)G"�)< B�!/B�4�"<($E D<#D��/D E��)& ,"E"+�/4);) <)//��-
()<#�("D [2]. ��(($* E��)& B!"(8"B"�#?() )�#"+���/D )� <$O�'4�G�(($, 
E��)&)<, B)/4)#?4' < (�E <)//��()<#�("� E���##� B!),)&"� (� G� /+�� 
B!)&'4�)< &�/�!'48"" B)#"E�!�, � G� /+�� )4"/#"��#?()-
<)//��()<"��#?($, ,"E"+�/4", !��48"*. Q)#"E�!, E)&"7"8"!)<�(($* 
(�()+�/�"8�E" E���##�, < 8�#)E E)%�� /),!�(D�? /<)" B�!<)(�+�#?($� 
)/()<($� /<)*/�<� " /�!'4�'!'. 
&("E "G /"#?(�*O", <)//��()<"��#�* 
D<#D��/D ;"&!�G"(-;"&!��. 	 4�+�/�<� "/,)&($, B!�4'!/)!)< E);'� @$�? 
"/B)#?G)<�($ 4)EB)G"8"", �(�#);"+($� !�//E)�!�(($E !�(�� &#D ��!E"-
+�/4);) !�G#)%�("D. �"(��"4� ;���!);�(($, ,"E"+�/4", !��48"* B!�&-
/��<#D�� /)@)* /#)%('C /"/��E' <G�"E)&�*/�<"* B)#"E�! – !�/�<)!"-
��#? – /)#? – <)//��()<"��#?, < !�G'#?���� +�;) E);'� "&�" (�'B!�<#D�E$� 
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,"E"+�/4"� !��48"", G�<"/D\"� )� /)/�)D("D " 4)(8�(�!�8"" 4�%&);) 
4)EB)(�(�� /"/��E$. 	 !�G'#?���� ��4);) B!)8�//� )@!�G'C�/D E���##)-
B)#"E�!($� (�()4)EB)G"�$ /#)%();) /)/��<�, < 4)�)!$, E���## (�,)&"�-
/D < /O"�)* E��!"8� B)#"E�!�. �"#?()� <#"D("� (� B!�<!�\�("D < /�!'4-
�'!� (�()4)EB)G"�)< )4�G$<��� B!�&<�!"��#?($* )�%";, "/B)#?G'�E$* < 
B!)8�//� /"(��G� &#D /)G&�("D @)#�� %�/�4)* /�!'4�'!$ B�!�& )@!�@)�4)* 
< ;"&!�G"(� "#" �EE"�4�. 

 
�"/. 

 

� </�, /<�%�B!";)�)<#�(($, )@!�G8)< E���##)B)#"E�!($, (�()-
4)EB)G"�)<, B)#'+�(($, <)//��()<#�("�E < ;"&!�G"(-;"&!��� " �EE"�4�, 

� 1 

� 5 

* 	 
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)�E�+�#"/? G�E��($� E�;("�($� /<)*/�<�. ��#?(�*O"� B!)8�//$ )4"/#�-
("D < B!"/'�/�<"" B�!)< <)&$ < <)G&'O()* ��E)/7�!� " <G�"E)&�*/�<"� / 
)/���4�E" (�B!)!��;"!)<�<O", 4)EB)(�(�)< B!"<)&D� < )�&�#?($, /#'+�-
D, 4 )@!�G)<�("C !�G#"+($, /)�&"(�("* E���##� (< +�/�()/�", )4/"&)< " 
;"&!)4/"&)<), " / ��+�("�E <!�E�(" (�4)�)!$� /)/��<$ '�!�+"<�C� /<)" 
B�!<)(�+�#?($� /<)*/�<�. 


@!�G8$ Fe/Q��, )@!�@)��(($� < ;"&!�G"(� < ��+�("� &#"��#?();) 
<!�E�(" ((� E�(�� 2 +�/)<) (� )@(�!'%"<�C� < /<)�E /)/��<� 4",-#"@) 
%�#�G)/)&�!%�\", 7�G < 4!"/��##"+�/4)E /)/�)D("", ,)�D <$/)4"* 7)( 
/<"&���#?/�<'�� ) B!"/'�/�<"" %�#�G� "/"#" �;) /)�&"(�("* < !�(�;�()�-
E)!7()E /)/�)D("". 
@!�G8$, <$&�!%�(($� < ;"&!�G"(� 30 E"('�, &�E)(-
/�!"!'C� <G�"E)&�*/�<"� Fe " Q�� / )@!�G)<�("�E, (�B!"E�!, /)�&"(�-
("* �"B� C43H40FeN10 . 

��4, < (�()4)EB)G"�� Fe/Q	� @$# )@(�!'%�( @);��$* (�@)! +�/�"8 
)4/"&)< £-Fe2O3 (;�E��"�), Fe3O4 (E�;(��"�), �-Fe2O3 (E�;;�E"�) "#" +�/�"8 
�<�!&$, !�/�<)!)< OB"(�#?()* 7�G$ / &�7�4�()* 4��")(-&�7"8"�()* 
/�!'4�'!)* !�GE�!)E )� 6 &) 15 (E. �¯//@�'=!)</4"� "//#�&)<�("D B)4�-
G�#", +�) /��B�(? )4"/#�("D %�#�G� B!�4�"+�/4" (� G�<"/"� )� &� B)#"-
E�!()* E��!"8$, � ��4%� < )�#"+"� )� ��-B"!)#"G)<�(($, )@!�G8)<) )� 
/)&�!%�("D E���##� < "/,)&()E E���!"�#�. � '<�#"+�("�E %� <!�E�(" 
B!�&<�!"��#?();) (�;!�<� B!�4'!/)!� /��B�(? )4"/#�("D %�#�G� !�/���, 
B!�<$O�D G(�+�("�, &)/�";('�)� &#D ��-B"!)#"G)<�(($, )@!�G8)< / B)-
&)@()* 4)(8�(�!�8"�* E���##�. (�+"��#?($� "GE�(�("D G�!D&)<);) /)-
/�)D("D Fe '4�G$<�C� (� B!�)@!�G)<�("D, B!)"/,)&D\"� < /"/��E� )4/"-
&)< %�#�G� < G�<"/"E)/�" )� '/#)<"* B!";)�)<#�("D E���!"�#�. 

	 (�()4)EB)G"��, (� )/()<� Ni " Ni+Fe )@(�!'%�($ (�()4!"/��##"-
+�/4"� 7�G$ !�G#"+($, /)�&"(�("* =�", E���##)< / 4)EB)(�(��E" B)#"-
E�!� (!"/. �). ��4, < 4)EB)G"�� Ni/Q	� '/��()<#�($ 7�G$ Ni, NiO, 
Ni(OH)2 , Ni�O3Ë6H2O, Ni3(�O3)(OH)4Ë4H2O.  /)/��<� 4)EB)G"�)<, /)&�!-
%�\", )&()<!�E�(() Fe " Ni, B!"/'�/�<'C� 7�G$ Fe0,5Ni0,5 , (Fe, Ni)4N, 
(Fe, Ni)C6 , /!�&("* !�GE�! +�/�"8 B!" =�)E /)/��<#D�� )� 6 &) 35 (E. 
@-
!�G8$ / 4)@�#?�)E (�,)&D�/D < !�(�;�()�E)!7()E /)/�)D("" (�.�. #"@) 
B!�&/��<#D�� /)@)* �E)!7('C 7�G', #"@) +�/�"8$ E���##� "/"#" �;) /)-
�&"(�("* "E�C� !�GE�!$ (� @)#�� 6 (E). 

���������� 

1. Gorelik S.S., Letyuk L.M., Morchenko A.T. Magnetic garnet film epitaxy on 
nonsingular faces. // J. Appl. Phys. 1996. V. 79. P. 5500. 

2. Kozhitov L.V., Kozlov V.V., Kostishyn V.G., Morchenko A.T., Muratov D.G. 
The effective method based on IR annealing for manufacturing novel carbon 
nanocrystalline material and multifunctional metal-polym posites. 
/ IOP Conf. Ser.: Mater. Sci. Eng. 2009. V. 5. 012021. 
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�)()<�#)< �.Q., �"&�(4) �.�. 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("� <$/O�;)  
B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($* "//#�&)<���#?/4"*  

��,()#);"+�/4

��� 539.1.06 

"* '("<�!/"��� «���"�», �)/4<� 
�)#?O"(/�<) B!"@)!)< /"#)<)* =#�4�!)("4" ('%&�C�/D < !�G4)E 

'#'+O�("" /<)", =#�4�!"+�/4", B�!�E��!)<, +�) !�O���/D <(�&!�("�E !�-
&"�8")(()-��,()#);"+�/4);) B!)8�//� (��Q), /)/�)D\�;) "G B)/#�&)<�-
��#?($, )B�!�8"* )@#'+�("D <$/)4)=(�!;��"+�/4"E" +�/�"8�E" " B)/#�-
&'C\�;) ��!E"+�/4);) )�%";�, < ��,()#);"+�/4'C 8�B)+4' "G;)�)<#�("D 
B!"@)!)<. F77�4�"<()/�? "/B)#?G)<�("D ��Q )@'/#)<#�(� <)GE)%()/�?C 
4)(�!

,

3. �!�E("�<$�, =B"��4/"�#?()-B#�(�!($�, @"B)#D!($, �!�(G"/�)!$ 
/ "G)#"!)<�(($E G��<)!)E �" ���##)4�!�E"+�/4", 4)!B'/�, 
B!)"G<)&/�<� �
 ���. 	 4)!B'/� !�GE�\�( 1 4!"/��##, !�//+"��(($* 

!)E 25:25 E4E / 
O�;)E 50 E4E < )@)", (�B!�<#�("D,. Q) B�!"E��!' 4!"/��##� !�/B)#)%�-
($ ),!�(($� 4)#?8�. 

)#"!'�E);) <<�&�("D ��!E)/��@"#?($, !�&"�8")(($, 8�(�!)< (��) 
< �4�"<($� )@#�/�" =#�4�!)(($, /�!'4�'!, 4)�)!$� &�*/�<'C� < B)#'B!)-
<)&("4� B)&)@() &)()!�E, �48�B�)!�E " ;#'@)4"E !�4)E@"(�8")(($E 
8�(�!�E ,"E"+�/4)* B!"!)&$. Q!" &)/���)+() <$/)4", 4)(8�(�!�8"D, �� 
<G�"E)&�*/�<"� /<)@)&($, ()/"��#�* G�!D&� / ("E" E)%�� )B!�&�#D�? 
=#�4�!)7"G"+�/4"� ,�!�4��!"/�"4" �4�"<($, )@#�/��* /�!'4�'!, �, /#�&)<�-
��#?(), " =#�4�!"+�/4"� B�!�E��!$ /"#)<$, B)#'B!)<)&("4)<$, B!"@)!)<. 

��((�D !�@)�� B)/<D\�(� <)B!)/�E B!"E�(�("D !�&"�8")(()-��!E"-
+�/4)* )@!�@)�4" &#D )B�"E"G�8"" B�!�E��!)< /"#)<$, @"B)#D!($, B!"-
@)!)< (&")&)<, @"B)#D!($, �!�(G"/�)!)<, @"B)#D!($, �!�(G"/�)!)< / "G)-
#"!)<�(($E G��<)!)E). 

	 4�+�/�<� "/,)&($, )@!�G8)< "/B)#?G)<�#": 
1. ��/�)<$� p+n &")&($� /�!'4�'!$, <$B)#(�(($� (� 4!�E("" E�!4" 

�
� 40. Q#)\�&? p-n B�!�,)&� /)/��<#D�� 0,16 /E2. ��(($� )@!�G8$ "G;)-
�)<#�($ B) ��,()#);""  "/B)#?G'�E)* &#D 7)!E"!)<�("D /�!'4�'! /"#)-
<$, &")&)< ��143. 

2. �!�E("�<$� @"B)#D!($� n-p-n-�!�(G"/�)!$ �"B� ��827� < E���#-
#"+�/4", 4)!B'/�, /) /��4#D(($E" "G)#D�)!�E" " %�/�4"E" <$<)&�E" 
("G;)�)<"��#? �
 «F#"G», ;. �!DG"()). �!�(G"/�)!$ ��827� – =B"��4/"-
�#?($� E�G�B#�(�!($� /)/��<($� (h21E = 500–18000, t<$4# H 6 E4/, 
U)@! @ 100 	). 

B� 2�802 < E

(� E�4/"E�#?($* �)4 (�;!'G4" 23 �. ��GE�!$ )&();) 4!"/��##� 5:5 EE. 	 
4�+�/�<� �
Q-D+�*4" <$@!�(� 4<�&!��(�D D+�*4� !�GE�
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B�!�8"D !�&"�8")(()* )@!�@)�4" &")&)< " �!�(G"/�)!)< B!)<)&"-
#�/? @$/�!$E" =#�4�!)(�E" / E = 6 �=	 (� #"(�*()E '/4)!"��#� =#�4�!)-
()< “F#�4�!)("4�” F��-6. �//#�&'�E$� B!"@)!$ )@#'+�#"/? "(��;!�#?-
($E" B)�)4�E" 3·1013…1·1016 /E>2. 
�%"; B!)<)&"#/D < ��+�("� 30�60 E"-
('� B!" ��EB�!��'!�, 200�500 °�, 4)�)!$� <$@"!�#"/? "G &�(($, ) 4)(/�-
!'4�"<()-��,()#);"+�/4", )/)@�(()/�D, "//#�&'�E$, B!"@)!)< " ��EB�-
!��'!()* /��@"#?()/�" )/()<($, �"B)< �� < 4!�E("". 


/()<($E" G�&�+�E" B!)E$O#�(();) )B!)@)<�("D " <(�&!�("D ��Q 
< B!)"G<)&/�<) &")&($, /�!'4�'! D<#DC�/D: '#'+O�("� @$/�!)&�*/�<"D 
B!"@)!)< " /("%�("� ��,()#);"+�/4);) !�G@!)/� "EB'#?/()-+�/�)�($, 
B�!�E��!)<, B)<$O�("� !�@)+", +�/�)� <$B!DE"��#?($, B!"@)!)<, "/-
4#C+�("� &"77'G"" G)#)��, B)<$O�("� �Q� <$B!DE"��#?($, &")&($, 
/@)!)4, '<�#"+�("� /��@"#?()/�" B�!�E��!)< " <$,)&� ;)&($, B!"@)!)<. 

��G'#?���$ B) "GE�!�("C <!�E�(" <)//��()<#�("D )@!��();) /)B!)-
�"<#�("D (� ��/�)<$, /�!'4�'!�, &")&)< ��143 B!" !�G#"+($, "(��;!�#?-
($, B)�)4�, @$/�!$, =#�4�!)()< B!�&/��<#�($ (� !"/'(4� 1, �. � !)/�)E 
"(��;!�#?();) B)�)4� =#�4�!)()< <!�ED <)//��()<#�("D )@!��();) /)B!)-
�"<#�("D !�G4) /("%���/D G� /+�� <<�&�("D < @�G)<'C )@#�/�? &")&($, 
/�!'4�'! �� !�G#"+()* 7"G"+�/4)* B!"!)&$, D<#DC\",/D =77�4�"<($E" 
8�(�!�E" !�4)E@"(�8"". ���)&)E ���� <$D/(�(), +�) B!�<�#"!'C� B) 
4)(8�(�!�8"" �� �48�B�)!();) ,�!�4��!� Ec > 0,17 =	, Ec > 0,43 =	. Q!"-
!)&� " =#�4�!)((�D E"4!)/�!'4�'!� ��, /))�<��/�<'C\�D =�"E =(�!;��"-
+�/4"E '!)<(DE &)/���)+() ,)!)O) "G'+�(�. F�) A-8�(�! (VO) " E-8�(�! 
(VP). � &)/���)+() <$/)4)* /4)!)/�?C )@!�G'C�/D &"<�4�(/"", )&(�4) ", 
/�+�("D G�,<��� (�<�#"4". � !)/�)E "(��;!�#?();) B)�)4� =#�4�!)()< (�-
@#C&���/D G(�+"��#?()� <)G!�/��("� /4)!)/�" )@!�G)<�("D E-8�(�!)< / 
'+�/�"�E )/()<()* #�;"!'C\�* B!"E�/" (7)/7)!�) " /("%�("� /4)!)/�" 
)@!�G)<�("D 8�(�!)< (VVO) / '+�/�"�E )/���)+()* B!"E�/" (4"/#)!)&�). 

��!D&' /) /("%�("�E <!�E�(" <)//��()<#�("D )@!��();) /)B!)�"<-
#�("D B!" )@#'+�("" '#'+O���/D )/()<()* +�/�)�($* B�!�E��! &")&($, 
/�!'4�'! – B!�&�#?(�D !�@)+�D +�/�)�� fB!, 4)�)!�D )@!��() B!)B)!8")-
(�#?(� <!�E�(" %"G(" (�)/()<($, ()/"��#�* G�!D&� < @�G)<)* n-)@#�/�". 

�#'+O�D "EB'#?/()-+�/�)�($� ,�!�4��!"/�"4" &")&($, /�!'4�'! 
B!" )@#'+�("" (�)@,)&"E) 4)(�!)#"!)<��? "GE�(�("� B!DE);) B�&�("D 
(�B!D%�("D. �� !"/'(4� 1, 5 B!�&/��<#�(� G�<"/"E)/�? B!DE);) B�&�("D 
(�B!D%�("D ��/�)<$, &")&($, p-n-/�!'4�'! �"B� �� 143 )� "(��;!�#?();) 
B)�)4� @$/�!$, =#�4�!)()<. (�+"��#?($* !)/� UB! B!" )@#'+�("" )@'-
/#)<#�( E�#)* 4)(8�(�!�8"�* 7)/7)!� < @�G)<)* n-)@#�/�" "//#�&'�E$, 
/�!'4�'! " 4)EB�(/"!'C\"E &�*/�<"�E ��, B!"<)&D\"E 4 =4/B)(�(8"-
�#?()E' !)/�' '&�#?();) =#�4�!)/)B!)�"<#�("D @�G)<)* n-)@#�/�", +�) 
B!"<)&"� 4 '<�#"+�("C B�&�("D (�B!D%�("D (� @�G�, &�C\�;) )/()<()* 
<4#�& < B)#()� B!DE)� B�&�("� (�B!D%�("D (� &")&()* /�!'4�'!�, " !)/�' 
)@!��();) (�B!D%�("D. 
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�"/. 1. �<"/"E)/�" <!�E�(" <)//��()<#�("D )@!��();) /)B!)�"<-
#�("D (�) " B!DE);) B�&�("D (�B!D%�("D (5) ��/�)<$, &")&($, 
p-n-/�!'4�'! �"B� �� 143 )� "(��;!�#?();) B)�)4� =#�4�!)()< 
 

Q)/#� )@#'+�("D @$#� B!)<�&�(� ��!E"+�/4�D )@!�@)�4� &")&($, 
/�!'4�'! B!" T = 200�500 °� < ��+�("� 30 E"( &#D /��@"#"G�8"" ", B)-
<�!,()/�($, " )@V�E($, /<)*/�< " &)/�"%�("D )B�"E�#?();) /)+���("D 
/���"+

���� (�E" '/��()<#�(), +�) =77�4�"<(�� </�;) 
B!)<) %"; B!" =�", ��EB�!�-
�'!�,

E$ )B�!�8"* ��Q E)%() < O"!)4)E &"�B�G)(� "GE�-
(D�? B

 B @)
D 4!"�"+�/4"E, B)#'+��? B!"@)!$ / @)#?O"E" B!�&�#?($E" 

+�/�)

 

�/4", " "EB'#?/()-+�/�)�($, B�!�E��!)<. Q!" )�%";� '#'+O���/D 
B!DE)� B�&�("� (�B!D%�("D, <!�ED <)//��()<#�("D )@!��();) /)B!)�"<#�-
("D (�/4)#?4) <)G!�/����, () B)-B!�%(�E' )/����/D '#'+O�(($E B�!�E��-
!)E. �/B)#?G'D E��)& 

&"�? )�%"; B!" ��EB�!��'!�, 400�450 °C. 
�
 B)G<)#D�� /7)!E"!)<��? ��!E)/��@"#?($� �� / '!)<(DE" EC – 

0,52 =	, EC – 0,40 =	, )@#�&�C\"� @)#?O"E" G(�+�("DE" /�+�("* G�,<��� 
()/"��#�* G�!D&� " )@�/B�+"<�C\"� @)#�� <$/)4"* ��EB !�4)E@"(�8"". 

	�!?"!'D !�%"
!�&�#?('C +�/�)�' B!"@)!)<, '&)<#��<)!DD /�E$E O"!)4"E �!�@)-

<�("DE !�G!�@)�+"4)< �F�. 	 G�<"/"E)/�" )� B!�&B)#�;��E)* )@#�/�" 
B!"E�(�("D &")&)< E)%() B)#'+��? B!"@)!$ /!�&(�;) @$/�!)&�*/�<"D " 
B!"�E#�E$E" G(�+�("DE" !DE);) B�&�("D (�B!D%�("D, #" , 4);&� !)/� 
UB! (� D<#D��/

��E" (fB! @ 625 4�8). 
�)\($� @"B)#D!($� �!�(G"/�)!$ (�,)&D� O"!)4)� B!"E�(�("� < 

B!�)@!�G)<���#?($, /,�E�,, ;&� !�@)��C� < !�%"E� 4#C+�*, B)=�)E' <!�-
E�(� B�!�4#C+�("D "G G�4!$�);) /)/�)D("D < )�4!$�)� " )@!��() &)#%($ 
@$�? E"("E�#?() <)GE)%($E" B) &#"��#?()/�", +�) B)G<)#"� "E��? E"-
("E�#?($� B)��!" =(�!;"" (� 4#C+� <) <!�ED 4)EE'��8"" – &"(�E"+�/4"� 
B)��!" 4#C+�. �)(�!)#"!'�E)� <<�&�("� �� < �!�(G"/�)!($� /�!'4�'!$ <
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4)(8�

"C <!�E�(" %"G(" 
(�)/(

-
@)#?O

21E <$4#

 8"4#� ", "G;)�)<#�("D B)G<)#D�� =77�4�"<() 'B!�<#D�? "EB'#?/-
($E" B�!�E��!�E". �$/�!)&�*/�<"� @"B)#D!($, �!�(G"/�)!)< < 4#C+�<$, 
/,�E�, )B!�&�#D��/D <!�E�(�E <$4#C+�("D �!�(G"/�)!();) 4#C+�. ��-
G'#?���$ "GE�!�("* <!�E�(" <$4#C+�("D �!�(G"/�)!)< ��827� B!" !�G-
#"+($, !�%"E�, ��Q B!�&/��<#�($ (� !"/'(4� 2, �. �("%�("� <!�E�(" 
<$4#C+�("D B!" )@#'+�("" )@VD/(D��/D <<�&�("�E ;#'@)4", �� < 4)##�4-
�)!('C )@#�/�? �!�(G"/�)!�, B!"<)&D\"E 4 'E�(?O�(

)<($, ()/"��#�* G�!D&� < =�)* )@#�/�". (�+"��#?()� <)//��()<#�-
("� <!�E�(" <$4#C+�("D B!" )�%";� B!" ��EB�!��'!� 300 °C E)%() )@V-
D/("�? ��E, +�) B!" =�)* ��EB�!��'!� B!)"/,)&"� "(��(/"<($* )�%"; 
�-8�(�!)<. 	)GE)%($� B!)8�//$ )@!�G)<�("D <�)!"+($, ��!E)/��@"#?-
($, �� / <$/)4"E" !�4)E@"(�8")(($E" ,�!�4��!"/�"4�E" B!" =�)E G(�-
+"��#?()* !)#" (� ";!�C� "G-G� ("G4)* /4)!)/�" ", )@!�G)<�("D B!" (�

", "(��;!�#?($, B)�)4�, )@#'+�("D. ��E (� E�(��, B)#();) <)//��-
()<#�("D <!�E�(" <$4#C+�("D (� B!)"/,)&"� " )() B)-B!�%(�E' )/����/D 
'#'+O�(($E B�!�E��!)E. 

 
�"/. 2. �<"/"E)/�" <!�E�(" <$4#C+�("D (�) " h21E(�)/h21E(0) 
(5) �!�(G"/�)!)< ��827� )� "(��;!�#?();) B)�)4� =#�4�!)()< 
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)/h
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e(

0

�)@"<�D/? !�G4);) '<�#"+�("D @$/�!)&�*/�<"D �!�(G"/�)!($, 4#C-
+�* B!" B!)<�&�("" ��Q (�)@,)&"E) 4)(�!)#"!)<��? "GE�(�("� B!" )@-
#'+�("" 4)=77"8"�(�� B�!�&�+" �)4� @�G$ < /,�E� / )@\"E =E"���!)E 
h21E . �#D B)#'+�("D )B�"E�#?();) /)+���("D /���"+�/4", " &"(�E"+�/4", 
B�!�E��!)< (�)@,)&"E) (�*�" 4)EB!)E"//()� !�O�("� E�%&' B)<$O�("-
�E @$/�!)&�*/�<"D " /("%�("�E 4)=77"8"�(�� B�!�&�+" �)4� @�G$. �#D 
/)<!�E�(($, B!�)@!�G)<���#?($, '/�!)*/�< �!�@'C�/D /"#)<$� /)/��<-
($� �!�(G"/�)!$ / /'EE�!($E 4)=77"8"�(�)E B�!�&�+" h21E (� E�(�� 
400�500 )�(. �&. " <!�E�(�E <$4#C+�("D t<$4# (� @)#�� 1 E4/. ��Q B)G<)-
#D�� )&()<!�E�(() !�;'#"!)<��? 4)=77"8"�(� B�!�&�+" h  " t , / /)-
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,!�(�("�E B!" =�)E +�/�)�($, ,�!�4��!"/�"4. �/!�&(�(($� !�G'#?���$ 
"GE�!�("* h21E(�)/h21E(0) �!�(G"/�)!)< ��827� B!" !�G#"+($, !�%"E�, 
��Q B!�&/��<#�($ (� !"/'(4� 2, 5. (�+�("D h21E "/,)&($, ((�)@#'+�(-
($,) �!�(G"/�)!)< ��827� /)/��<#D#" 5000. �E�(?O�("� h21E B!)"/,)&"� 
</#�&/�<"� �);), +�) < !�G'#?���� )@#'+�("D < )@V�E� " (� B)<�!,()/�" 
�!�(G"/�)!()* /�!'4�'!$ )@!�G'C�/D &)B)#("��#?($� 8�(�!$ !�4)E@"(�-
8"", +�) B!"<)&"� 4 !)/�' /)/��<#DC\", �)4� @�G$. 
/()<('C !)#? < 
'E�(?O�("" h21E B!" )@#'+�("" ";!��� !)/� �)4� !�4)E@"(�8"" < �4�"<-
()* @�G�. Q)/#�&'C\�D )B�!�8"D ��!E"+�/4);) )�%";� B!"<)&"� 4 (�4)�)-
!)E', () (�B)#()E', <)//��()<#�("C 4)=77"8"�(�� '/"#�("D h21E . Q!)-
�(�#"G"!)<�< =4/B�!"E�(��#?($� !�G'#?���$ B) <#"D("C !�%"E)< )B�!�-
8"* )@#'+�("D " )�%";� (� <!�ED <$4#C+�("D " 4)=77"8"�(� B�!�&�+" 
�)4� @�G$ < /,�E� / )@\"E =E"���!)E E)%() /&�#��? <$<)& ) �)E, +�) 
(�"@)#�� )B�"E�#?($E <�!"�(�)E ��Q, )@�/B�+"<�C\"E �!�@'�E)� /)+�-
��("�
� = "� 
60  2 
!�G 21

 

�-
;!�#?

Q!" )@#'+�("" IGBT �!�(G"/�)!)< B!)"/,)&"� 
4)EB�

 B�!�E��!)< D<#D��/D )@#'+�("� @$/�!$E" =#�4�!)(�E" B)�)4)E
 2·1014 /E>2 / B)/#�&'C\"E )�%";)E B!" ��EB�!��'!� 300 °C < ��+�(

E"('�. Q!" ��4)E !�%"E� )B�!�8"* ��Q &)/�";���/D /("%�("� t<$4# <
� B!" 'E�(?O�("" h E < 12 !�G &) �!�@'�E$, G(�+�("*. 

 

�"B)#D!($* �!�(G"/�)! / "G)#"!)<�(($E G��<)!)E (IGBT) D<#D��/D 
(�"#'+O�* G�E�()* /"#)<);) @"B)#D!();) �!�(G"/�)!�. 
/()<(�D )@#�/�? 
B!"E�(�("D IGBT – +�/�)�()� 'B!�<#�("� �/"(,!)(($E" =#�4�!)B!"<)-
&�E". 	$@)! +�/�)�$ 'B!�<#�("D < =#�4�!)B!"<)&�, )B!�&�#D��/D &"(�-
E"+�/4"E" B)��!DE" < IGBT – / !)/�)E +�/�)�$ '<�#"+"<�C�/D B)��!" 
E)\()/�" B!" B�!�4#C+�("", " B!)"/,)&"� B�!�;!�< 4!"/��##�. 	 /<DG" / 
=�"E B�!�& !�G!�@)�+"4�E" IGBT /�)"� B!)@#�E� E�4/"E�#?() <)GE)%()* 
E"("E"G�8"" &"(�E"+�/4", B)��!? E)\()/�", 4)�)!$� )B!�&�#DC�/D < 
)/()<()E <!�E�(�E <$4#C+�("D. 

�� !"/'(4� 3, � B!"<�&�($ !�G'#?���$ "GE�!�("* <!�E�(" <$4#C+�-
("D IGBT �!�(G"/�)!)< 2E802 )� "(��;!�#?();) B)�)4� @$/�!$, =#�4�!)-
()< / B)/#�&'C\"E )�%";)E B!" T = 400 °C. 	) </�E &"�B�G)(� "(�

($, B)�)4)< @$/�!$, =#�4�!)()< B!)"/,)&"� /("%�("� <!�E�(" <$-
4#C+�("D – )� 830 &) 150 (/, +�) )@'/#)<#�() 'E�(?O�("�E <!�E�(" %"G-
(" (�)/()<($, ()/"��#�* G�!D&� < )@#�/�" n- @�G$ <�!�"4�#?();) p-n-p-
�!�(G"/�)!� G� /+�� <<�&�("D ��. ��!D&' /) /("%�("�E t<$4# " B)<$O�("�E 
!�@)+�* +�/�)�$ B!" )@#'+�("" B!)"/,)&"� ','&O�("� )/()<();) /���"-
+�/4);) B�!�E��!� IGBT �!�(G"/�)!)< – (�B!D%�("D (�/$\�("D 4)##�4-
�)!-=E"���! (!"/'()4 3, 5). 

(/�8"D )/()<()* #�;"!'C\�* B!"E�/" < p-/#)� " =B"��4/"�#?()E 
n-/#)� ��, B!"<)&D\�D 4 !)/�' '&�#?();) =#�4�!)/)B!)�"<#�("D =�", )@-
#�/��*. 	/� =�) B!"<)&"� 4 '<�#"+�("C B�&�("D (�B!D%�("D (� &�(($, 
)@#�/�D, B!" )@#'+�("". Q!" =�)E )/()<()* <4#�& < '<�#"+�("� (�B!D%�-
("D (�/$\�("D 4)##�4�)!-=E"���! B!" )@#'+�("" <()/"� B�&�("� (�B!D-
%�("D (� &)/���)+() �)#/�)E =B"��4/"�#?()E n-/#)�. 
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�"/. 3. �<"/"E)/�" <!�E�(" <$4#C+�("D (�) " (�-
B!D%�("D (�/$\�("D 4)##�4�)!-=E"���! (5) �!�(G"-
/�)!)< 2E802 )� "(��;!�#?();) B)�)4� =#�4�!)()< 
 

Q!)�(�#"G"!)<�< =4/B�!"E�(��#?($� !�G'#?���$ B) "GE�(�("C 
=#�4�!"+�/4", B�!�E��!)< IGBT B!" <)G&�*/�<"" @$/�!$, =#�4�!)()< < 
O"!)4)E &"�B�G)(� B)�)4)<, < 4�+�/�<� )B�"E�#?();) !�%"E� ��Q <$@!�( 
/#�&'C\"*: )@#'+�("� =#�4�!)(�E" / =(�!;"�* 6 �=	, B)�)4)E 
� = 3·1015 /E>2 " B)/#�&'C\"* ��!E"+�/4"* )�%"; B!" T = 400 °C. 	<�&�-
("� ��Q < <$@!�(($, !�%"E�, < ��,()#);"+�/4'C /,�E' "G;)�)<#�("D 
IGBT �!�(G"/�)!)< 2E802 B)G<)#D�� B)<$/"�? @$/�!)&�*/�<"� < 2,7 !�G�, 
/("G"�?  �/4", B�-
!�E��

E�!�`����� 
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 &"(�E"+�/4"� B)��!" E)\()/�" B!" /),!�(�("" /���"+
!)< < ()!E�, ��. 

	 !�@)�� B)4�G�(), +�) ��Q D<#D��/D '("<�!/�#?($E ��,B!)8�//)E 
&#D /"#)<$, @"B)#D!($, B!"@)!)< B!" !�O�("" G�&�+ B)<$O�("D @$/�-
!)&�*/�<"D, !�G4);) /("%�("D !�G@!)/� B�!�E��!)<, '#'+O�("D /)+���("D 
"EB'#?/()-+�/�)�($, " /���"+�/4", B�!�E��!)<. 
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Q�������� ��������� �������������
�
 �F �� 

��
	� InGaP/InGaAs/Ge �
�������
�
 Q��������� 

�)!)#?+�(4) �.�., �'!�O�< 	.�., ��;)�"( �.�., 
��#("( �.	., �<��#)< �.�., ��;)< Q.�. 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("�  
<$/O�;) B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($*  

"//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"��� «���"�», �)/4<� 
e-mail: akorolchenko@mail.ru, ��#. 8-926-381-19-31 

��@)�� <$B)#(�(� < !�E4�, !��#"G�8"" ��Q «��'+($� " (�'+()-
B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009–2013 ;)&$. 

 
�� B!)�D%�("" B)/#�&(", 10 #�� G� !'@�%)E "(��(/"<() !�G<"<�-

#)/? ()<)� (�B!�<#�("� < 4)/E"+�/4)* 7)�)=(�!;��"4�: �� (� )/()<� (�-
()/�!'4�'!($, 4�/4�&($, /)#(�+($, =#�E�(�)< (�F) / =77�4�"<()/�?C 
B!�)@!�G)<�("D &) 30%, "/B)#?G'C\", �!/�("& ;�##"D " &!';"�

��� 621.383.51 

 /)�&"(�-
("D, <$!�\"<��E$� (� "()!)&()* B)&#)%4� / B)E)\?C ��,()#);"" ;�G)-
7�G)<)* =B"��4/"" "G E���##))!;�("+�/4", /)�&"(�("* (�
���F), < �) 
<!�ED 4�4 < �)//"" B!)"/,)&"#) </� @)#?O�� )�/��<�("� < =�)* )@#�/�" 
[1]. ��4"� �F (�)@,)&"E$ &#D )@�/B�+�("D B!);!�EE 4)/E"+�/4", "//#�-
&)<�("* " )@)!)()/B)/)@()/�" /�!�($, &#D !�G<"�"D /"/��E 4)/E"+�/4)* 
/<DG", "(7)!E�8")(($, " "(7)!E�8")(()-'B!�<#DC\", /"/��E, � B)�)E' 
(�'+(�D !�@)��, < 4)�)!)* @$# /)G&�( " "//#�&)<�( B!)�)�"B �F (� )/()<� 
InGaP/InGaAs/Ge < �)//"", "E��� )/)@'C �4�'�#?()/�? " B!�4�"+�/4'C 
8�(()/�? /�;)&(D. 

	 !�@)�� @$#� B!)<�&�(� )B�"+�/4�D )B�"E"G�8"D E();)/#)*()* 
=B"��4/"�#?()* ;���!)/�!'4�'!$ InGaP/InGaAs/Ge D<#DC\�*/D @�G)<$E 
4)EB)(�(�)E &#D "G;)�)<#�("D (�()/�'4�'!($, E'#?�"4�/4�&($, �F. 
Q!)<�&�( �(�#"G " <$D<#�($ )B�"E�#?($� �)#\"($ /#)�< ;���!)/�!'4�'-
!$ &#D E�4/"E�#?();) B);#)\�("D 4)/E"+�/4);) /B�4�!� ��0, B!)<�&�($ 
B!�&<�!"��#?($� )8�(4" <�#"+"( ;�(�!"!'�E$, �)4)< " B!)<�&�(� 4)!-
!�48"D /�!'4�'!$ &#D )@�/B�+�("D �)4)<);) @�#�(/� < �F. 	/� =�" "//#�-
&)<�("D D<#DC�/D <�%($E" =��B)E !�G!�@)�4" " /)<�!O�(/�<)<�("D ;���-
!)/�!'4�'!($, E'#?�"4�/4�&($, �F. 

Q)#'+�($ B!)�)�"B$ @'&'\", E'#?�"4�/4�&($, �F (� )/()<� 
InGaP/InGaAs/Ge, B)&�<�!&"<O"� /<)"E B�!�E��!�E" !�/+��('C +�/�? !�-
@)�$. Q!)<�&�() /!�<(�("� !�/+��)< " =4/B�!"E�(�� B) &�(($E /B�4-
�!�#?()* 7)�)+'</�<"��#?()/�" " "GE�!�("DE 	�� �F, B)#'+�(()� /))�-
<��/�<"� &�(($, B�!�E��!)< B)G<)#D�� ;)<)!"�? )@ �4�'�#?()/�" " B!�4-
�"+�/4)E B!"E�(�("" &�(()* /,�E$ !�/+��� E'#?�"4�/4�&($, �F. 
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��/+�� )/()<�( (� <$+"/#�("" /B�4�!�#?();) B)/#)*();) B);#)\�-
("D /<��� (� /�!'4�'!� �F InGaP/InGaAs/Ge. 
B�"E"G�8"D /�!'4�'!$ B!)-
<)&"#�/? B!" <�!?"!)<�("" �)#\"( )/()<($, /#)�< /�!'4�'!$ / �)+4" 
G!�("D E�4/"E�#?() =77�4�"<();) B);#)\�("D /<��� 4�%&$E 4�/4�&)E < 
/))�<��/�<'C\�* )@#�/�" /B�4�!�. �#D 4�%&);) "G 4�/4�&)< @$#" <$+"/-
#�($ 4)=77"8"�(�$ B);#)\�("D B) </�E' &"�B�G)(' =(�!;"*. �#D =�);) 
@$#) B!)<�&�() !�G#)%�("� /B�4�!)< )B�"+�/4", 4)(/��(� n " k &#D </�, 
E���!"�#)< /�!'4�'!$ (� /))�<��/�<'C\"� 4)EB)(�(�$. 	 4�+�/�<� E)-
&�#?()* 7'(48"* !�G#)%�("D @$#" "/B)#?G)<�($ 7'(48"D ��'//� " =4/-
B)(�(8"�#?(�D 7'(48"D. 

��#�� @$# B!)<�&�( !�/+�� B!)O�&O�* " B);#)\�(()* "(��(/"<()-
/�" B)/#� 4�%&);) /#)D /�!'4�'!$, / '+��)E )&()4!��();) )�!�%�("D. 


B�"E"G�8"D /�!'4�'!$ B!)<)&"#�/? B!" <�!?"!)<�("" �)#\"( )/-
()<($, /#)�< /�!'4�'!$ / �)+4" G!�("D E�4/"E�#?() =77�4�"<();) B)-
;#)\�("D /<��� 4�%&$E 4�/4�&)E < /))�<��/�<'C\�* )@#�/�" /B�4�!� [2]. 
�� )/()<�("" B)#'+�(($, !�/+��)< <$D/(�($ )B�"E�#?($� �)#\"($ /#)-
�< ;���!)/ "E�#?($�
)B�"+�/4"

�� ! � /B�4�!� 
��0 (�)B�"E"G"!)<�(();) " )B�"E"G"!)<�(();) �!�,4�/4�&($, �F (� )/()-
<� InG �

�   

� InGaP/InGaAs/Ge, /,�E� !�/+��� B)G<)#D�� #�;4) 
&)@�<#D�? "#" '@"!��? 4�/4�& /��<$ 4�/4�&)<, B!)"G<)&"�? 
!�/+�� �F / (�(�/�(($E G�\"�($E /#)�E, " E();)� &!';)�. 

nGaAs/Ge "/B)#?G'�E$� 
&#D B)#'+�("D �F 4)/E"+�/4);) B!"E�(�("D, "G 4)�)!$, < &�#?(�*O�E 
@$#" B)#'+�($ B!)�)�"B$ �F. 

�!'4�'!$ &#D E�4/"E�#?();) B);#)\�("D ��0, )B�
� &"�B�G)($ !�@)�$ )�&�#?($, 4�/4�&)<. 
"/'(4� 1 B!�&/��<#�($ !�/+��($� /B�4�!$ B);#)\�("

 

aP/InGaAs/Ge, ' )B�"E"G"!)<�(();) �F 4�"<($� /#)" <�!,(�;) " /!�-
&(�;) 4�/4�&� '<�#"+�($ / 530 " 1000 (E, &) 870 " 2500 (E, /))�<��/�<�((). 

Q!)<�&�((�D )8�(4� B);#)\�("D B)G<)#D�� )8�("�? 4)#-<) ;�(�!"-
!'�E$, =#�4�!)()-&$!)+($, B�!, � G(�+"  " �)4)< ;�(�!"!'�E$, /�!'4�'-
!)*, @$#" B!)<�&�($ B!�&<�!"��#?($� )8�(4" <�#"+"( ;�(�!"!'�E$, �)-
4)< " B!)<�&�(� 4)!!�48"D /�!'4�'!$ &#D )@�/B�+�("D �)4)<);) @�#�(/� < 
�F (!"/'()4 2). 

	�%() )�E��"�?, +�) !�/+�� B!"E�("E (� �)#?4) &#D !�/+��� �!�,-
4�/4�&();) �F (� )/()<

$, "GE�(D�? /)

�� )/()<�("" B)#'+�(($, !�G'#?���)< @$#� B!)<�&�(� 4)!!�4�"!)<-
4� !�8�B�)< <$!�\"<�("D =B"��4/"�#?($, /�!'4�'! &#D �!�,4�/4�&($, 
/)#(�+($, =#�E�(�)<. Q) B)#'+�(($E &�(($E (� '/��()<4� Veeco < 
�
 
�QQ �<�(� @$#" <$!�\�($ /�!'4�'!$ InGaP/I
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�"/. 1. ��/+��($� /B�4�!$ B);#)\�("D /B�4�!� ��0 (�)B�"E"G"!)<�(();) 
" )B�"E"G"!)<�(();) �!�,4�/4�&($, �F (� )/()<� InGaP/InGaAs/Ge 
 

�#�&'C\"E =��B)E !�@)�$ /��#" B!)<�!4�, /!�<(�("� " �(�#"G !�/-
+��� " =4/B�!"E�(��. � B)E)\?C B!)<�&�(($, !�/+��)< @$#" /E)&�#"!)-
<�($ /B�4�!�#?($� 7)�)+'</�<"��#?()/�" )�&�#?($, 4�/4�&)<, B!)"G<�-
&�() =4/B�!"E�(��#?()� "GE�!�("� 7)�)+'</�<"��#?()/�" (� )&()4�/4�&-
($, B!)�)�"B�, �F, 4)�)!)� B)4�G�#) B!�4!�/()� /))�<��/�<"� / !�/+���-
E" /))�<��/�<'C\", E)&�#�*. Q!" B!)<�&�("" "GE�!�("* /B�4�!)< 7)�)-
+'</�<"��#?()/�" B!)�)�"B)< �F @$#" B)#'+�($ &�(($�, B)#()/�?C B)&-
�<�!%&�C\"� B!)<�&�(($� !�/+��$ (!"/'()4 3). 

 

�Q)#'+�(()  /))�<��/�<"� &�(($, B)G<)#D�� "/B)#?G)<��? &�(('C 
/,�E' !�/+��� (� =��B� E)&�#"!)<�("D )B�"+�/4", " =#�4�!)7"G"+�/4", 
B�!�E��!)< E'#?�"4�/4�&($, �F. 
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�"/. 2. 
8�(�(($� B#)�()/�" �)4)< �F 
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�"/. 3. �B�4�!�#?(�D 7)�)+'</�<"��#?()/�? B!)�)�"B)< 
�!�,4�/4�&($, �F / G�\"�($E /#)�E: <<�!,' – =4/B�!"E�(-
��#?($� &�(($�, <("G' – &�(($�, B)#'+�(($� < !�/+��� 
 

���������� 

1. �.�. �#7�!)<, 	.�. �(&!��<, 	.�. �'ED(8�<. ��(&�(8"" " B�!/B�4�"-
<$ !�G<"�"D /)#(�+()* 7)�)=(
<)&("4)<. 2004. �. 38. – � 8. �. 937–948. 

�!;��"4". // �"G"4� " ��,("4� B)#'B!)-

2. �(&!��< 	. �., �!"#",�/ 	.�., �'ED(8�< 	. �. �)�)=#�4�!"+�/4)� B!�-
)@!�G)<�("� 4)(8�(�!"!)<�(();) /)#(�+();) "G#'+�("D. �.: ��'-
4�, 1989. 

 195



 196

	������ �
���������
 �������� �� 
����
���	� � ��Q
������� �������
���� 

�'E�,)< �.�., �'E�,)< �.�., �'/��7��< �.�. 

��@�!&"()-��#4�!/4"* ;)/'("<�!/"��� "E. �.�. ��!@�4)<�, ��#?+"4 

	 !�@)�� B!)<�&�() "//#�&)<�("� <#"D("D ")("G"!'C\�;) "G#'+�-
("D (� B�!�E��!$ 4!�E("�<$, �!�(G"/�)!)< " ,�!�4��!"/�"4" /��@"#"G�-
�)!)< �)4� (� ", )/()<�. �� !"/'(4� 1 B!"<�&�($ G�<"/"E)/�" ")("G"!)-
<�(($, �)4)< < �!�(G"/�)!� ��3102 )� E)\()/�" "EB'#?/� ")("G"!'C\�-
;) "G#'+�("D. Q!" =�)E +�/�? �!�(G"/�)!)< B�!�& ", "//#�&)<�("�E @$#� 
B)&<�!;('�� B!�&<�!"��#?()E' )@#'+�("C A-4<�(��E" )� "G)�)B($, "/-
�)+("4)< Co60 &) "(��;!�#?($, B)�)4)< (2÷3)×108 � (!"/. 1, 4!"<�D 2). 

��� 621.315.592 

 

�"/. 1. �<"/"E)/�" ")("G"!'C\", �)4)< �!�(G"/�)!)< 
KT3102 )� E)\()/�" "EB'#?/� ")("G"!'C\�;) "G#'+�("D 
 

	)G&�*/�<"� "EB'#?/)< B!)("4�C\�* !�&"�8"" B!"<)&"� 4 <)G("4-
()<�("C B�!<"+();) 7)�)�)4� +�!�G 4)##�4�)!($* B�!�,)& G� /+�� ;�(�-
!�8"" "G@$�)+($, ()/"��#�* G�!D&� [1, 2]. �/#" �!�(G"/�)! <4#C+�(, �) G� 
/+�� =77�4�� 'E()%�("D < )@#�/�" )@V�E();) G�!D&� B!)"/,)&"� '/"#�("� 
B�!<"+();) 7)�)�)4�, +�) E)%�� B!"<�/�" 4 <)G("4()<�("C (�&)B'/�"E) 
@)#?O);) <�)!"+();) 7)�)�)4�. � B!�&<�!"��#?() )@#'+�(($, A-4<�(��E
�!�(G"/�)!)< <�#"+"(� ")("G"!)<�(();) �)4� < &<� !�G� E�(?O�, +�E < (�
)@#'+�(($,. F�) E 4)=77"8"�(�� 
'/"#�("D �!�(G"/�)!�: 

" 
-

)@'/#)<#�() !�&"�8")(($E "GE�(�("�

0

1 1

D

kD
B B A� � , 



;&� 
0 " BD – (�+�#?()� G(�+�("� " G(�+�("� 4)=77"8"�(�� '/"#�("D 
�!�(G"/�)!� B)/#� <)G&�*/�<"D (� (�;) &)G$ A-"G#'+�("D Dg , k, – 4)=77"-
8"�(� !�&"�8")(()* +'</�<"��#?()/�" �!�(G"/�)!�. 

� <)G!�/��("�E E)\()/�" "EB'#?/� ")("G"!'C\�;) "G#'+�("D !�-
&"�8")(()� "GE�(�("� B�!�E��!)< �!�(G"/�)!)< '<�#"+"<���/D. Q!" )@#'-
+�("" "E�C� E�/�) &<� B!)8�//�: )@!�G)<�("� "G@$�)+($, ()/"��#�* G�-
!D&� " ", &"//)8"�8"D. 
&(�4) =�" B!)8�//$ B!),)&D� / !�G($E" /4)!)-
/�DE" " "E�C� !�G($� G(�+�("D =(�!;"" �4�"<�8"". ��(�!�8"D "G@$�)+-
($, ()/"��#�* G�!D&� "&�� / @)#?O�* /4)!)/�?C, +�E ", &"//)8"�8"D, " 
=�) !�G#"+"� / B)<$O�("�E E)\()/�" "EB'#?/� ")("G"!'C\�;) "G#'+�-
("D '<�#"+"<���/D. Q!�&<�!"��#?()� )@#'+�("� 4!�E("�<$, �!�(G"/�)!)< 
A-4<�(��E" B)<$O��� ", '/�)*+"<)/�? 4 "EB'#?/($E <"&�E "G#'+�("* " 
B!"<)&"� 4 G�E��()E' 'E�(?O�("C �EB#"�'&$ "EB'#?/)< ")("G�8")(($, 
�)4)<. F�) )@'/#)<#�(), B)-<"&"E)E', ��E, +�) < )@#'+�(($, /�!'4�'!�, 
B!)8�//$ ;�(�!�8"" "G@$�)+($, ()/"��#�* G�!D&� "&'� / E�(?O�* /4)!)-
/�?C, +�E < (�)@#'+�(($,. F�) B)&�<�!%&���/D " ��E, +�) &#"��#?()/�? 
"EB'#?/)< ")("G�8")(($, �)4)< < )@#'+�(($, �!�(G"/�)!�, B)+�" < &<� 
!�G� E�(?O�, +�E < (�)@#'+�(($,. 

�)("G�8")(($� �)4" �-n-B�!�,)&)< )B!�&�#DC� !��48"C (� "EB'#?-
/$ ")("G"!'C\�;) "G#'+�("D " /("G"�? <�#"+"(' =�);) �)4� E)%() 4�4 G� 
/+�� 'E�(?O�("D ;�)E��!"+�/4", !�GE�!)<, ��4 " B'��E 'E�(?O�("D )@V-
�E� /)@"!�("D (�!�<()<�/($, ()/"��#�*, ;�(�!"!'�E$, "G#'+�("*, �. �. 
'E�(?O�("�E &"77'G")(()* &#"($ ()/"��#�* G�!D&�, +�) !�<()/"#?() 
'E�(?O�("C <!�E�(" %"G(" ()/"��#�* [3]. �<"/"E)/�? ")("G�8")(($, 
�)4)< < �!�(G"/�)!�, ��102 / 'E�(?O�(($E" ;�)E��!"+�/4"E" !�GE�!�-
E" B�!�,)&)< B!�&/��<#�(� (� !"/. 1 (4!"<�D 3). 	"&(), +�) /("%�("� 
B#)\�&" �-n-B�!�,)&)< B!"<)&"� 4 'E�(?O�("C ")("G�8")(($, �)4)<. 

�� )/()<� �!�(G"/�)!($, /�!'4�'! ��102 @$# !�G!�@)��( /��@"#"-
G��)! �)4�, B!�&/��<#�(($* (� !"/. 2 / !�G($E" ;�)E��!"+�/4"E" !�GE�-
!�E" B�!�,)&)<. �<"/"E)/�? �)4� )� &)G$ A-)@#'+�("D &#D !�G!�@)��(();) 
/��@"#  k � /)-
@)* G(�

"G��)!� �)4� B)4�G�(� (� !"/. 3. 	�#"+"($ Ik0 " I L B!�&/��<#DC
+�("D �)4� &) " B)/#� <)G&�*/�<"D &)G$ A-)@#'+�("D DA . 

 

�"/. 2. ���@"#"G��)! �)4� 
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�"/. 3. 
�()/"��#?()� "GE�(�("� �)4� )� &)G$ A-)@#'+�("D 
 

�!"<�D 2 B)4�G$<��� G�<"/"E)/�? /"#$ �)4� )� &)G$ A-)@#'+�("D &#D 
/��@"#"G��)!� �)4�, (� )/()<� �!�(G"/�)!($, /�!'4�'! ��3102 / 'E�(?-
O�(($E" ;�)E��!"+�/4"E" !�GE�!�E" B�!�,)&)<. ��4"E )@!�G)E, /��@"-
#"G��)! �)4� / 'E�(?O�(($E" ;�)E��!"+�/4"E" !�GE�!�E" B�!�,)&)< )4�-
G�#/D (�"@)#�� '/�)*+"<$E 4 <)G&�*/�<"C A-)@#'+�("D. 

��G'#?���$ "//#�&)<�("* B)4�G$<�C� (� <)GE)%()/�? B)<$O�("D 
(�&�%()/�" B)#'B!)<)&("4)<$, B!"@)!)< " �� B'��E B!�&<�!"��#?()* 
)@!�@)�4" B)#'B!)<)&("4)<$, /�!'4�'! A-4<�(��E" " 'E�(?O�("D ;�)-
E��!"+�/4", !�GE�!)< �-n-B�!�,)&)<. 

���������� 

1. ��*/�<" . 
Q)& 

2. �'E &�7�4-
�$

� B!)("4�C\�* !�&"�8"" (� "G&�#"D =#�4�!)(()* ��,("4"
!�&. �)&$;"(� �. �. – �.: �)<. !�&"), 1980. 226 /. 
�,)< �. �, �'/��7��< �.�., �'/��7��< �.�. ��&"�8")(($� 
  " B�!�E��!$ B)#'B!)<)&("4)<$, /�!'4�'!. / �!'&$ VIII ��%(�-

8")(�#?();) /)<�\�("D «��&"�8")((�D 7"G"4� �<�!&);) ��#�». – �., 
1998. �. 663–665. 

3. �)&$;"( �. �. ��&"�8")((�D ��,()#);"D �<�!&)��#?($, =#�4�!)(($, 
B!"@)!)<. – �.: ���� «F#�4�!)("4�», 1976, 345 /. 
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��� 541.135.3:546.261 

	����� 
��
����� �����
�� 	 �
���� ���Q��	�� 

�'O,)< �.�., �&�E)4)<� �.�., ��&(�< 
.�., �)(E�G �.�. 

�
�	Q
 ��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 B)/#�&("� &<� &�/D�"#��"D (�'+($* E"! / "(��!�/)E "G'+��� ()-
<$* ';#�!)&($* E���!"�# – ';#�!)&($� (�()�!'@4". � )&("E "G /B)/)@)< 
B)#'+�("D ';#�!)&($, (�()�!'@)4 D<#D��/D =#�4�!)#"�"+�/4"* E��)&. 

	 &�(()* !�@)�� B!�&/��<#�($ E���!"�#$ B) =#�4�!),"E"+�/4)E' 
<)//��()<#�("C &")4/"&� ';#�!)&� < ,#)!"&()E !�/B#�<� / B)#'+�("�E 
';#�!)&($, (�()�!'@)4. 

�� !"/. 1 " 2  B!�&/��<#�($  <)#?��EB�!);!�EE$ ,#)!"&();) !�/B#�-
<� (� B#��"()<)E =#�4�!)&� B!" !�G#"+($, &�<#�("D, &")4/"&� ';#�!)&�.  

 
�"/. 1. 	)#?��EB�!($� 4!"<$� =#�4�!)<)//��()<#�("D �
2 < KCl-
NaCl-CsCl B!" !�G#"+($, &�<#�("D, &")4/"&� ';#�!)&� �(�
2):  
1 – 0 – 7)()<$* =#�4�!)#"�, 2 – 4·105; 3 – 6·105; 4 – 8·105; 5 – 10·105; 
6 – 12·105; 7 – 14·105 Q�. �4)!)/�? B)#D!"G�8"" 1,0 	//; �=550 °� 
 

Q!" &�<#�("" &")4/"&� ';#�!)&� @)#�� 4 ��E. (� 4��)&($, <)#?��E-
B�!($, 4!"<$,  B)D<#D��/D ,)!)O) <)/B!)"G<)&"E�D <)#(� B!" B)��(8"�-
#� >(0,3÷0,5) 	 )�()/"��#?() B#��"()-4�!@)(��();) =#�4�!)&� /!�<(�("D. 
Q)<$O�("� &�<#�("D &")4/"&� ';#�!)&� B!"<)&"� 4 '<�#"+�("C <$/)�$ 
<)#($. �"4#"+�/4"� <)#?��EB�!);!�EE$ B)4�G$<�C� (�#"+"� <)#($ 
�()&();) )4"/#�("D B!)&'4�� 4��)&();) 8"4#�, <$/)�� 4)�)!)* < B)#�)!�  
!�G� E�(?O� <$/)�$ 4��)&()* <)#($. 
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�  
KCl-NaCl-CsCl B!" !�G#"+($, &�<#�("D, &")4/"&� ';#�!)&� 

4� (4!"��!"* ��-

�/2  
 /4)!)/�" !�G<�!�4" B)��(8"�#�. 

"/. 2. 	)#?��EB�!($� 4!"<$� =#�4�!)<)//��()<#�("D �
2 <
 

�(�
2): 1 – 4·105; 2 – 6·105; 3 – 8·105; 4 – 10·105; 5 – 12·105;  
6 – 14·105 Q�. �4)!)/�? B)#D!"G�8"" 5,0 	//; �=550 °� 
 

��!�4��! /��&"" B�!�()/� G�!D&� )B!�&�#D#" B) )@\�"G<�/�($E &"-
�;()/�"+�/4"E 4!"��!"DE – B) <�#"+"(� B)#'O"!"($ B"
8'&$-�D@�), B) G�<"/"E)/�" B)��(8"�#� B"4� )� /4)!)/�" B)#D!"G�8"" 
(4!"��!"* ��#�,�D), � ��4%� B) !�G()/�" E�%&' B)��(8"�#�E" B"4)< 4�-
�)&();) " �()&();) B!)8�//)<. �� !"/. 3  B!�&/��<#�(� G�<"/"E)/�? B)��(-
8"�#� B)#'B"4� )� /4)!)/�" B)#D!"G�8"", B)4�G$<�C\�D /E�\�("�  4  <
)�!"8���#?('C /�)!)(' / '<�#"+�("�E

 
�"/. 3. �<"/"E)/�? B)��(8"�#� B)#'B"4� <)#($ <)//��()<#�("D �
2 < 
!�/B#�<� KCl-NaCl-CsCl )� /4)!)/�" B)#D!"G�8"" B!" !�G#"+($, &�<#�-
("D, ;�G� �(�
2): 1 – 4·105; 2 – 6·105; 3 – 10·105; 4 – 14·105 Q�. �=550 °� 
 

��4 <"&() "G !"/. 4 !�G()/�? 4��)&();) " �()&();) B"4)< G�<"/"� )� 
/4)!)/�" B)#D!"G�8"". F�" &�(($� '4�G$<�C� (� (�)@!��"E$* ,�!�4��! 
/��&"" B�!�()/� G�!D&�. 
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�"/. 4. #�("D	)#?��EB�!($� 4!"<$� =#�4�!)<)//��()<  �
2 < KCl-NaCl-
CsCl B!" !�G#"+($, /4)!)/�D, B)#D!"G�8"": v: 1 – 1,0; 2 – 2,0; 3 – 5,0; 
4 – 10; 5 – 20,0 	//. ��<#�("� &")4/"&� ';#�!)&� 6·105 Q�; �=550 °� 
 

�� )/()<�("" �(�#"G� <)#?��EB�!($, 4!"<$,, !�(�;�()7�G)<);)
�(�#"G� B!)&'4�)< ;�#?<�()- " B)��(8")/���"+�/4);) =#�4�!)#"G� /'EE�!-

 

($* B!)8�// =#�4�!)<)//��()<#�("D &")4/"&� ';#�!)&� < !�/B#�<� KCl-
NaCl-CsCl E)%() B!�&/��<"�? /#�&'C\"E" /,�E�E": 
 �
2+4� ¥�+2
2> (1) 
 2
2–+2�
2 Ì2�
3

2>  (2) 
� B)E)\?C �!�(/E"//")(()* =#�4�!)(()* E"4!)/4)B"" @$#) '/��-

()<#�(), +�) 4��)&($� B!)&'4�$ /)&�!%�� (�()+�/�"8$ ';#�!)&�, ';#�-
!)&($� (�()�!'@4" " �E)!7($* (�()&"/B�!/($* ';#�!)& (!"/. 5). 

 
�"/. 5. �F�-"G)@!�%�("D ';#�!)&($, (�()�!'@)4, B)#'+�(($, 
B)��(8")/���"+�/4"E =#�4�!)#"G)E !�/B#�<� KCl-NaCl-
CsCl(=<��4�"4�)-Li2CO3 (5 E�/. %), B)& "G@$�)+($E &�<#�("�E 
&")4/"&� ';#�!)&� �(�
2)=14·105 Q�. �=550 °�; 4=>2,8 	 ()�-
()/"��#?() B#��"()-4�!@)(��();) =#�4�!)&� /!�<(�("D) 
 

��4"E )@!�G)E, E��)&)E <$/)4)��EB�!��'!();) =#�4�!),"E"+�/4);) 
/"(��G� !��#"G)<�( B!"(8"B"�#?() ()<$* /B)/)@ B)#'+�("D ';#�!)&($, 
(�()�!'@)4 =#�4�!)#"G)E ,#)!"&()-)4/"&($, !�/B#�<)< B)& "G@$�)+($E 
&�<#�("�E &")4/"&� ';#�!)&� @�G "/B)#?G)<�("D ';)#?($, 4��)&)<. 
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������ ���Q�������
�
 Q
�� 	 ��
� ������� Q
��� 
	
�����	�� ��Q�����
�
 Q���� �
�
	 	
������� 

�'/��7��< �.�., Q�(+�(4) �.	., Q�(+�(4) 	.�., 
�O'!@�4)<� �.�., �D(��<� �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�/B)#?G)<�("� "EB'#?/($, ")(($, B'+4)< B!" "EB#�(��8"" "E��� 
)B!�&�#�(($� )/)@�(()/�", < +�/�()/�" <$/)4'C B#)�()/�? �)4� ")()< < 
"EB'#?/�, 4)�)!�D E)%�� /4�G��?/D (� !�G'#?����, B!)8�//� "EB#�(��8"", 
(�/4)#?4) "($, B!)8�//�, )@!�G)<�("D &�7�4�)< < "EB#�(�"!)<�(($, 
/#)D,,  " 
&!. Q! <$G$-
<��? G( "B)-
<�!,() 8�//� 
<(�&!�("D  B!"+"()* -
;) B�

F4/B�!"E�(��#?() B)#'+�(($� G�<"/"E)/�" B#)�()/�" ")(();) �)4� 
(!"/. 1) &#D !�G#"+($, G(�+�("* B#)�()/�" =(�!;"" #�G�!();) "EB'#?/� 
"/�)+("4� ")()< )� <!�E�(" �BB!)4/"E"!)<�#"/? B)&,)&D\�* �(�#"�"+�-
/4)* 7'(48"�*. Q!" =�)E )B!�&�#�() G(�+�("� "(��;!�#� )� B#)�()/�" 
")(();) �)4�, 4)�)!)� "/B)#?G'��/D < 4)(�+()* 7)!E'#� &#D !�/+��� ��E-
B�!��'!();) B)#D < )@!�G8�. 

Q!)<�&�(($� !�/+��$ B)4�G�#", +�) �(�#"�"+�/4�D 7'(48"D &)#%(� 
)B!�&�#D�?/D < <"&� #"(�*()* 4)E@"(�8"" 4-,, G�<"/D\", )� <!�E�(" B!)-
/�$, 7'(48"*. �#D "EB'#?/� ")()< <)#?7!�E� B!" B#)�()/�" E)\()/�" 
#�G�!();) "EB'#?/� 8·108 	�//E2 �BB!)4/"E"!'C\�D 7'(48"D E)%�� @$�? 
B!�&/��<#�(� < <"&�: 

��� 621.382.323 

B!)8�//�, B�!�!�/B!�&�#�("D B!"E�/" < B!"B)<�!,()/�()E /#)�
�%&� </�;) @)#?O)� G(�+�("� B#)�()/�" ")(();) �)4� E)%�� 
�+"��#?($* &)/���)+() 4!��4)<!�E�(($* !)/� ��EB�!��'!$ B!
/�();) /#)D )@!�G8�. 	 /<)C )+�!�&?, !)/� ��EB�!��'!$ < B!)

 ")()< E)%�� D<#D�?/D  <)G("4()<�("D /B�8"7"+�/4)
!�!�/B!�&�#�("D B!"E�/" " &�7�4�)<, +�) 4)/<�(() B)&�<�!%&�C� 

!�(�� B!)<�&�(($� "//#�&)<�("D [1–3]. 
	 !�@)�� B!)<�&�($ ��)!��"+�/4"� "//#�&)<�("D !�/B!�&�#�("D 

��EB�!��'!$ < #�;"!)<�(()E ")(�E" <)#?7!�E� /#)� 4!�E("D, B!" <)G-
&�*/�<"" )&"()+();) "EB'#?/� ")()< < &"�B�G)(� =(�!;"* ")()< 5–20 4=	 
" !�G#"+($, G(�+�("D, B#)�()/�" ")(();) �)4�. 

��/+��$ B!)<)&"#"/? < /#�&'C\�* B)/#�&)<���#?()/�". 

� � � � � �
� �26�

;

26

4,2

2 9,25100,251,703 6,519 0,116ln 0,117F e
�

� ��


� � � � � � � , 

&� Â – <!�ED. 
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�"/. 1. 
/8"##);!�EE� "EB'#?/)< �)4� ")()< <)#?7!�E� (� '/��()<4� 
/ #�G�!($E "/�)+("4)E ")()<. F(�!;"D ")-"EB'#?/()* "EB#�(��8"" 

()< 5 4=	. Q#)�()/�? E)\()/�" #�G�!();) "G#'+�("D 8·108 	�//E2 
 

�(�#);"+($E )@!�G)E @$#" B)#'+�($ �BB!)4/"E"!'C\"� 7'(48"" 
&#D "EB'#?/)< B#)�()/�" �)4� ")()< <)#?7!�E� B!" B#)�()/�" E)\()/�" 
5 109 " 2 1010 	�//E2. 

�#�&'C\"E =��B)E @$#) <$+"/#�("� /!�&(�;) B!)�4�"<();) B!)@�-
;� " &"/B�!/"" /!�&(�;) B!)�4�"<();) B!)@�;� &#D ")()< <)#?7!�E� < 
4!�E("" < G�<"/"E)/�" )� =(�!;"" ")()<, B'��E =4/�!�B)#D8"" B) "G<�/�-
($E "G [4] G(�+�("DE =�", <�#"+"( &#D ")()< Sb " Au. 

��4%� B'��E =4/�!�B)#D8"", @$#" B)#'+�($ 4)=77"8"�(�$ &#D B�-
!�<)&� =(�!;"" �� " ;#'@"($ B!)@�;� CRO < @�G!�GE�!($* <"& " G(�+�("� 
4)=77"8"�(�� =#�4�!)(();) �)!E)%�("D ��. 	 &�#?(�*O�E =�" 4)=77"-
8"�(�$ "/B)#?G'C�/D &#D !�/+��� 'B!';", " (�'B!';", B)��!? =(�!;"" ")-
(�E" B!" B!),)%&�("" /#)D 4!�E("D. 

-
��($ ;);) 
<G�"E ("�E 
4)=77 ("8' 
&#"($ �##"-
+�/4)

� B)E)\?C 4)=77"8"�(�� =#�4�!)(();) �)!E)%�("D @$#" 
B)��!" =(�!;"" ")()E <)#?7!�E� (� �&"("8� B'�" G� /+�� (�'B!'
)&�*/�<"D / =#�4�!)(()* B)&!�O��4)* 4!�E("D. � "/B)#?G)<�
"8"�(�)< �� " CRO !�//+"��($ B)��!" =(�!;"" ")(� (� �&"
 B'�" G� /+�� 'B!';);) <G�"E)&�*/�<"D / D&!�E" ��)E)< 4!"/�

* !�O��4" 4!�E("D. 

!�//+"

��#��, / "/B)#?G)<�("�E !�//+"��(($, G(�+�("* '&�#?($, B)��!? 
=(�!;"" +�/�"8$, E)%() <$+"/#"�? 7'(48"C =(�!;)<$&�#�("D < /#)� 
4!�E("D B!" @)E@�!&"!)<4� B)<�!,()/�" ")()E <)#?7!�E�. 
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�� B)/#�&(�E =��B�, G(�D G(�+�("� "(��;!�#� )� B#)�()/�" ")(();) 
�)4� )�-
()/ �-
&�#�("� ��EB /+��($� G(�-
+�("D ��EB�!��'!$ B � "EB#�(�"!)<�(()-
;) /#)D <;#'@? 4!�E("D, " B)=�)E' ()/D� )8�()+($* ,�!�4��!. � &!';)* 
/�)!) #D�� 
10>5 /�4'(&, E)%() B!�&B)#)%"�?, +�) /'\�/�<�(();) "GE�(�("D ��EB�!�-
�'!$ 

Q!" E"("E�#?()* "//#�&)<�(()* 
B#)�(

, 7'(48"C =(�!;)<$&�#�("D < /#)�, '&�#?('C ��EB#)�E4)/�?, B#
�? 4!�E("D " (�+�#?('C ��EB�!��'!' /#)D, E)%() !�//+"���? !�/B!

�!��'!$ B) ;#'@"(� "EB#�(�"!)<�(();) /#)D. ��
)#'+�($ @�G '+��� )�<)&� ��B#� )

($, ��4 4�4 �"B"+()� <!�ED &�*/�<"D "EB'#?/� �)4� ")()< /)/��<

< ��+�("� &�*/�<"D "EB'#?/� ")(();) �)4� (� B!)"G)*&�� ", ��E /�-
E$E, B)#'+��E E�4/"E�#?() <)GE)%('C ��EB�!��'!' < /#)�. 

�(�#"G !�G'#?���)< B)4�G$<���, +�) E�4/"E�#?()� G(�+�("� ��EB�-
!��'!$ < /#)� 4!�E("D )�()/"��#?() /#�@) G�<"/"� )� =(�!;"" ")()< 
<)#?7!�E�, �, < )/()<()E, G�<"/"� )� B#)�()/�" E)\()/�" #�G�!();) "G#'-
+�("D B!" ")("G�8"" E"O�(". 

�� !"/. 2. B!"<�&�($ G�<"/"E)/�" ��EB�!��'!$ )� ;#'@"($ /#)D 
4!�E("D &#D B#)�()/�" E)\()/�" #�G�!();) "G#'+�("D 8·108, 5·109 " 
2·1010 	�//E2. �G !"/'(4� <"&(), +�) E�4/"E�#?(�D ��EB�!��'!� < /#)� (�-
@#C&���/D (� ;#'@"(� (�/4)#?4) E�(?O�* /!�&(�;) B!)�4�"<();) B!)@�;� 
")()< <)#?7!�E� B!" &�(()* =(�!;"". 

)/�" E)\()/�" #�G�!();) "G#'+�("D B!�<$O�("� ��EB�!��'!$ /#)D 
/)/��<#D�� )4)#) 10 �. 

 
�"/. 2. �<"/"E)/�? ��EB�!��'!$ )� ;#'@"($ /#)D 4!�E("D, 
#�;"!)<�((); "EB'#?/)E ")()< <)#?7!�E� / =(�!;"�* 5 4=	 
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(�+"��#?() @)#�� <$/)4�D ��EB�!��'!� /#)D (�@#C&���/D B!" E�4-
/"E�#?()* "//#�&)<�(()* B#)�()/�" E)\()/�" "G#'+�("D. ��4 B)4�G$<��� 
!"/. 2, < =�)E /#'+�� <@#"G" B"4� < !�/B!�&�#�("" ")()< <)#?7!�E� < 
4!�E("" ��EB�!��'!� B)<$O���/D @)#�� +�E (� 1000 �. 

��4"E )@!�G)E, E)%() B!�&B)#)%"�?, +�) )B!�&�#DC\"E 7�4�)!)E 
&#D E();", 7"G"+�/4", B!)8�//)<, B!)"/,)&D\", B!" "EB#�(��8"" 4!�E-
("D "EB'#?/($E B'+4)E ")()< (&�7�4�))@!�G)<�("�, B�!�!�/B!�&�#�("� 
B!"E�/", )@!�G)<�("� ()<$, 7�G < /#)� " &!.) D<#D��/D B#)�()/�? E)\()-
/�" #�G�!();) "G#'+�("D < "/�)+("4� ")()<. Q!" @)#?O", B#)�()/�D, #�-
G�!();) "G#'+�("D ", 4�4 /#�&/�<"�, @)#?O", B#)�()/�D, ")(();) �)4� < 
"EB'#?/� E);'� (�@#C&��?/D D<#�("D, ,�!�4��!($� B!" "EB#�(��8"" )@-
!�G8)< B!" B)<$O�(()* ��EB�!��'!�, � ��4%� D<#�("D, /<DG�(($� / /�E)-
)�%";)E /�!'4�'!$. 

���������� 

1. Q�(+�(4) 	. �. ��G!�@)�4� " "//#�&)<�("� ��,()#);"" 7)!E"!)<�("D 
" 
., 

2. -
;"

�4�"<($, &"77'G")(($, /#)�< =#�E�(�)< �<�!&)��#?()* =#�4�!)("4
E��)&)E "EB'#?/()* "EB#�(��8"". �"//. (� /)"/4. '+. /��B. 4. �. (
��#?+"4, 2002. 

 �#?�'&)< �. �., ���< �.�., Q�(+�(4) 	. �., " &!. ��G!�@)�4� ��,()#)
" "EB'#?/()* ")(()* "EB#�(��8"" &#D B#�/�"( &"�E��!)E 

76>102 EE / "/B)#?G)<�("�E #�G�!()-B#�GE�(()* '/��()<4". ��'+()-
"//#�&)<���#?/4"* )�+�� � �97685, 1983. 65 /. 

3. �'4��#�< �. �., Q�<#)< �. �., Q�(+�(4) 	. �. ��,()#);"D " �<�)E��"-
G"!)<�(()� )@)!'&)<�("� "EB'#?/()* ")(()* "EB#�(��8"". ��G"/$ 
&)4#�&)< ��'+()-��,("+�/4)* 4)(7�!�(8"" «�)<$� ��,()#);"+�/4"� 
B!)8�//$, )@�/B�+"<�C\"� B!);!�// B!)"G<)&/�<� B)#'B!)<)&("4)-
<$ ", B!"@)!)< " "(��;!�#?($, /,�E  B)<$O�("� ", (�&�%()/�"». // 
F#�4�!)((�D ��,("4�, /�!. 2, <$B. 2 (244), 1986, +�/�? 2. �. 18–70. 

4. �'!�(4)< �. �., �)E�!)< �. �., �'E�,)< �. �., " &!. ��@#"8$ B!)-
/�!�(/�<�(();) !�/B!�&�#�("D ")(()-"EB#�(�"!)<�(($, B!"E�/�*. – 
�"(/4, ���, 1980. 
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�������������� ��
�	 �������, 
����
������ 
��Q�����
� �
��
� ��Q��������� 

�'/��7��< �.�., Q�(+�(4) �.	., Q�(+�(4) 	.�., �D(��<� �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

	 B!)8�//� ��EB�!��'!();) )�%";� ")(()-#�;"!)<�(($, /#)�< 4!�E-
("D B!)"/,)&"� ��!E"+�/4�D &"77'G"D B!"E�/". �GE�(�("� 4)=77"8"�(�� 
&"77'G"" )@'/#)<#�() )@!�G)<�("�E <�4�(/"* < B!)8�//� ")(()* @)E@�!-
&"!)<

��� 621.382.323 

4", �. 4. #�;"!'C\"� =#�E�(�$ &"77'(&"!'C� < 4!�E("" B) <�4�(-
/"DE. �E��('C !)#? B!" =�)E ";!��� E�%&)'G�#?(�D &"77'G"D, B)/4)#?4' 
+�/�? <(�&!�(($, ")()< G�("E��� (�!�;'#D!($� B)#)%�("D < B)#'B!)<)&-
("4�. 	 /<DG" / =�"E &"77'G"D B!"E�/" B)/#� ")(()* "EB#�(��8"" ()/"� 
@)#�� "/#)%($* ,�!�4��! < )�# +"� )� )@$4()<�(()* ��!E"+�/4)* &"77'G"". 

�#D )B!�&�#�("D 4)=77"8"�(�)< &"77'G"" B!"E�/" < 4!�E("" 
[1>3], "/B)#?G)<�#"/? B#�/�"($ E)()4!"/��##"+�/4);) 4!�E("D ���-10 " 
�F�-7,5 / )!"�(��8"�* (111) " 4)(8�(�!�8"�* "/,)&()* B!"E�/" /))�<��-
/�<�(() 1,5·1016 " 5·1015 /E>3. 	 4�+�/�<� #�;"!'C\", =#�E�(�)< @$#" <$-
@!�($ @)! " E$O?D4. 

�E�!$ ;#'@"($ p-n-B�!�,)&� B!)<)&"#"/? E��)&)E O�!)<);) O#"-
7�. Q)<�!,()/�('C 4)(8�(�!�8"C #�;"!'C\�* B!"E�/" )B!�&�#D#" B) 
G(�+�("C B)<�!,()/�();) /)B!)�"<#�("D, "GE�!�(();) 4-, G)(&)<$E E�-
�)&)E " "/B)#?G'D 4!"<$� &#D ;�'//)<$, !�/B!�&�#�("*. (�D 4)(8�(�!�-
8"C #�;"!'C\�* B!"E�/" (� B)<�!,()/�", "/,)&('C 4)(8�(�!�8"C B!"-
E�/" < B)&#)%4� " ;#'@"(' �-n-B�!�,)&� E)%() <$+"/#"�? 4)=77"8"�(� 
&"77'G"" =#�E�(�� < 4!�E("". 

Q) =4/B�!"E�(��#?($E &�(($E @$#" B)/�!)�($ G�<"/"E)/�" B)<�!-
,()/�();) /)B!)�"<#�("D /#)�< 4!�E("D " ;#'@"($ G�#�;�("D B!"E�/" B)-
/#� "EB'#?/()* "EB#�(��8"" @)!� " E$O?D4� )� &)G$ ")()< (!"/. 1 " 2). 

�G !"/'(4)< <"&(), +�) / !)/�)E &)G$ ")()< " ��EB�!��'!$ )�%";� 
B)<�!,()/�()� /)B!)�"<#�("� /#)D 'E�(?O���/D, " '<�#"+"<���/D ;#'@"(� 
G�#�;�("D p-n-B�!�,)&�. 	 /#'+�� "EB#�(��8"" ")(�E" @)!� 4!"<$� G�<"-
/"E)/�" B)<�!,()/�();) /)B!)�"<#�("D "E�C� /#�@'C ��(&�(8"C 4 (�-
/$\�("C B!" <$/)4", &)G�, "EB#�(��8"". 

��E" !�G!�@)��(� E��)&"4� <$+"/#�("* 4)=77"8"�(�)< &"77'G"" 
B!"E�/" B) !�G'#?����E "GE�!�("* B)<�!,()/�();) /)B!)�"<#�("D, � ��4-
%� ;#'@"($ G�#�;�("D "EB#�(�"!)<�(();) /#)D < B!)8�//� ")(()* "E-
B#�(��8"" " B)/#�&'C\�;) ��!E"+�/4);) )�%";�. ��4 4�4 7)!E"!)<�("� 
#�;"!)<�(();) /#)D B!�&/��<#D�� /)@)* &<',/��&"*($* B!)8�//, �) -
7"#? !�/B!�&�#�("D B!"E�/" E)%�� @$�? ),�!�4��!"G)<�( G�<"/"E) ?C 
4)(8�(  &"7-
7'G"" 

B!)
/�

�!�8"" B!"E�/" )� ;#'@"($ /))�<��/�<'C\�* <�)!)* /��&""
B!"E�/" "G );!�("+�(();) B)<�!,()/�();) "/�)+("4�. 

 206



 
�"/. 1. �<"/"E)/�? B)<�!,()/�();) /)B!)�"<#�("D 
4!�E("D, #�;"!)<�(();) ")(�E" @)!� " E$O?D4�, 
)� &)G$ ")()< &#D !�G#"+($, ��EB�!��'! )�%";� 
 

 
�"/. 2. �<"/"E)/�? ;#'@"($ G�#�;�("D p-n-B�!�,)&� < 
4!�E("", #�;"!)<�(()E ")(�E" @)!� " E$O?D4�, )� 
&)G$ ")()< &#D !�G#"+($, ��EB�!��'! )�%";� 
 

 207



�� !"/. 3 B!�&/��<#�($ B!)7"#" !�/B!�&�#�("D @)!� < 4!�E("" B)-
/#� ") @)�4' 
B!)<)&"#" (� =�)E %� !"-
/'(4� )<�(-
()E (� '/��()<4� / (�B!�!$<($E B'+4)E ")()<. 
@� B!)7"#D B)#'+�($ 
&#D &) !()* 
#"("�

()* "EB#�(��8"" "EB'#?/($E B'+4)E ")()< (���). 
@!�
 '/��<()<4� / #�G�!($E "/�)+("4)E ")()<. �� 

B!"<�&�( B!)7"#? !�/B!�&�#�("D ��)E)< @)!� < /#)�, /7)!E"!

G$ ")()< @)!� 1016 /E>2 " ��EB�!��'!$ )�%";� 950 °�. Q'(4�"
* B)4�G�() B)#)%�("� p-n-B�!�,)&)<. 

 
�"/. 3. Q!)7"#" !�/B!�&�#�("D @)!� < 4!�E("" B)/#� ��� " "EB#�(-
��8"" (�B!�!$<($E B'+4)E &#D &)G$ ")()< 1016 /E>2 " ��EB�!��'!$ 
)�%";� 950 °�. Q'(4�"!)E B)4�G�($ B)#)%�("D p-n-B�!�,)&)< 
 

�� !"/. 4 B!�&/��<#�($ �(�#);"+($� G�<"/"E)/�" &#D ��)E)< E$O?-
D4�. 
@� B!)7"#D B)#'+�($ &#D &)G$ ")()< E$O?D4� 1014 /E>2 " ��EB�!�-
�'!$ )�%";� 1000 °�. ��4 <"&() "G ;!�7"4)<, <�!?"!)<�("�E G(�+�("* 4)-
=77"8"�(�)< &"77'G"" @)!� "#" E$O?D4� < 4!�E("" E)%() B)#'+"�? !�-
/+��($* B!)7"#? / �!�@'�E$E G(�+�("�E ;#'@"($ p-n-B�!�,)&� ", ��E /�-
E$E, )B!�&�#"�? /))�<��/�<'C\�� G(�+�("� 4)=77"8"�(�� &"77'G"". ��/-
+��$ @$#" B!)<�&�($ &#D </�;) "//#�&)<�();) &"�B�G)(� &)G ")()< " ��E-
B�!��'! B)/#�"EB#�(��8")(();) )�%";�. 	$+"/#�(($� G(�+�("D 4)=77"-
8"�(�)< &"77'G"" /!�<("<�#"/? &#D !�G#"+($, E��)&)< "EB#�(��8"". 

 
�"/. 4. Q!)7"#" !�/B!�&�#�("D @)!� < 4!�E("" B)/#� ��� " "EB#�(-
��8"" (�B!�!$<($E B'+4)E &#D &)G$ ")()< 1016 /E>2 " ��EB�!��'!$ 
)�%";� 950 °�. Q'(4�"!)E B)4�G�($ B)#)%�("D p-n
 

-B�!�,)&)< 
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Q)/#� <$+"/#�("D 4)=77"8"�(�)< &"77'G"" @)!� " E$O?D4� < 
4!�E("" @$#" B)/�!)�($ 4)(8�(�!�8")(($� " ��EB�!��'!($� G�<"/"E)-
/�". �� !"/. 5 B!"<�&�($ G�<"/"E)/�" 4)=77"8"�(�)< &"77'G"" @)!� " 
E$O?4� < 4!�E("" )� &)G$ ")()< &#D !�G#"+($, ��EB�!��'! )�%";�. 

 

�"/. 5. �<"/"E)/�" 4)=77"8"�(�)< &"77'G"" @)!� " E$O?4� 
< 4!�E("" )� &)G$ ")()< &#D !�G#"+($, ��EB�!��'! )�%";� 
 
�(�#"G !�G'#?���)< "//#�&)<�("* B)4�G$<���, +�) &#D ��EB�!��'!$ 

)�%";� 950 °� 4)=77"8"�(� &"77'G"" @)!� "EB#�(�"!)<�(();) < 4!�E("* 
E��)&)E "EB'#?/()* "EB#�(��8"" B)+�" < 2 !�G� B!�<$O��� G(�+�("� 4)-
=77"8"�(�� &"77'G"" @)!� "EB#�(�"!)<�(();) )@$+($E E��)&)E. � '<�-
#"+�("�E ��EB�!��'!$ "G),!)(();) )�%";� !�G("8� < G(�+�("D, 4)=77"-
8"�(�� &"77'G"" 'E�(?O���/D " B!" ��EB�!��'!� 1100 °� " @)#�� 4)=7-
7"8"�(�$ &"77'G"" B!"@#"G"��#?() !�<($. � !)/�)E ��EB�!��'!$ G(�+�-
("� 4)=77"8"�(�)< &"77'G"" '<�#"+"<���/D, B!"+�E @)#�� @$/�!$* !)/� 
G(�+�("* 4)=77"8"�(�� (�@#C&���/D < /#'+�� ")(();) #�;"!)<�("D �!�-
&"8")(($E E��)&)E "EB#�(��8"". 

Q!" "/B)#?G)<�("" < 4�+�/�<� #�;"!'C\�* B!"E�/" E$O?D4� 4�!-
�"(� ()/"� B!)�"<)B)#)%($* ,�!�4��!, �. �. 4)=77"8"�(� &"77'G"" B!" 
#�;"!)<�(  )�%";)E 
B!" /!�<( G(�+�("D 
=�)* <�#"+ ( -

 
"" E��)&)E "EB'#?/()* "EB#�(��8"" " B)/#�&'C\"E
"��#?() ("G4)* ��EB�!��'!� (900–1000 °�) E�(?O� 
"($, B)#'+�( )* B!" )@$+()E E��)&� "EB#�(��8"" (B!"@#"G"
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��#?(

��!�4��! B)<�&�("D 4)=77"8"�(�)< @)!� " E$O?D4� < 4!�E("", #�-
;"!)<�(()E E��)&)E "EB'#?/()* "EB#�(��8"" ��4)* %�, 4�4 " < /#'+�� 
)@$+();) E��)&� "EB#�(��8"", " (� (�4#�&$<��� (" 4�4", );!�("+�("* (� 
B!"E�(�("� =�);) E��)&� "EB#�(��8"" < ��,()#);"" "G;)�)<#�("D "G&�#"* 
=#�4�!)(()* ��,("4". 


�#"+"��#?()* )/)@�(()/�?C D<#D��/D G(�+"��#?() @)#�� <$/)4"� 
4)=77"8"�(�$ &"77'G"" B!"E�/" B)/#� ")(()* "EB#�(��8"" B) /!�<(�-
("C / 4)=77"8"�(��E" &"77'G"" @)!� " E$O?D4� B!" )@$+()* ��!E"+�-
/4 D 
"/ -
+� -
4) -
=77"8

 
(., 

��#?+"4, 2002. 
2. �#?�'&)< �. �., ���< �.�., Q�(+�(4) 	. �., " &!. ��G!�@)�4� ��,()#)-

;"" "EB'#?/()* ")(()* "EB#�(��8"" &#D B#�/�"( &"�E��!)E 
76>102 EE / "/B)#?G)<�("�E #�G�!()-B#�GE�(()* '/��()<4". ��'+()-
"//#�&)<���#?/4"* )�+�� � �97685, 1983. 65 /. 

3. �'4��#�< �. �., Q�<#)< �. �., Q�(+�(4) 	. �. ��,()#);"D " �<�)E��"-
G"!)<�(()� )@)!'&)<�("� "EB'#?/()* ")(()* "EB#�(��8"". ��G"/$ 
&)4#�&)< ��'+()-��,("+�/4)* 4)(7�!�(8"" «�)<$� ��,()#);"+�/4"� 
B!)8�//$, )@�/B�+"<�C\"� B!);!�// B!)"G<)&/�<� B)#'B!)<)&("4)-
<$, B!"@)!)< " "(��;!�#?($, /,�E " B)<$O�("� ", (�&�%()/�"». // 

) < 4 !�G�). 
&(�4), / '<�#"+�("�E ��EB�!��'!$, G(�+�("D 4)=77"8"-
�(�)< &"77'G"" !�/�'�, B!"+�E, @)#�� @$/�!$* !)/� (�@#C&���/D < /#'+�� 
"EB'#?/()* ")(()* "EB#�(��8"". Q!" ��EB�!��'!� 1100 °� " @)#�� G(�-
+�("D 4)=77"8"�(�)< &"77'G"" /)<B�&�C�. 

�)(8�(�!�8")((�D G�<"/"E)/�? 4)=77"8"�(�)< &"77'G"" @)!� " 
E$O?D4� /#�@�D. � !)/�)E &)G$ "EB#�(��8"" (�@#C&���/D '<�#"+�("� 4)-
=77"8"�(�� &"77'G"" E$O?D4� < 4!�E("". 

)* &"77'G"". ��4, 4)=77"8"�(� &"77'G"" @)!� B)/#� "EB#�(��8"" &#
/#�&)<�(($, !�%"E)< )�%";� B!�<$O��� 4)=77"8"�(� &"77'G"" < /#'
� ��!E"+�/4)* &"77'G"" B!" ��EB�!��'!� 1100 °� @)#�� +�E (� 5 B)!D&
<. 
�#"+"� 4)=77"8"�(�� &"77'G"" E$O?D4� B)/#� "EB#�(��8"" )� 4)

"�(�� B!" )@$+()* ��!E"+�/4)* &"77'G"" /)/��<#D�� @)#�� 4 B)-
!D&4)<. �4�G�((�D )/)@�(()/�?, <�!)D�(), /<DG�(� / B)<$O�(()* &�7�4�-
()/�?C B!)8�//� "EB#�(��8"", < ,)&� 4)�)!);) )@!�G'��/D @)#?O)� 4)#"-
+�/�<) <�4�(/"*. 

���������� 

1. Q�(+�(4) 	. �. ��G!�@)�4� " "//#�&)<�("� ��,()#);"" 7)!E"!)<�("D 
�4�"<($, &"77'G")(($, /#)�< =#�E�(�)< �<�!&)��#?()* =#�4�!)("4"
E��)&)E "EB'#?/()* "EB#�(��8"". �"//. (� /)"/4. '+. /��B. 4. �. 

F#�4�!)((�D ��,("4�, /�!. 2, <$B. 2 (244), 1986, +�/�? 2. �. 18–70. 
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����
��� Q
	����
��� �	���
	
-
���������� ����
� 	 Q���� 	
�
�
�� 
��;�B#�%�<� �.�., ��!E)4)< �.�., �)#)4�()< 
.�. 

��� 620.2:621.9.048

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�( ($* '("<�!/"���, ��#?+"4 
	)//��()<#�("� /<"(8� < B)<�!,()/�()* )@#�/�" /<"(8)<)-

/"#"4��($, /��4)# (���) < B!)"G<)&/�<� E"4!)4�(�#?($, B#�/�"( (��Q) 
B!)<)&D� < /!�&� B!)�)+();) <)&)!)&� B!" ��EB�!��'!�, 400–480 °� < ��+�-
("� 2–3 +�/)< [1]. 	 !�G'#?���� &#"��#?()* <$&�!%4" B!" <$/)4)* ��EB�!�-
�'!� < /��4#� B!)"/,)&D� 7�G)<$� B!�<!�\�("D, " )@!�G'C�/D (�()!�GE�!-
($� 4!"/��##$ [2], 4)�)!$� )4�G$<�C� <#"D("�, < +�/�()/�", (� =#�4�!"+�-
/4"� /<)*/�<� ���. Q)/#� <$�!�<#"<�("D )B)!()* %"#$ (� B)<�!,()/�"  
4�(�#)< " < B!"B)<�!,()/�()* )@#�/�" <) E();", /#'+�D, )/��C�/D 4)EB)-
(�(�$ )B)!()* %"#$ (")($ \�#)+($, E���##)< " &!.), � ��4%� )/���4" �!�-
<"��#�*. �!)E� =�);), 4)(8�(�!�8"D <)&$ < /��(4�, 4�(�#)< B)<$O���/D, 
+�), < /<)C )+�!�&?, D<#D��/D B!"+"()* &)B)#("��#?();) ;�G)<$&�#�("D 
��Q B!" "G;)�)<#�("" " !�@)�� =#�4�!)(()-)B�"+�/4);) B!�)@!�G)<���#D. 

�/,)&D "G <$O� /4�G�(();), � ��4%� / 8�#?C 'E�(?O�("D ��EB�!�-
�'!$ " <!�E�(" ��!E)<)&)!)&();) <)//��()<#�("D " B!�&<�!"��#?()* 
)+"/�4" /��()4 4�(�#)< B)/#� <$�!�<#"<�("D, (� (�O <G;#D&, B!�&/��<#D-
��/D 8�#�/))@!�G($E B!)<)&"�? <)//��()<#�("� /<"(8)<)-/"#"4��($, 
/��4)# < B#�GE� <)&)!)&�. 

Q#�GE�((�D )@!�@)�4� B)<�!,()/�" /��4)# B!)<)&"�/D (� '/��()<4�, 
"G;)�)<#�(()* < ����. �/��()<4� B!�&(�G(�+�(� &#D )@#'+�("D B)<�!,-
()/�"  /B�-
8"�#?  E�-
��!"�#)< " &!., < B)/�)D(()E #"@) <$/)4)+�/�)�()E =#�4�!"+�/4)E B)#�. 

1. �'

 E���!"�#)< ")(�E" <)&)!)&� " &!';", ;�G)< / 8�#?C )+"/�4" "
($, )@!�@)�)4 B)<�!,()/�", ��4", 4�4 <)//��()<#�("� )4/"&($,

���4�)! "G;)�)<#�( "G 4<�!8�<)* �!'@$, < 4)�)!)* !�GE�\�C�/D )@-
!�@��$<��E$� )@!�G8$ (&"/4" &"�E��!)E &) 40 EE). Q)/#� )�4�+4" &) &�<-
#�("D 10>5 EE !�. /�. B!)"G<)&"�/D 4)(�!)#"!'�E$* (�B'/4 < !��4�)! <)-
&)!)&� "#" "(�!�();) ;�G� (�!;)(� "#" &!.). 	 4�+�/�<� "/�)+("4� <)&)!)&� 
"/B)#?G'��/D ;�(�!��)! <)&)!)&� <$/)4)* +"/�)�$ �		�-1, B)#'+��E$* 
<)&)!)& /))�<��/�<'�� 4#�//' «/B�4�!�#?() +"/�$*». ��%"E$ " B�!�E��!$ 
")(()-B#�GE�(()* )@!�@)�4" B)&@"!�C�/D < G�<"/"E)/�" )� E���!"�#� " 
8�#�* )@!�@)�4" (+"/�)�� B)#"!)<4", ,"E"+�/4�D E)&"7"4�8"D " &!.). 

���������� 
#)< �.�. �"4!)4�(�#?($� B#�/�"($. 	#�&"4�<4�G, ��/B"4. 2001. 153 /. 

2. ��!E)4)< �.�., �)#)4�()< 
.�. �)!!�#D8"D 7"G"4)-,"E"+�/4", " 
=#�4�!)7"G"+�/4", /<)*/�< /��4)# &#D ��Q. / ����!"�#$ ��%&'(�-
!)&()* (�'+()-��,("+�/4)* 4)(7�!�(8"" «�"4!)- " (�()��,()#);"" < 
=#�4�!)("4�». ��#?+"4: ��@.-��#4. '(-�., 2009. �. 19–23. 
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�
	�� ������
Q
�������� �
�Q
����� 
��������� �� 
��
	� Q
�������������� 

� ���
������ ����: �����

��� 541.64:542(943+952) 

 � ��������� 

G4�( �.�., ��!B�+�<� �.Q., �)G#)< 	.	., �)(&�!�(4) �.�. 

�+!�%&�("� �)//"*/4)* �4�&�E"" (�'4 �(/�"�'� (�7��,"E"+�/4);) 

)&"�/D < '/#)<"D, ��-"G#'+�("D < <�4''E� 
(�=10  EE. !�. /�.) B!" 150–300 °�. �)&�!%�("� E�&" [Cu]=10 E�//. % )�-
()/"��#?() E�//$ B)#"E�!� @� ();) )/���4�. 

���)&)E ��-/B�4�!)/4)B"" (!"/. 1) '/��()<#�(), +�) B!" ��-

)/ B);#)\�("D B!" 812 " 1650 /E>1, ,�!�4��!"G'C\", 

) ·H O, / <$&�#�("�E 

/"(��G� "E.�.	. �)B+"�<� ��� (���� ���), �)/4<� 

�)EB)G"�$, /)&�!%�\"� (�()+�/�"8$ Cu < B)#"E�!()* E��!"8�, (�-
,)&D� O"!)4)� B!"E�(�("� < 4���#"�"+�/4", /"/��E�,, /�(/)!�,, /<��)"G-
#'+�C\", /�!'4�'!�, " &!. 	4#C+�("� < /�!'4�'!' 4)EB)G"�� B)#"/)B!D-
%�(($, /"/��E )@�/B�+"<��� 4)EB#�4/ 8�(($, 7"G"4)-,"E"+�/4", 
/<)*/�<, ��4", 4�4 =#�4�!)B!)<)&()/�?, ��!E)/�)*4)/�?, /)!@8")((�D �4-
�"<()/�? " &!. 

��(�� (�E" "//#�&)<�(� E�%7�G(�D )4"/#"��#?(�D B)#"E�!"G�8"D 
&"7�("#�E"(� (���) / B)#'+�("�E B)#"E�!�, B!�&/��<#DC\�;) /)@)* 
�!)E��"+�/4"* B)#"�E"(, < 4)�)!)E &"7�("#�()<$� G<�(?D !�G&�#�($ 
�E"();!'BB�E". Q)#"&"7�("#�E"( (Q���) "E��� ("G4'C E)#�4'#D!('C 
E�//' (9–11) : 103 " /��B�(? )4"/#�("D (� B!�<$O��� 5 % [1–3]. 

��G!�@)��( E��)& /"(��G� E���##)B)#"E�!();) (�()/�!'4�'!();) 
4)EB)G"�();) E���!"�#� (� )/()<� Q��� " (�()+�/�"8 Cu. �"(��G (�()-
4)EB)G"�� B!)<

>2

G '+��� 4"/#)�

"G#'+�("" Q��� < B!"/'�/�<"" E)();"&!��� �8����� E�&" 
Cu(OOCCH3)2·H2O B!" 150–200 °� B!)"/,)&"� !)/� B)#"E�!()* 8�B" " 
'<�#"+"<���/D /��B�(? )4"/#�("D. 
@ =�)E /<"&���#?/�<'�� '<�#"+�("� 
"(��(/"<()/�" B)#
(�B#)/4"� &�7)!E�8")(($� 4)#�@�("D ²�–H 4,4/-G�E�\�(($, �!)E��"+�-
/4", 4)#�8 " <�#�(�($� 4)#�@�("D /<DG�* ¨�=N ,"()&""E"(($, /�!'4�'!. 
�/��()<#�(), +�) !)/� B)#"E�!()* 8�B" B!)"/,)&"� G� /+�� 4)(&�(/�8"" 
E�4!)E)#�4'# Q���, 4���#"G"!'�E)* Cu(OOCCH3 2 2
<)&)!)&�, /B)/)@/�<'C\�;) <)//��()<#�("C Cu2+ &) Cu0. 

-2 H
N

H

N

H

N

H

N

H

H

N

H

N NN[ ]n

 
2Cu(OOCCH3)2·H2O t oC, Cu2O + CH3COOH, 

Cu2O + H2 t oC, Cu + H2O. 
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	 !�G'#?���� 7)!E"!'��/D E���##)B)#"E�!($* (�()/�!'4�'!($* 
4)EB)G"�($* E !�G)<�("� 4)-
�)!$, B)&� /<�+"<�C-
\�* =#�4�!)

���!"�# (� )/()<� Q��� " (�()+�/�"8 Cu, )@
<�!%&�() E��)&�E" !�(�;�()7�G)<);) �(�#"G� " B!)
(()* E"4!)/4)B"". 

(�)

0

0,7

1,4

481216
!�× 10–2,  /E–1

Q
);

#)
\

�(
"�

(@)

0,25

0,55

481216

0,85

Q
);

#)
\

�(
"�

!�× 10–2, /E–1

1,6

2,05

Q
);

#)
\

�(
"�

(<)

1,15

481216
! × 10–2, /E–1

 
�"/. 1. ��-/B�4�!$ Q��� (�) " (�()4)EB)G"�� 
Cu/Q���, B)#'+�(();) B!" 150 (5) " 200 °� (	) 
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�� !"/. 2 B!�&/��<#�($ &"7!�4�);!�EE$ Q��� " (�()4)EB)G"�� 
Cu/Q��� )4)EB)-
G"�� "&�( Cu )@!�-
G'��/D " Cu  "(��(/"<-
()/�" ��

, B)#'+�(();) B!" 150 " 200 °�. �� &"7!�4�);!�EE� (�(
�"7"8"!'C�/D B"4" )�!�%�("D (�()+�/�"8 Cu. Q)E"E) 

2O, 4)#"+�/�<�(()� /)&�!%�("� 4)�)!);) G�<"/"� )�
-"G#'+�("D. 

I (a)

240

120

0

4 14 24 34 44 54 64
2/, ;!�&

29

I (@)

17

Cu2O

Cu2O

Cu2O

Cu
Cu

5

4 14 24 34 44 54 64
2/, ;!�&

8

26

44

I

Cu2O

(<)

4 14 24 34 44 54 64
2/, ;!�

Cu

Cu

 
�"/. 2. ���
�� Cu/Q���, B)#'+�(();) B!" 00 °� (	) 
 

&

�"7!�4 4)EB)G"-�);!�EE$ Q  (�) " (�()
 150 (5) " 2
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Q) &�(($E B!)/<�+"<�C\�* =#�4�!)(()* E"4!)/4)B"" (�()+�/�"8$ 
Cu "E�C� !�GE�!$ 2<d<12 (E. ���)&)E ��)E()-�@/)!@8")(()* /B�4�!)-
/4)B"" B)4�G�(), +�) /)&�!%�("� E�&" < (�()4)EB)G"�� Cu/Q��� < G�<"-
/"E)/�" )� "(��(/"<()/�" ��-"G#'+�("D <�!?"!'��/D < B!�&�#�, 
6,5>7,6 E�//. %. 

� '<�#"+�("�E "(��(/"<()/�" ��-"G#'+�("D )� 250 &) 300 °� 
'E�(?O���/D /��B�(? )4"/#�("D Q��� (!"/. 3). 
@ =�)E /<"&���#?/�<'�� 
!�G4)� 'E�(?O�("� "(��(/"<()/�" B)#)/$ B);#)\�("D B!" 1650 /E–1, ,�-
!�4��!"G'C\�* <�#�(�($� 4)#�@�("D /<DG�* ¨�=N ,"()&""E"(($, /�!'4-
�'!. Q)D<#�("� " '<�#"+�("� B) "(��(/"<()/�" B)#)/$ B);#)\�("D B!" 
1718 /E–1, /))�<��/�<'C\�* <�#�(�($E 4)#�@�("DE /<DG�* ¨�=
, /<"&�-
��#?/�<'�� ) B!)��4�("" B!)8�//)< &�/�!'48"" (4)(8�<$� ;!'BB$ C=O). 

0

0,2

0,4

0,6

481216
! × 10–2, /E–1

Q
);

#)
\

�(
"�

(�)

0

0,08

0,16

481216
!�× 10–2, /E–1

Q
);

#)
\

�(
"�

(@)

 
�"/. 3. ��-/B�4�!$ (�()4)EB)G"�� Cu/Q���, 
B)#'+�(();) B!" 250 (�) " 300 °� (5) 
 

��/�!'4�"<($� B!)8�//$, B!)��4�C\"� B!" 250 " 300 °�, /B)/)@/�-
<'C� )4"/#�("C E�&". �/#" (� &"7!�4�);!�EE� (�()4)EB)G"��, B)#'+�(-
();) B!" 25  Cu2O " 
CuO, �) B!" "/. 4). 

0 °�, "&�(�"7"8"!'C�/D B"4", ,�!�4��!"G'C\"� Cu,
300 °� Cu B)#()/�?C )4"/#D��/D &) Cu2O " CuO (!
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80

180

280

380

I

Cu2O

(a)

4 14 24 34 44 54
2/, ;!�&

Cu2O
CuO

Cu

Cu

16

26

36

46

56

66

76

86

96

4 14 24 34 44 54
2/, ;!�&

Cu2O Cu2OCuO

CuO

 

I (@)

�"/. 4. �"7!�4�);!�EE$ (�()4)EB)G"�� 
Cu/Q���, B)#'+�(();) B!" 250 (�) " 300 °� (5) 
 

Q)#'+�(($� E���##)B)#"E�!($� 4)EB)G"�($� E���!"�#$ (� )/()<� 
Q��� " (�()+�/�"8 Cu )@#�&�C� B)#'B!)<)&("4)<$E" /<)*/�<�E", +�) 
&�#��� ", B�!/B�4�"<($E" &#D /)G&�("D B!"@)!)< E)#�4'#D!()* =#�4�!)-
("4", E();)8<��($, "(7)!E�8")(($, =4!�()< "#" =#�4�!)(($, 4("; ()-
<);) B)4)#�("D. 

���������� 

1. 
!#)< �.	., 
G4�( �.�., �)(&�!�(4) �.�., ��!B�+�<� �.Q. // 	$/)4)E)-
#�4. /)�&. �. 2006. �. 48. � 1. �. 126. 

2. 
!#)< �.	., 
G4�( �.�., ��!B�+�<� �.Q. // 	$/)4)E)#�4. /)�&. �. 2006. 
�. 48. � 1. �. 134. 

3. 
G4�( �.�., ��!B�+�<� �.Q., 
!#)< �.	., �GC@"(� �.� // 	$/)4)E)-
#�4. /

. 
)�&. �. 2007. �. 49. � 2. �. 365. 
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����
	�� Q�
����� 	 
����������� 
��F��������� Q
��� ������ �����
�
 
�������� 

��<"(8�< �.Q. 

��� 535.21 

��@�!&"( -��#4�!/4"* ;)/'("<�!/"���, ��#?+"4 

	 !�@)�� @$#) B!)&)#%�() "//#�&)<�("� <#"D("D #�G�!();) )@#'+�-
("D (� =#�4�!"+�/4"� ,�!�4��!"/�"4" (F�) )!;�("+�/4", &"=#�4�!"4)< [1]. 
�G'+�#�/? <!�E�((�D &"(�E"4� "GE�(�("D &"=#�4�!"+�/4)* B!)("8��E)-
/�" (�E4)/�"), ��(;�(/� ';#� &"=#�4�!"+�/4", B)��!? tg+, '&�#?()* )@V�E-
()* B!)<)&"E)/�" B) B)/�)D(()E' �)4' " B!)<)&"E)/�" B) B�!�E�(()E

)

' 
�)4' B)/#� G�/<��4" E���!"�#)< "G#'+�("�E ;�#"*-(�)()<);) #�G�!�. F�" 
"//#�&)<�("D B)G<)#DC� )8�("�? G�!D&)<$� B!)8�//$, <)G("4�C\"� < &"-
=#�4�!"4�,, B)/#� /(D�"D #�G�!();) )@#'+�("D. 

�#D #�G�!();) <)G&�*/�<"D "/B)#?G)<�#/D ;�#"*-(�)()<$* #�G�! 
���-105 (� = 632,8 (E). ��G�!($* B'+)4 (�B!�<#D#/D (� )@!�G�8 (�B!D-
E'C. Q!"E�(D#�/? E��)&"4� )@#'+�("D )@!�G8)< O"!)4"E BD�()E, +�\� 
</�;) B)#()/�?C B) </�* B#)\�&". 

�$#" "G'+�($ F� B)/#� )@#'+�("D < /#�&'C\", &"=#�4�!"4�,: B)-
#"E��"#E���4!"#�� (Q���); B)#"=�"#�( (QF) " B)#"=�"#�( / &)@�<4)* 
0,5 % %�#�G� (QF+Fe). 


@!�G8$ Q��� "E�#" �)#\"(' 1 EE, QF – 0,9 EE, QF+Fe – 0,8 EE. 
QD�() )@#'+�("D <)G&�*/�<)<�#) (� )@!�G8$ B)#()/�?C B) </�* 

B#)\�&": Q��� – < ��+�("� 10 E"('�, � QF – B) 5 E"('� / 4�%&)* /�)!)-
($. �)\()/�? #�G�!();) "G#'+�("D < B'+4� &)/�";�#� 3,3 E	�, � B#)�()/�? 
E)\()/�" – 0,5 E	�//E2 (&#D QF) " 1 E	�//E2 (&#D Q���). F(�!;"D #�-
G�!();) "G#'+�("D, B�!�&�((�D QF, /)/��<#D#� 2 �%. 

� "/B)#?G)<�("�E 4'E��!� 	�-560 (� +�/�)�� 1 ��8 B) E��)&' &"-
=#�4�!"+�/4)* !�#�4/�8"" B!" 4)E(��()* ��EB�!��'!� B!)<)&"#)/? "GE�-
!�("� �E4)/�" )@!�G8)< & " tg+. 
�()/"��#?(�D B);!�O()/�? )B!�&�#�("D 
& /)/��<#D#� 2,7 %, � tg+ � 7,0 %. 

	$D/("#)/?, +�) < /#'+�� &#"��#?();) )@#'+�("D )!;�("+�/4", &"-
=#�4�!"4)< E�#)"(��(/"<($E (�B!�!$<($E B)#D!"G)<�(($E #�G�!($E 
"G#'+�("�E "E�C� E�/�) G�!D&)<$� D<#�("D (/E�\�("�, B�!�)!"�(��8"D, 
<)G("4()<�("� G�!D&)<) < B)/�)D(()E #�G�!()E B)#� @�G &)B)#("��#?();) 
"GE�(�("D /)/

��!�4�� (� !"/. 1 " 2. 
�� !"/. 1  2 "G-G� E�/O��@� (� '4�G�($ @)#?O"� /4�+4" �E4)/�" </�, 

)@!�G

�)D("D /!�&$ [2]. 
! "GE�(�("D =#�4�!"+�/4", B�!�E��!)< B)4�G�( 
 "

8)<, 4)�)!$� !�;"/�!"!)<�#"/? /B'/�D 1 +�/ B)/#� )@#'+�("D. F�" 
&�(($� B!"<�&�($ )�&�#?() < ��@#. 1. 


@/'&"E (�@#C&��E$� D<#�("D. 
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�"/. 1. �GE�(�("� �E4)/�" (1) " ��(;�(/� ';#� &"=#�4�!"+�/4", 
B)��!? (2) )@!�G8)< B)#"E��"#E���4!"#��� (� +�/�)�� 1 ��8 
B)/#� )@#'+�("D < ��+�("� 10 E"('� ;�#"*-(�)()<$E #�G�!)E 
 

 
�"/. 2. �GE�(�("� �E4)/�" )@!�G8)< QF (1), QF+Fe (2) " ��(;�(/� 
';#� &"=#�4�!"+�/4", B)�� +Fe (4) (� +�/�)�� 1 ��8 

<�(()E /B'/�D 1 +�/ B)/#� )@#'+�("D 

 QF QF+Fe  

!? QF (3), QF
B)/#� )@#'+�("D < ��+�("� 10 E"('� ;�#"*-(�)()<$E #�G�!)E 
 

��@#"8� 1. ��(($� ) /4�+4� �E4)/�" )@!�G8)<, G�-
!�;"/�!"!)
 

����!"�# Q���
&1/&0 17,5  18,5 14 
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@!��"E <("E�("� (� �), +�) #�G�!()� <)G&�*/�<"� E)%�� B�!�<�/�" 
(�O" &"=#�4 � < )@#�/�" 
)@!� %�� 
/4#�&$<��?/D "G (�4)EB�(/"! ()/�($,, /<)@)&($, )@V�E-
($, G�!D&)< " )!"�(�"!)<�(($, &"B)#�* "/�"(()* B)#D!"G�8"". Q�!�,)& 
E���!"�#� <  < /!�&� (� 
&#"��#?()� <!�ED )/���)+()* B)#D!"G�8"" " /<)@)&();) G�!D&�. 

Q

)+�(()* B) </�E' )@!�G8' 
)!"�(

�E($* ,�!�4��!. 

�!"4" < =#�4�!��()� /)/�)D("� [3]. 	 =�)E /#'+�
G8� /'\�/�<'�� &)B)#("��#?()� =#�4�!"+�/4)� B)#�, 4)�)!)� E)

)<�(($, B)<�!,

=#�4�!��()� /)/�)D("� /<DG�( / <)G("4()<�("�E

) "/��+�("" B)!)* G(�+"��#?();) B�!")&� <!�E�(", 4)�)!)� <) E()-
;)E G�<"/"� )� ��EB�!��'!$, B!)"/,)&"� &�B)#D!"G�8"D =#�4�!��)<, <) 
<!�ED 4)�)!)* E);'� <)G("4��? E�4/"E'E$ B!)<)&"E)/�", /<DG�(($� / 
B!)8�//)E !�G!'O�("D )/���)+()* B)#D!"G�8"" " B!)8�//)E !�//�/$<�("D 
/<)@)&();) G�!D&� B) )@V�E' &"=#�4�!"4� [4]. 

	)G("4()<�("C =#�4�!��();) /)/�)D("D < (�O", )B$��, /B)/)@/�<'�� 
)@#'+�("� &"=#�4�!"4� 4);�!�(�($E B)#D!"G)<�(($E "G#'+�("�E. Q)#D-
!"G)<�((�D G�/<��4� E)%�� B!"<)&"�? 4 'B)!D&

��8"" G�!D&)< (!"/. 3). 
Q!)D<#�("� =#�4�!��();) /)/�)D("D < B)#()* E�!� <$!�%�() ' )B�"-

+�/4" B!)G!�+($, " B)#'B!)G!�+($, E���!"�#)<, B)/4)#?4' B) /<)�* B!"-
!)&� =#�4�!��($* =77�4� "E��� )@V

 

�"/

G�!�;"/�!"!)<�($ B"4" @$/�!)B!)��4�C-
\", G
@$/�

 "G )@V�E� «&�#?("*» /#)*, @$/�!)-
B!)� �@'C� &#"��#?();) <!�E�(". 

. 3. Q)#D!"G�8"D =#�4�!)(($, )@)#)+�4 < B)#� (�B)#D!"G)<�(();) 
#�G�!();) "G#'+�("D (�) " B)#D!"G)<�(();) #�G�!();) "G#'+�("D (�) 
 

�!)E� 4#�//"+�/4", E�4/"E'E)<, ,�!�4��!"G'C\", =#�4�!��()� /)-
/�)D("�, < (�O", )B$��, @$#" 

�!D&)<$, D<#�("*. �$/�!)B!)��4�C\"� G�!D&)<$� D<#�("D /<DG�($ / 
!)* (�*�!�#"G�8"�* B) 8�BDE "GE�!"��#?();) B!)@)!� <)G("4O�;) ' 

)@#'+�(();) B)#"E�!� G�!D&� «@#"%(�;)» /#)D. 	 )�#"+"� )� !�//�/$<�-
("D /<)@)&();) G�!D&�, 4);&� <$,)&"�

�4�C\"� G�!D&)<$� D<#�("D (� �!
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��4 <"&() "G !"/. 1 " 2, (� G�<"/"E)/�" �E4)/�" Q��� " QF )� <!�-
E�(" (�@#C&�C�/D 2 B"+4�: )&"( – /!�G' B)/#� )@#'+�("D ;�#"*-(�)()<$E 
#�G�!)E, � <�)!)* – /B'/�D 72 +�/� B)/#� #�G�!();) <)G&�*/�<"D. 

Q�!<$* B"+)4 E$ @'&�E /<DG$<��? / @$/�!$E" G�!D&)<$E" D<#�("D-
E", )�()/"��#?() 4!��4)<!�E�(($E B!)8�//)E, � <�)!)* – / !�//�/$<�("-
�E /<)@)&();) G�!D&�, @)#�� &)#;)<!�E�(($E D<#�("�E. 


&()<!�E�(() /) /4�+4�E" & (�@#C&���/D, 4�4 E)%() @$#) )%"-
&��?, /))�<��/�<'C\�� /("%�("� <�#"+"($ tg+. 

��.��� 

1. ��4/"E'E$ (� <!�E�(()* G�<"/"E)/�" =#�4�!"+�/4", B�!�E��!)< 
)!;�("+�/4", &"=#�4�!"4)<, )@#'+�(($, B)#D!"G)<�(($E "G#'+�("�E ;�-
#"*-(�)()<);) #�G�!�, <)G("4�C� G� /+�� @$/�!)B!)��4�C\", G�!D&)<$, 
D<#�( �("D 
/<)@)

G8�, 
E);'�  /<D-
G�($ @$/�!)* (�*�!�#"G�8"�* B) 8�BDE "GE�!"��#?();) B!"@)!� G�!D&�, 
<)G("4O�;) (� B)<�!,()/�" " 'G4)E B!"B)<�!,()/�()E /#)� )@#'+�(();) 
&"=#�4�!"4�. 

���������� 

1. ��<"(8�< �.Q. �GE�(�("� =#�4�!"+�/4", B�!�E��!)< &"=#�4�!"4)< B)-
/#� )@#'+�("D #�G�!($E" BD�(�E" !�G#"+($, !�GE�!)< // ���. ��%&. 
(�'+()-��,("+�/4)* 4)(7. «�"4!)- " (�()��,()#);"" < =#�4�!)("4�», 
��#?+"4: ����, 2009. �. 133–135. 

2. ��<"(8�< �.Q. ��*/�<"� (� )!;�("+�/4"� &"=#�4�!"4" B)#D!"G)<�(()-
;) #�G�!();) "G#'+�("D // 	�/�("4 ����. ��!"D: �"G"+�/4"� (�'4". 
	$B. 12, 2009. �. 39–43. 

3. ��%"( �.�., �)@�()< �.�., �)E�()</4�D 
.�. " &!. F#�4�!"+�/4"� 
/<)*/�<� B)#"E�!)< / Q)& !�&. �.�. ��%"(�. �.: �"E" ��("(;!�&. 
)

4. � -
#

"* " B!"+"(, �"B"+($, &#D B)#"E�!($, =#�4�!��)<: !�//�/$<
&();) G�!D&� +�!�G )@V�E " !�G!'O�("D )/���)+()* B)#D!"G�8"". 
2. Q)/#� )@#'+�("D B)#D!"G)<�(($E #�G�!($E /<��)E < )@!�
 "E��? E�/�) @$/�!)B!)��4�C\"� G�!D&)<$� D<#�("D, 4)�)!$�
/ 

D. 
�&-("�, 1986. 224 /. 
�!��(�< �.�., �#�(�< �.	. �"G"4� " E�,�("4� B)#"E�!($, E���!"�
)<. �.: 	$/O�D O4)#�, 1983. 392 /. 
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������
	���� 
��
�
��
��� Q����� TiN, 
Q
������
� 	������
-���
	�� ���
�
� 

�!)#)<� 	.�.1, ��!()<� �.�.1,��O�< �.P.2, ��E&),)< �..2, ��E&),)< F..2 

1��8")(�#?($* "//#�&)<���#?/4"* D&�!($* '("<�!/"��� «����», 
�)/4<� 

��� 621.315.592 

2��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

Q#�(4" TiN (�,)&D� O"!)4)� B!"E�(�("� < E"4!)=#�4�!)("4� [1]. 
��"@)#�� +�/�) ", B)#'+�C� B'��E <�4''E()-&';)<);) !�/B$#�("D �"��-
()<)* E"O�(" < ��E)/7�!� �G)��. �)($ �"��(� < B!)8�//� &<"%�("D 4 
B)&#)%4� !��;"!'C� / �G)�)E, )@!�G'D TiN. 
&(�4) B)#'+�("� ,"E"+�/4" 
+"/�$, B#�()4 TiN =�"E E��)&)E B!�&/��<#D�� /)@)* /#)%('C G�&�+', < 
+�/�()/�", "G-G� (�)@,)&"E)/�" B!�<"#?();) B)&@)!� &�<#�("D �G)�� < <�-
4''E()* 4�E�!�. ��7"8"� B�!8"�#?();) &�<#�("D �G)�� <�&�� 4 '<�#"+�-
("C

 4�B�#? �"��(� 
< B�!)-B#�GE�(()E B)�)4�, +�) ','&O��� E)!7)#);"C )/�%&�(()* B#�(4". 
Q!" =�)E �!�@)<�("D 4 4�+�/�<' B#�(4" TiN <)G!�/��C�, +�) G�/��<#D�� 
!�O��? G�&�+' )@V�4�"<()* )8�(4" ,"E"+�/4)* )&()!)&()/�" B#�(4". ��-
4�D G�&�+� !�O���/D / B)E)\?C /4�("!'C\�* G)(&)<)* E"4!)/4)B"". 

	 &�(()* !�@)�� B!�&/��<#�($ !�G'#?���$ "//#�&)<�("D )&()!)&()-
/�" B) ,"E"+�/4)E' /)/��<' B#�(4", B)#'+�(()* B'��E =#�4�!)&';)<);) 
!�/B$#�("D �"��()<)* E"O�(" < ��E)/7�!� �G)��, / B)E)\?C ��)E();) 
/"#)<);) E"4!)/4)B� (���) «�(��;!� ����». �/B)#?G)<�#"/? 4!�E("�-
<$� 4�(�"#�<�!$ E�!4" NSG 01/20. 

	�4''E()-&';)<)� !�/B$#�("� �"��()<)* E"O�(" B!)<)&"#" (� '/-
��()<4� �	��Q�-1-001 / E�;("�()* /�B�!�8"�* B#�GE�(();) B)�)4� B!" 
&�<#�("" �G)�� 5×10>2 Q�. 	 4�+�/�<� B)&#)%4" "/B)#?G)<�#�/? B#�/�"(� 
4!�E("D ���-20 / )!"�(��8"�* (100). �#D B!�&<�!"��#?()* )+"/�4" B)-
<� -
&" D 
6×10  Q�. 

 /)&�!%�("D E���##"+�/4);) 4)EB)(�(�� – �"��(� < )/�%&�(()E /#)� 
TiN. � B)<$O�("�E &�<#�("D �G)�� B!)"/,)&"� !�G4)� /("%�("� 4)(8�(-
�!�8"" ")()< �"��(� " &)B)#("��#?()� '<�#"+�("� %"&4",

!,()/�" 4!�E("D "/B)#?G)<�#/D "/�)+("4 ")(();) �!�<#�("D �"B� «��
4�#». Q�!�& (�B$#�("�E <�4''E('C 4�E�!' )�4�+"<�#" &) &�<#�("

>4

�� !"/'(4� B!"<�&�() ���-"G)@!�%�("� 7�G$ " �)B);!�7"" '+�/�-
4� B)<�!,()/�" B#�(4" !�GE�!)E 5×5 E4E. �� "G)@!�%�("" 7�G$ (�) "E�-
C�/D D!4) <$!�%�(($� ��E($� )@#�/�", +�) /<"&���#?/�<'�� ) (�)&()!)&-
()/�" B)<�!,()/�" B) /<)"E ,"E"+�/4"E /<)*/�<�E. ��E($� )@#�/�" (� 
E"4!)7)�);!�7"" E);'� /))�<��/�<)<��? (�()+�/�"8�E" �"��(�, <4!�B-
#�(($E < B#�(4' TiN. 
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a      5 

�"/. ���-"G)@!�%�("D 7�G$ (�) " �)B);!�7"" (5) 
'+�/�4� B)<�!,()/�" B#�(4" !�GE�!)E 5x5 E4E 
 

����"/�"+�/4"* �(�#"G ���-"G)@!�%�("* 7�G$, 4)�)!$* 
B!)<)&"#/D B)/!�&/�<)E B!);!�EE();) )@�/B�+�("D Nova &#D ��� 
«�(��;!� ����», B)4�G�#, +�) /)&�!%�("� +"/�);) �"��(� < B#�(4� TiN 
/)/��<#D�� 18 %, < B!�&B)#)%�("" /))�<�/�<"D ��E($, )@#�/��* (� 
"G)@!�%�("D, +"/�)E' �"��('. 

Q) "G)@!�%�("C �)B);!� )B!�&�#�($ G(�+�("D /!�&(�* 
�!"7E��"+�/4)* O�!),)<��)/�" a  4<�&!��"+()* O�!),)<��)/�" 

7"" (5) @$#" 
 R  " /!�&(�*

Sq B#�(4". 
�!�&(DD �!"7E��"+�/4�D O�!),)<��)/�? Ra <$+"/#D��/D B) 7)!E'#�: 

 
1j

1 N

a jR r
N
�

�
B , (1) 

;&� rj – )�4#)(�("� j-�)+4" B!)7"#D O�!),)<��)/�" )� /!�&(�* #"("". 
�!�&(DD 4<�&!��"+(�D O�!),)<��)/�? Sq <$+"/#D��/D B) 7)!E'#�: 

2

1

1
1

N

q j
j

S r
N �

�
� B . (2) 

�);#�/() !�/+��'

 

 (� )/()<�("" =4/B�!"E�(��#?($, &�(($, 

���������� 

1. .�. �)�!�. �)(4)B#�()+($� !�G"/�)!$ E"4!)/,�E. �G&-<) «��E�(D!», 
�?<)<, 1976. 

Ra = 1,1 (E, Sq = 1,4 (E. 
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	����� � Q�� 
�
���� 
	�� 

�'@)#)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

��G!�@)��(� B!")!"���(�D " )&()<!�E�(() B!)/��D " =4)()E"+(�D ��,-
()#);

� ����
�
�������� Q�������
	 ��Q�����
����� �
���� Q���
� 
������� 	
������

��� 539.234 

��
� �� �
���	, ���������, �
��
�
��� 

"D B)#'+�("D �)(4", B#�()4 )4/"&($, <)#?7!�E)<$, @!)(G (�Q 
	�) 
E��)&)E <�4''E()* 4)(&�(/�8"" B!" &"/4!��()E "/B�!�("" E"4!)&)G "/-
,)&();) <�\�/�<�, � ��4%� E��)&)E E�;(��!)(();) !�/B$#�("D E"O�(" "/-
,)&();) <�\�/�<� / &)B"!)<�("�E \�#)+($E E���##)E. ��//E)�!"E <4!��-
8� <#"D("� ��,()#);"+�/4", B�!�E��!)< (� 4�+�/�<) B)#'+��E$, B#�()4. 

��EB�!��'!� "/B�!"��#D. 	 B!)8�//� )�!�@)�4" ��,()#);"" B)#'+�-
("D �Q 
	� E��)&)E <�4''E();) ��!E"+�/4);) 4)(&�(/"!)<�("D '/��()<-
#�( 7�4� 'E�(?O�("D )B�"+�/4)* B!)G!�+()/�" /<�%�B)#'+�(($, B#�()4, 
�/#" "/B�!�("� O#) B!" B)<$O�(($, ��EB�!��'!�, "/B�!"��#D. �$ )@V-
D/(D�E =�) '<�#"+�("�E +"/#� 4"/#)!)&($, <�4�(/"* " < )@V�E�, " (� 
E�%7�G()* ;!�("8� (���) B)#"4!"/��##)< < (�O�* �Q, 4)�)!$� &�*/�-
<'C� 4�4 8�(�!$ )B�"+�/4);) B);#)\�("D. 	�)!$E <)GE)%($E E�,�("G-
E)E B)E'�(�("D �Q < =�)E /#'+�� E)%�� D<#D�?/D B)<$O�((�D /4)!)/�? 
4)(&�(/"!)<�(($, (� B)&#)%4� +�/�"8, !�G'#?���)E +�;) D<#D��/D 4)(-
&�(/�8"D E"4!)/#)�<, (� /))�<��/�<'C\", B) /)/��<' "/,)&()E' E���-
!"�#'. Q!" B)("%�(()* ��EB�!��'!� "/B�!"��#D "/B�!�("� "/,)&();) E�-
��!"�#� "&�� (� "G !�/B#�<�, � /'@#"E�8")((), +�) <()<? B!"<)&"� 4 (�/)-
)�<��/�<"C B) /)/��<' �Q " "/,)&();) E���!"�#� "G-G� ',)&� #�;4)"/B�-
!D�E$, 4)EB)(�(� "/,)&();) E���!"�#�: 
2 , \�#)+();) E���##�. P"!)4)� 
<�!?"!)<�("� &�(($E B�!�E��!)E B)4�G�#) 4!"�"+()/�? <�#"+"($ ��EB�-
!��'!$ "/B�!"��#D. 

��EB�!��'!� B)&#)%4". ��O" "//#�&)<�("D B)&�<�!&"#" #"��!��'!-
($� &�(($� ) �)E, +�) =�)� B�!�E��! D<#D��/D )B!�&�#DC\"E B!" B)#'+�-
("" �Q 
	� / �!�@'�E$E" /<)*/�<�E". 	#"D("� ��EB�!��'!$ B)&#)%4" 
TQ
�� (� /)/��< 4)(&�(/"!)<�(()* �Q (�E" (� G�E�+�(), () /�!'4�'!� " 
E)!7)#);"D �Q )&()G(�+() )B!�&�#DC�/D =�"E B�!�E��!)E. 

�//#�&)<�("D �Q E��)&�E" ���, ��F " ��� B)4�G�#", +�) < <$-
@!�(()E (�E" "(��!<�#� ��EB�!��'! B)&#)%4" TQ
�� =(100–300) °C 4)(-
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&�(/"!'C�/D �E)!7($� B#�(4" [1, 2]. Q#)�()/�? B#�()4 '<�#"+"<���/D B) 
E�!� '<�#"+�("D, �&;�G")(($� ,�!�4��!"/�"4" B!" =�)E '#'+O�C�/D. Q!" 
��EB�!��'!�, <$O� 300 °� B#�(4" /��()<D�/D B)#"4!"/��##"+�/4"E". Q!" 
&�#?(�*O�E B!);!�<� �Q, B)#'+�(($, B!" !�G#"+($, TQ
�� , B!)"/,)&"� 
", 4!"/��##"G�8"D < ;�4/�;)(�#?('C /�!'4�'!', (�G�<"/"E) )� /�!'4�'!$ 
"/,)&();) (�B$#D�E);) E���!"�#� " \�#)+();) E���##�. �<�#"+�("� 
TQ
�� <�&�� 4 'E�(?O�("C B)!"/�)/�" B#�(4", 4)�)!�D B!" TQ
�� Í 300 °C 
B!")@!����� /��4#)<"&()/�?, �. �. B#�(4" /��()<D�/D @)#�� B#)�($�, @)#�� 
�<�!&$�, / <$/)4)* �&;�G"�*, )B�"+�/4�D B#)�()/�? &)/�";��� E"("E'E�. 

��//�)D("� E�%&' "/B�!"��#�E " B)&#)%4)*. ��(($* B�!�E��! /'
\�/�<�(() )B!�&�# )!)E B!)"/,)&"� 
B!)8�// "/B "D, < /<)C 
)+�!�&?, )B "D �Q �)-
;) %� /)/��<�, +�) " "/,)&($* E���!"�#. 

@,)&"E &�7"8"� B) 4"/#)!)&', ('%($ )B-
!�&�#

����!"�# "/B�!"��#D.

-
D�� ;�)E��!"C B!)/�!�(/�<�, < 4)�

�!�("D " 4)(&�(/�8"" "/,)&();) E���!"�#�. ��)E��!
!�&�#D�� ��!E)&"(�E"4' =�", B!)8�//)< &#D B)#'+�(

��)@,)&"E) (�B$#�("� B!" '/��()<#�("" ��!E)&"(�E"+�/4);) !�<-
()<�/"D " )() )B�"E�#?() &)/�";���/D < 4<�G"G�E4('�)E )@V�E�. �), < �) 
%� <!�ED, �!�@)<�("� 4 =#�4�!"+�/4"E /<)*/�<�E �Q �!�@'�� (�!'O�("D 
'/#)<"* 4<�G"G�E4('�)/�" – (�)

�(($� TQ
�� , B)�)E' (�B$#�("� B!",)&"�/D <�/�" < @)#�� )�4!$�)* 
;�)E��!"" )@V�E� 4)(&�(/�8"" " <�!?"!)<��? /)/��<, /�!'4�'!' " /<)*/�<� 
�Q !�//�)D("�E "/B�!"��#?-B)&#)%4�. 

 ����!"�# "/B�!"��#D D<#D��/D /'\�/�<�(($E 
�4�)!)E, <#"DC\"E (� 4�+�/�<) B)#'+��E

#"@-
&�(, <

�#D !�G!�@)��(()* (�E" ��,()#);"" (�B$#�("D �Q 
	� #'+O"E" 
4�G�#"/? #"/�)<$� E)#"@&�( " ��(��#. 
("

/�"+( +  �
, <$&�!%"<�C� &#"��#?()� <!�ED ��EB�!��'!' 

!�/B#�<� (�B$#D�E);) E���!"�#�, &)/�'B($. 
� )/��#?($, "//#�&)<�(($, 
E���!"�#)< )�4�G�#"/? B) !D&' )<: <)#?7!�E ,!'B)4, B#��"(� 

E���!"�#, 4)!'(& /#)%�( B!" !��#"G�8"" ('%()* 7)!E$ 
"/B�!"��#D " E��)&� �;) (�;!�<�. 

7 $, =#�4�!),!)E($, B#�()4. 
�/B!)@)<�($ /#�&'C\"� E���!"�#$ &#D "/B�!"��#D: ��(��#, E)
)#?7!�E, 4)!'(&, /��4#);!�7"�, B#��"(�. 

)  < &)/���)+()* /��B�(" B#�-
$ " B)G<)#DC� B)#' ��? "/B�!"��#? !�@'�E)* 7)!E$, "(�!�($ 4 

"/B�!D�E)E' E���!"�#'

 ", (�&)/���4
(� <$&�!%"<��� ('%()* ��EB�!��'!$, /��4#);!�7"� "(��(/"<() G�;!DG(D-
�� !�/B$#D�E$* 
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�)<"G(� " B!�4�"+�/4�D G(�+"E)/�? !�G'#?���)<. �"G"+�/4"� B!)-
8
(

�(�# "� �(�#)-
;"+($, !�@)� < &!';", "//#�&)<���#?/4", 8�(�!�,. ��E" <B�!<$� !�G!�@)-
��($ $E" 
/<)*/

�//$ 4)(&�(/�8"" �Q 
	� "G "/,)&();) E���!"�#� �);) %� /)/��<� " ��,-
)#);"+�/4�D !��#"G�8"D =�);) B!)8�//� !�G!�@)��($ < (�O�* #�@)!��)!"". 

"G (�'+()* #"��!�� ) B)4�G�# )�/'�/�<'!$ "G(�+�#?(

��,()#);"" B)#'+�("D �Q 
	� / �!�@'�E$E" =#�4�!),!)E(
�<�E" E��)&)E &"/4!��();) "/B�!�("D (�B)/!�&/�<�(() "/,)&();) 

E���!"�#� �);) %� /)/��<�, � ��4%� E��)&)E E�;(��!)(();) !�/B$#�("D 
<)#?7!�E)<)* E"O�(" / )&()<!�E�(($E &)B"!)<�("�E \�#)+($E E���-
!"�#)E. ��O" "//#�&)<�("D <#"D("D ��,()#);"+�/4", B�!�E��!)< <�4'-
'E()* 4)(&�(/�8"" �Q 
	� &�#" /#�&'C\"� !�G'#?���$ (� "E�C\"� )�-
!�%�("D < (�'+()* #"��!��'!�: 

– /<�%�(�B$#�(($� �Q "E�C� �E)!7('C /�!'4�'!' B!" </�, "//#�-
&)<�(($, ��EB�!��'!�,, () (�"#'+O"E" /<)*/�<�E" )@#�&�#" �Q / @)#?-
O�* &�7�4�()/�?C B) 4"/#)!)&'; 

– /�!'4�'!� B)#'+�(($, B#�()4 B!" B)/#�&'C\�* ��!E))@!�@)�4� 
(� G�<"/�#� )� /�!'4�'!$ "/,)&();) E���!"�#�. 

Q!)<�&�(($� "//#�&)<�("D B)G<)#DC� !�G!�@)���? (� �)#?4) #�@)-
!��)!('C, () " B!)E$O#�(('C ��,()#);"C B)#'+�("D �Q 
	� / �!�@'�-
E$E" =#�4�!"+�/4"E" " )B�"+�/4"E" /<)*/�<�E", +�) (�)@,)&"E) &#D 
!�/O"!�("D =#�E�(�()* @�G$ /)<!�E�(()* )B�)=#�4�!)("4". 

���������� 

1. �'@)#)< �.�. // Q)<�!,()/�?. 2005. � 6, �. 78–84. 
2. �'@)#)< �.�. / �@. &)4#�&)< 4-;) ��%&'(�!)&();) /"EB)G"'E� «	�4'-

'E($� ��,()#);"" " )@)!'&)<�("�». ��!?4)<. 2001. �. 348–353. 
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�
	�� �
���	 ��� ������������� (
������ 
� �����) 
�	����� ������
	, Q���������� 	 F�����
��
� 

Q�
��P����
���, � �Q
�
� ��
 Q��������� 
P�B"�< �.�.1, 3, �/B�%"�< �.�.1, �)4��<� �.�.1, P�B"�< �.�.2 

1�)EB#�4/($* ��� �)//"*/4)* �4�&�E"" (�'4, �!)G($* 
2��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

3«�(�"!�'�($* 8�(�!», ��#?+"4 

��'�?, �� B�!$ " /)�&"(�("D, /);#�/() ��%&'(�!)&()* 4#�//"7"4�

��� 546.49 – 121:542.1: 66

-
8"" )

�("G�8"D &!�<)),!�(�("D (	
) 
)B!�&

(? 
4)(8�

!)< !�'�", B!"(D��D < �� " 
!�<(�

&�E�!4'!"G�8""» B)E�\�("� " &)!);)-
/�)D\�� )@)!'&)<�("� @$#" B!"<�&�($ < B)#('C (�;)&()/�?. 

/)@) �)4/"+($, ,"E"+�/4", <�\�/�<, )�()/D�/D 4 <�\�/�<�E I-)* 4�-
��;)!"" )B�/()/�" " B!�&/��<#DC� !��#?('C ';!)G'. ��/E)�!D (� /)4!�-
\�("� "/B)#?G)<�("D < B!)E$O#�(()/�", /�#?/4)E ,)GD*/�<�, <)�(()E 
&�#� " &!. /7�!�, %"G(�&�D��#?()/�", !�'�? " �� /)�&"(�("D </� �\� )/��-
C�/D 7�4�)!)E, /�!?�G() ';!)%�C\"E )4!'%�C\�* /!�&� ", < B�!<'C 
)+�!�&?, +�#)<�4'. �� G!D 	/�E"!(�D 
!;

�#"#� !�'�? 4�4 «�'B�!�)4/"4�(� XXI <�4�». 
�/,)&D "G �(�#"G� /���"/�"4" ���, /�("��!($, /#'%@, � ��4%� "G 

/)@/�<�(();) E();)#��(�;) )B$�� B!)<�&�("D "//#�&)<���#?/4", " &�E�!-
4'!"G�8")(($, !�@)�, E)%() 4)(/���"!)<��?, +�) /!�&" =4)#);"+�/4", G�-
&�+ B!)@#�E� !�'�();) G�;!DG(�("D /�)"� < �� (� )&()E "G B�!<$, E�/�. 

/)@�(() =�) 4�/���/D 4!'B($, E�;�B)#"/)<, ;&� /)/!�&)�)+�() );!)E()� 
4)#"+�/�<) B)��(8"�#?() )B�/($, "/�)+("4)< " )+�;)< !�'�()* "(�)4/"-
4�8"" &�%� <�4)<)* &�<()/�". 

��4, 4�4 E$ /))@\�#", < B!�&$&'\", B'@#"4�8"D,, < 90-, ;)&�,, < 
Q)&E)/4)<?�, (� (�4)�)!$, B!�&B!"D�"D, =#�4�!)(()* B!)E$O#�(()/�" 
@$#" G�7"4/"!)<�($ /#'+�" !�'�($, �<�!"* " B!)#"<)<, B!"+�E '!)<�

(�!�8"" B�!)< !�'�" < 8�,�, B!�&B!"D�"* &),)&"# &) 50–70 Q�� 
(Q�� – B!�&�#?() &)B'/�"E�D 4)(8�(�!�8"D B�

D 0,0003 E;/E3) [1]. 
	 &!';", /#'+�D,, < 2004–2005 ;;., ��4%� < /"/��E� =#�4�!)(()* 

B!)E$O#�(()/�", ;!'@) (�!'O�#"/? B!�<"#� ��,("4" @�G)B�/()/�" B!" 
!�@)�� / !�'�?C, < !�G'#?���� +�;) ��� " !�@)+"� 8�,)<, <$B'/4�C\", 
=#�4�!)(('C �BB�!��'!', /"/��E��"+�/4" B)&<�!;�#"/? ,!)("+�/4)E' 
!�'�()E' )�!�<#�("C. 

�!)E� �);), (�/4)#?4) #�� (�G�& (� )&()E "G 4!'B($, B!�&B!"D�"* 
=#�4�!)(()* B!)E$O#�(()/�" �)//"" @$# /#'+�* !�'�();) B)!�%�("D, � 
G���E – /�E)/�)D��#?(�D, (�4<�#"7"8"!)<�((�D )@!�@)�4� B)!�%�(();) 
!�'�?C B)E�\�("D #�@)!��)!"", ;&� !�GE�\�#�/? /#)%(�D =#�4�!)((�D 
�BB�!��'!�. 	 !�G'#?���� ��4)* «
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��%&' ��E, &)/���)+() !�G@"�? < B)E�\�("" )&"( !�'�($* ��!E
E��!, 4�4 Q��, �. �. /�("��!(�D ()!E�, B!�<$O���/D < 15–20 !�G " &�!%"�-
/D (� =�)E '!)<(� < ��+�("� ;)&� " @)#��, �/#" (� B!"(D�? =4/�!�(($, 
B!)7�

)-

<#�%(

)B�/() (� ��, )@V�4��,, ;&� �/�? 8<��($� 
E���#

, E���##)<, @)#�� +�E &)/���)+(). ��4, 
E$ /�

 )@(�!'%"<�#�/? < B"#)�-
/4)* 4

�'�($, B)!�-
%�("* – #CE"(�/8�(�($, #�EB�,, < 4)�)!$, /)&�!%"�/D !�'�? "#" �E�#?-
;�E�, ,)�D " < E�(?O", 4)#"+  ��!E)E��!�,. �)* #CE"(�/-
8�(�($, #�EB ��4%� E)%�� <$G<��? ' B�!/)(�#� !�'�()� )�!�<#�("�. 

'�? (� +�#)<�4�, 4�-

-
)!;�("+�/4"� /)�&"(�("D, )�()/D�/D 4 7�!E�(�($E D&�E, 4)�)!$�, B)B�-
&�D < 4!)<? " �4�(" &�%� < ("+�)%($, 4)#"+�/�<�,, B!)D<#DC� ��E /<)� 
)�!�<#DC\�� &�*/�<"�. �)4/"+()/�? 7�!E�(�($, D&)< )@'/#)<#�(� ", 
<G�"E)&�*/�<"�E / �")#)<$E" /'#?7;"&!"#?($E" ;!'BB�E" (SH) 4#��)+-
($, B!)��"()<. 	 !�G'#?���� ��4);) <G�"E)&�*/�<"D (�!'O���/D �4�"<-
()/�? )/()<($, 7�!E�(�)<, &#D ()!E�#?();) 7'(48")("!)<�("D 4)�)!$, 
(�)@,)&"E) (�#"+"� /<)@)&($, SH-;!'BB. Q�!$ !�'�", B)B�&�D < 4!)<?, 
8"!4'#"!'C� < (�+�#� < <"&� ��)E()* !�'�", () G���E )(� B)&<�!;���/D 
7�!E�(���"<()E' )4"/#�("C " </�'B��� < /)�&"(�("� / E)#�4'#�E" @�#4�, 
<G�"E)&�*/�<'D, B!�%&� </�;), / SH-;!'BB�E". �/#" 4)(8�(�!�8"D ")()< 
!�'�" < )!;�("GE� )4�G$<���/D /!�<("��#?() @)#?O)*, �) !�'�? </�'B��� 
��4%� < !��48"C / �E"(($E" " 4�!@)4/"#?($E" ;!'BB�E" @�#4)< �4�(". 

//")(�#?($, E�!. Q!" =�)E (� B)E);�C� (" B!)<��!"<�("�, (" 
$� '@)!4", &�%� �/#" B!)<)&"�? ", B) (�/4)#?4) !�G �%�&(�<(). 
��/�), < B)&)@($, /#'+�D,, B$��C�/D @)!)�?/D / Hg " �� B�!�E" 

B)&!'+($E" /!�&/�<�E" – ,#)!($E %�#�G)E, E$#?()-/)&)<$E !�/�<)!)E, 
«E�!;�(8)<4)*», /�!)* " &!';"E" �@/)#C�() '/��!�<O"E" /B)/)@�E". ��-
4�D )@!�@)�4�, 4�4 B)4�G$<��� B!�4�"4�, &��� #"O? 4!��4)<!�E�(($* =7-
7�4�: )@!�G'C\�D B!" =�)E (� !�'�($, 4�B#D, B#�(4� («O'@�») < ��+�("� 
4)!)�4);) <!�E�(" (2–4 (�&�#") !�/B�&���/D, " !�'�? (�+"(��� <()<? "/B�-
!D�?/D [2]. �!)E� �);), "/B�!"<O�D/D &) )@!�@)�4" !�'�? '%� '/B�<��� 
)/�&��? (�&/)!@"!)<��?/D) (� /��(�,, B)�)#4�, (� B)<�!,()/�" )@)!'&)<�-
("D " "(<�(��!D. F�) )/)@�(() 

#$ " ", /)�&"(�("D (B!)<)&4�, B�*4� " �. B.), / 4)�)!$E" !�'�?, 4�4 
"G<�/�(), #�;4) </�'B��� <) <G�"E)&�*/�<"� &�%� B!" 4)E(��()* ��EB�!�-
�'!�. � (� B!�&B!"D�"D, =#�4�!)(()* B!)E$O#�(()/�", 4�4 "G<�/�(), "G-
&�#"* " 4)EE'("4�8"* "G 8<��($

�#4"<�#"/? /) /#'+�DE", 4);&� !�'�?, B!)#"<O�D/D < ,<)/�� 4!'B($, 
B�//�%"!/4", /�E)#��)<, < /+"��(($� E"('�$

�@"(�, � �\� +�!�G (�4)�)!)� <!�ED <#"D#� '%� (� !�@)�' =#�4�!)(-
($, B!"@)!)< #�*(�!�. 	 (�O�* B!�4�"4� ��4%� @$#" /#'+�", 4);&� 8�#$� 
4)EB?C��!($� 4#�//$ < )@!�G)<���#?($, '+!�%&�("D, <$,)&"#" "G /�!)D 
"G-G� B!)#"<)< < (", !�'�". 

��#?GD (� 'B)ED('�? " ) &!';)E, E�//)<)E "/�)+("4� !

�/�<�,, +�E <

� E();", <)G("4�C� <)B!)/$: 4�4 &�*/�<'�� !�
4)<$ /"EB�)E$ )�!�<#�("D, +�E =�) +!�<��), 4�4 #�+"�?/D? 

Q) /)<!�E�(($E B!�&/��<#�("DE, !�'�? ", )/)@�((), !�'�()
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F�) B!"<)&"� 4 )@!�G)<�("C )�()/"��#?() B!)+($, E���##)B!)��"&)<, 
B! -
#�4'# 7�!-
E�(�$, " �("GE� 
)/()<( ();"� 
7'(48"", )/)@�(() 8�(�!�#?()* (�!<()* /"/��E$ (���). 

�& $ / (�-
!'O�( ("C 
7'(48")("!)<�("D E C\�E'/D < !�G($, 
4#"("+�/4", 7)!E�, "(�)4/"4�8"". 

 /�@D (� /�E$, !�G#"+-
($, )

!��'!

�("D "(��!E���##"&)<, /E�+"<�("� [5, 6]. Q!" 
=�)E 

=
��4� " <G�"E)&�*/�<"� %"&4)/��* / �<�!&$E" E�-

��!"�

#?($* (�'+-
($* "(��!�/. 

�&/��<#DC\", /)@)C 4)EB#�4/($� /)�&"(�("D !�'�" / @�#4)<$E" E)
�E". �)($ !�'�" B)!�%�C� < B�!<'C )+�!�&? E();)+"/#�(($� 

, B!�%&� </�;), �")#)<$� =(G"E$, ";!�C\"� < %"<)E )!;
'C !)#? < )@E�(� <�\�/�<, </#�&/�<"� +�;) (�!'O�C�/D E

<";" < ��4", %"G(�(() <�%($, )!;�(�,, 4�4 ���, /<DG�(
"�E �4�(�<);) )@E�(�, +�) < /<)C )+�!�&? B!"<)&"� 4 (�!'O�

();", )!;�()< " /"/��E, B!)D<#D

��)@,)&"E) )�E��"�?, +�) &"�;()/�"4� B)!�%�("D !�'�?C &)/���)+-
() /#)%(�, )/)@�((), �/#" &)/�)<�!() (�"G<�/�(), +�) B!"+"()* �)* "#" 
"()* @)#�G(" D<#D��/D !�'�? "#" �� B�!$. � ,)�D < E�&"8"(� /'\�/�<'C� 
B!�B�!��$, (�*�!�#"G'C\"� !�'�? < )!;�("GE� +�#)<�4�, <$<�&�("� !�'�" 
" �� /)�&"(�("* "G )!;�("GE� G�("E��� &#"��#?()� <!�ED. 

��E", B!" '+�/�"" «�(�"!�'�();) 8�(�!�» (;. ��#?+"4), !�G!�@)��( 
" G�B���(�)<�( !D& &�E�!4'!"G"!'C\", /!�&/�< (/B)/)@$ " ,"E"+�/4"� 
/)/��<$ – d-/)/��<$), ,)!)O) G�!�4)E�(&)<�<O"�

@V�4��,, B)!�%�(($, !�'�?C, < �. +. (� B!�&B!"D�"D, �<"�8")(()*, 
)@)!)(()* " =#�4�!)(()* B!)E$O#�(()/�", � ��4%� < @$�'. ��4)�)!$� "G 
=�", /!�&/�< &"!�4�"<() !�4)E�(&)<�($ < B)/#�&("� ;)&$ ��� �� &#D 
B!"E�(�("D (� </�* ��!!"�)!"" �)//"*/4)* ��&�!�8"" [3]. 

	 B)/#�&(�� <!�ED !�G!�@)��( /B�8"�#?($* '("<�!/�#?($* ,"E"+�-
/4"* /)/��< � 304, B!�&(�G(�+�(($* &#D )@!�@)�4" B)E�\�("* (#�@)!�-
�)!"* " 8�,)<), ;&� =4/B#'��"!'��/D "#" B!)"G<)&"�/D =#�4�!)((�D �BB�-

�, < 4)�)!)* /)&�!%"�/D )@"#"� !�G#"+($, 8<��($, E���##)< " ", 
/B#�<)<. �� =�)� /)/��< B)&�(� G�D<4� (� "G)@!���("� [4]. 

	4!��8�, E��)&"4� "//#�&)<�("* /)/�)D#� < /#�&'C\�E. 
	(�+�#� "//#�&)<�#"/? )/)@�(()/�" <G�"E)&�*/�<"D !�'�" /) </�E" 

)�)@!�(($E" <"&�E" E���##)< " /B#�<)<: E�,�("+�/4)� <)G&�*/�<"� !�'-
�", <)GE)%()/�? )@!�G)<

"/B)#?G)<�#"/? /#�&'C\"� E��)&$: E���##);!�7"+�/4"* �(�#"G, 
���, ���, =#�4�!)(()-E"4!)/4)B"+�/4"* �(�#"G " &!. F�)� E���!"�# @$# 
(�)@,)&"E &#D <$@)!� (�B!�<#�("D /#�&'C\�;) =��B� !�@)�, �. �. &#D 
)8�(4" <)GE)%()* /��B�(" 77�4�"<()/�" '&�#�("D !�'�". 

��4 "G<�/�(), 4)(
#�E", < B�!<'C )+�!�&?, B!)"/,)&"� (� B)<�!,()/�" 7�G " < B!�&�#�, 

;!�("8$ ", !�G&�#�. Q)=�)E' (� )&() "G B�!<$, E�/� B!" ��4)E 4)(��4�� 
<$,)&D� E�%7�G($� B!)8�//$, ,�!�4��!"G'�E$� B)<�!,()/�($E (��D%�-
("�E (¦), /E�+"<�("�E (¢) " �&;�G"�* (W�). �!)E� �);), )B!�&�#�("� " "(-
��!B!���8"D =�", B�!�E��!)<, )/)@�(() &#D /#'+�D, 4);&� )&("E "G )@V�4-
�)< "//#�&)<�("D D<#D��/D !�'�?, B!�&/��<#DC� " /�E)/�)D��
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��) 4�/���/D (�B)/!�&/�<�(() B!"4#�&();) �/B�4�� <)B!)/�, � "E�(-
() <G�"E)/<DG" !�'�", 4)(/�!'48")(($, E���!"�#)< " &�E�!4'!"G"!'C-
\", /)/��<)<, �) )( <)G("4 '%� B!" !�G!�@)�4� " "//#�&)<�("" /<)*/�< 
&�E�!4'!"G��)!)<: 4�4 )4�G�#)/?, /��B�(? &�E�!4'!"G�8"" 4)!!�#"!'�� / 
<"&)E 4)(/�!'48")(($, E���!"�#)<, /)/�)D("�E ", B)<�!,()/�", � ��4%� 
/��B�(

(D�E$, /)/��<�,: 0,1 % !-! KMnO4 , 20 % !-! 
FeCl

)O#" 
"/B$�

!$ !�G#"+($, 
d-)/�� . 

?C ", /E�+"<�("D !�'�?C: 
&Hg 0 k cos¢, 

;&� &Hg – 4)(8�(�!�8"D )/���)+()* !�'�" (� B)<�!,()/�" E���##� "#" 
/B#�<�; k – 4)=77"8"�(�, G�<"/D\"* )� <"&� E���!"�#� " �;) /<)*/�<; ¢ – 
';)# /E�+"<�("D !�'�?C &�(();) E���!"�#�. 

Q)/#�&(�� )@(�!'%�() (�E" <B�!<$�, ,)�D, / ��)!��"+�/4)* �)+4" 
G!�("D, =�) B)+�" )+�<"&(). 

	$@)! /)/��<)< &#D '&�#�("D !�'�" )/()<$<�#/D, / )&()* /�)!)($, 
(� <$<)&�, )@ ", ,"E"+�/4)* �4�"<()/�" B) )�()O�("C 4 !�'�", �. �. =7-
7�4�"<()/�" &�E�!4'!"G�8"", � / &!';)* – (� !�G'#?����, "//#�&)<�("D ", 
4)!!)G")(();) <#"D("D (� )+"\��E$� )� !�'�" E���!"�#$. 


@V�4��E" &#D "/B$��("* @$#" <$@!�($ )@!�G8$ "G /#�&'C\", E�-
��!"�#)<: Cu, Al, /B#�< �16, /B#�< 	95, ��20, 30����, #��'(?, Pb, B!"B)", 
Ag, OT4-0, Ni, Sn, Zn. 
@!�G8$ B) /B�8"�#?()* E��)&"4� )@!�@��$<�#" 
!�'�?C )� 5 &) 45 " @)#�� /'�)4. ��#�� B!)<)&"#/D ,"E"+�/4"* �(�#"G (� 
/)&�!%�("� !�'�" < )@!�G8�, 4)#)!"E��!"+�/4"E E��)&)E, +'</�<"��#?-
()/�? 4)�)!);) 0,2 E4; < B!)@�. 


@!�G8$ <$&�!%"<�#"/? < !�G!�@��$<��E)E d-/)/��<� ", &#D /!�<(�-
("D, – < �!�&"8")(() B!"E�

3 , 10 % !-! Na2S, F���+��, !-! KJ+J2 . ���E <()<? B!)<)&"#/D �(�-
#"G (� /)&�!%�("� !�'�", " &�#�� – «)�@!�4)<4�» /)/��<)<. 

�#�&'C\"E =��B)E < !�G!�@)�4� d-/)/��<� D<#D#)/? "//#�&)<�("� 
4)!!)G")(()* �4�"<()/�" ��, &�E�!4'!"G��)!)<, 4)�)!$� '/B�O() B!

�("D (� =77�4�"<()/�? '&�#�("D !�'�". 
	 4�+�/�<� "/B$����#?($, /!�& "/B)#?G)<�#" !�/�<)
<)< 
@!�G8$ G�&�(($, !�GE�!)< ;)�)<"#" &#D <)/B!)"G<�&�("D '/-

#)<"*, /))�<��/�<'C\", "#" B!"@#"%�(($, 4 '/#)<"DE =4/B#'���8"". 
�/B$��("D B!)<)&"#"/? E��)&�E" (�#"<�, B�!�E�(();) B);!'%�("D " 
)!)O�("D. Q) �
�� 17.332-71 B!)"G<)&"#" )8�(4' 4)!!)G")(()* �4�"<-
()/�" /)/��<)< +�!�G 1, 5, 15 " 30 8"4#)<. �/#" (� B)<�!,()/�" )@!�G8)<, 
&) /))�<��/�<'C\�;) <!�E�(", )@(�!'%"<�#"/? D<($� 4)!!)G")(($� B)-
!�%�("D, �) "/B$��("D B!�4!�\�#"/?. 


@!�G�8 /,�E$, B) 4)�)!)* B!)<)&"#"/? 4)!!)G")(($� "/B$��("D / 
4�%&$E !�/�<)!)E, B!"<�&�($ < ��@#. 1. Q)#'+�(($� !�G'#?���$ @$#" 
B)&�<�!%&�($ ��4%� =#�4�!),"E"+�/4"E �(�#"G)E, ;&� <$D<#D#�/? G�<"-
/"E)/�? 4)!!)G")(()* '/�)*+"<)/�" E���##)< " /B#�<)< B) �()&()* B#)�-
()/�" �)4� (/4)!)/�? 4)!!)G"") " B)��(8"�#' 4)!!)G"". 
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��@#"8� 1. �)!!)G")(($� "/B$��("D < )&()E "G !�/�<)!)< 
 

��!4� E���##� " /B#�<� ���)&  
"/B$��("D 

Q!)&)#%"��#?-
()/�? < 8"4#�, 	95 �16 ��20 30���� 	�1-0 Cu 

1 – – – – – – 
5 – – + – – – 
15 – – + – – – ��#"< 

30 + – + + – + 
1 – – – – – – 
5 – – – – – – 
15 – – – – – – 

Q�!�E�(-
()� B)-

;!'%�("� 
30 + + + – – + 
1 – – + – – – 
5 – – + – – – 
15 – – + – – – 


!)O�-
("� 

30 – – + – – + 
Q!"E�+�("D: «+» – "GE�(�("� /)/�)D("D B)<�!,()/�"; 

«–» – @�G "GE�(�("D /)/�)D("D B)<�!,()/�" 
 
	/� !�G!�@)��(($� (�E" &�E�!4'!"G"!'C\"� /!�&/�<�, < )�#"+"� )� 

"G<�/�($, [7, 8], (� 4)!!)&"!'C�, (��)4/"+($ " "E�C� <$/)4'C =77�4-
�"<()

 

��

/�? – ", '%� )&()4!��()� B!"E�(�("� B)G<)#D�� &)<�/�" 4)(8�(�!�-
8"C !�'�" &) ()!E��"<($, B!�&�#)< [9–12]. 

	 G�4#C+�("� B!"<�&�E ��@#"8' /!�<("��#?();) �(�#"G� =77�4�"<-
()/�" " 4)!!)G")(()* �4�"<()/�" !�G#"+($, &�E�!4'!"G��)!)<, < �. +. " 
<()<? !�G!�@)��(();) (��@#. 2). 

@#"8� 2. F77�4�"<()/�? '&�#�("D !�'�" !�G#"+($E" d-/)/��<�E" 
 

	"& d-/)/��<� Q!)8. &�E�!4'!"G�8"" ���B�(? 4)!!. B)!�%�("D
0,1 % !-! KMnO4 36 �"#?()� 
20% !-! FeCl3 78 
+�(? /"#?()� 
 10 % !-! Na2S  44 �#�@)� 
F���+�� 66 �!�&(�� 
�-! KJ+J2 72 �"#?()� 
�102 (G�B���(�)<�() 98 
+�(? /#�@)� 
�103 (G�B���(�)<�() 95 �#�@)� 
�102� (G�B���(�)<�() 90 �#�@)� 
g304 ()���������%) 97 4��&�� 
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FORCE SENSOR: FAST DETERMINATI
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Abstract 

A simple and inexpensive dynamic method for fast determination of Yo-

tions f
ted from the Euler-Bernoulli beam model. 

Room temperature moduli obtained for a series of diverse industrial materials 
(stainless stee  in excellent 
agreement w r e n s 
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are relatively simpler and quicker and involve small elastic strains and high 

ON OF YOUNG’S MODULUS 

Department of Education in Technology & Science,  
Technion – Israel Institute of Technology, Haifa, Israel 

ung's modulus at moderate temperatures with the aid of a force sensor is presen-
ted. A strip-shaped specimen rigidly bolted to the force sensor forms a clamped-
free cantilever beam. Placed in a furnace, it is subjected to free bending vibra-

ollowed by a fast Fourier transform for identifying the resonant frequency, 
whereby Young's modulus is calcula

l, copper, aluminum, Perspex, wood and getinax) are
ith available lite
tainless steel

ature data. The t
ured over th

mperature depende
–600 K interv

ce of Young'
is analyzed. odulus f
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on test; F ensor 

1. Introduction 

Young's modulus of elasticity is a measure of the resistance of a material 
to elastic deformation. It is a fundamental mechanical property of material, a

ermination is of scientific and technical importance and routine practice in 
physics and engineering laboratories [1–6]. For isotropic materials, it is usually 
determined from the stress-strain linear relation obtained in tensile or bending 
tests [7–9]. The accuracy of these static methods is limited by the loading rate 
and effects of plastic deformation of the specimen, particularly at higher tem-
peratures. Moreover, the complexity of the experimental setup leads to difficul-
ties in strain measurements. Alternative non-destructive dynamic methods [10–
12] based on analysis of the transient vibrations induced by mechanical impact 
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strain rates, yielding accurate and precise data. However, most of them require a 
special setup for excitation and detection of the flexural vibrations. 

In the present paper we describe a relatively simple, yet accurate dynamic 
method dispensing with the supplementary device. The method is based on the 
free bending vibrations of a stripe-type specimen attached at one end to a force 
sensor and free at the other (i. e., a cantilever). The frequency response through 
the Fast Fourier Transform (FFT) yields the fundamental frequency f0 related to 
Young's modulus Y by the relationship [13–14]: 

 0 2

3.516
2

YIf
l S

�
8 �

 (1) 

Here, dimensionless factor 3.516 is a modal eigenvalue, l is the vibrating 
part of the cantilever span, S its cross section area, � the mass density of the can-
tilever material, and I its second moment of cross-sectional area equal to 4 4r8  
for a rod of radius r, and to 3 12bd  for a rectangular beam with width b and 
depth d. Equation (1) originates from the elementary Euler-Bernoulli beam the-
ory with fixed-free boundary conditions,  which assumes that the vibrating 
length of a cantilever beam is larger than the lateral dimensions by a factor of at 
least ten. Knowing the resonance frequency of this type of specimen, its Young's 
modulus is directly calculated from Eq. (1) as follows: 
 2 4

03.1935Y f S� � l I . (2) 

2. Experimental details 

The experimental setup is shown in Fig. 1. A commercial force sensor 
with full scale ±10N and precision ±0.05N, connected through a data acquisition 
system mputer, is rigidly mounted on a stand. 

end and free at the other is placed with 
the sensor outside, in an electrically heated metallic tube of 80 mm diameter and 
250 lly insulated. The temperature is 

ed to a controller with two tempera-
ture readouts, one for the setting point and one for the furnace temperature. The 
accuracy of the temperature reading is ±1 °C. To maximize the sensitivity of the 
force sensor the weight of the specimen is counterbalanced by means of a 'tare 
bottom' el manipulator, the cantilever beam was 

splacement and release of its free end 
from nsor logs the detailed response and 
through the software-driven data acquisition system displays it as the restoring 
force 

 and data studio software to a co
The specimen, bolted to the sensor at one 

mm long closed at one end and therma
maintained by a built-in thermocouple coupl

. After that, using a swivel-lev
subjected to free bending vibration by di

 the resting position. The force se

� �zF t  versus time (Fig. 2a). Analysis of the � �zF t

in the spectru

 data by FFT imple-
mented in an interactive acquisition software system, gives the flexural reso-
nance frequency f0 that appears as a single peak m (Fig. 2b). Since 
� �zF t  is equivalent to the product of a spring constant k0 and the beam deflec-
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� �,z l t , the record data can be converted to the equivalent deflection, tion 
� � � � 0zF t k�  with ,z l t

 � �20 02eqk m f� 8 , (3) 
meq = 0.2427m being the equivalent mass, and m the cantilever mass. 

 

Force 
sensor 

Swivel 
level Furnace tube  Test cantilever  

Thermocouple 

°
Controller 

Data 
logger 

 

Fig. 1. Experimental setup 
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Fig. 2. Typical vibration test result for a 304 stainless steel cantilever beam 
of dimension: l = 190 mm; b = 9 mm; d = 0.5 mm; (a) > Transient (time) 
response from the force sensor. (b) – Flexural resonant mode after FFT 
 

Knowing the resonance frequency of the test cantilever beam, its geome-
try and the mass density, Young's modulus can be calculated from Eq. (2), 
which for a cantilever beam with a rectangular cross section (S = bd) acquires 
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 2 4 2
038.32156Y f l d� �  (4) 

The relative error in the Young's modulus value calculated by Eq. (4) 
arises from the uncertainties in the measurement of the magnitudes in this equa-
tion. In our case the relative error in the mass density determination, using Ar-
chimedes's method and distilled water as a standard, was � �ln 0.75 %d � H . The 
uncertainty in specimen dimensions measured with calliper was 
� �ln 0.3 %d l H . The uncertainty in the natural frequency was � �0ln 0.1%d f H . 
sing the familiar error propagation formula,  U

 � � � � � � � � � �0ln ln 4 ln 2 ln 2 lnd Y d d l d d d fH � � � �  (5) 
we fin

t lengths l and widths b, 
atisfying the geometrical conditions of the 

(l/d > 10 and (l/b > 10). Results are listed in Table 1. 

Table 1. Fundamental frequencies measured with the force 

d that the relative error in Young's modulus does not exceed ± 3 %. 

3. Results and discussion 

3.1. Room temperature measurements 

To assess the accuracy of the measurements, we studied the effect of 
geometrical dimensions of the test specimens on both the resonance frequency 
and Young's modulus. An industrial copper sheet of thickness d = 1.0 mm and 
density � = 8980 kg m–3 was cut into strips of differen
s Euler-Bernoulli beam theory 

sensor for different lengths and widths of copper cantilever 
beam with thickness 1 mm and density � = 8980 kg m–3 

 

l, mm b, mm f0 , Hz Y, GPa 
224 8.3 11.01 105 
209 6.5 12.42 101 
202 11.5 13.4 102 
192 10 14.67 101 
184 10 15.92 100 
151 6.5 23.9 101 

 
Experimental data for the resonance frequency as a function of 1/l2 

(Fig. 3) show that 2
0  �M lf , in excellent agreement with the Euler-Bernoulli beam 

theory. The Young's modulus value 101.7 2.5 GPaY � 9 , determined from the 
slope e graph, lies within the experimental unc nty in the interval of 
97>120 GPa listed in handbooks for copper alloys [15]. 

of th ertai
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Fig. 3. Resonant frequency as a function of l–2 for 
copper cantilever beams at room temperature 
 

To clarify the applicability of the present method for a wide class of in-
dustrial materials, measurements of the elastic modulus were performed at room 
temperature for aluminum, austenitic stainless steel, coated steel, Perspex, geti-
nax and wood. Table 2 lists the material properties of the specimens, the deter-
mined fundamental frequenc s modulus. In the 
cases of stainless steel, alu the modulus values are in 
excellent agreement with handbook data [16]. The value for coated steel lies in 
the interval 172–226 GPa listed in an extensive table for steels properties [17]. 
No literature data for getinax could be found, but the result is in keeping with 
that for wood. 

Table 2. Room temperature Young's modulus Y in GPa calculated 
by Eq. (4) and Debye temperature ND calculated by Eq. (18) and re-
lated specimen parameters. l: length in cm; d: thickness in mm; �: 
density in kg/m3; ): Poisson's ratio; f0: resonant frequency in Hz 
 

q
u
e
n
c

ies and the calculated Young'
minum, Perspex and wood 

Test materials l d �� ) f0 Y YLit ND�
Aluminum  19.3 0.5 2700 0.33 11.02 70 68–72 408 
Copper 19.2 1.0 8980 0.32 14.67 101 97–120 304 
Zn-coated Steel 18.7 0.5 7820 0.3 12.25 220 172–226 479 
Stainless Steel-304 19 0.5 7970 0.29 11.21 198 199.6 454 
Perspex 19.5 3.0 1190 0.35 20.6 3.1 2.4–3.3 47 
Getinax 18.4 1.6 1394 – 23.7 13.4 – – 
Wood 25.5 3.5 720 – 31.71 9.6 6–15 – 
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3.2. Elastic modulus of stainless steel at mo

ature to 600 K at

sponse appears 
 of the resonance peak. This can 

o e erature dependence
odulus; thermal expansion of the specimen and the internal fricti

Figure 4 shows the experim
versus temperature. The fi nction, gives the relative 
variation of the reso

 

derate temperatures 

The specimen, in the form of a thin strip 109×9 mm2, was cut from com-
mercial stainless steel 304 of density � = 7970 kg m>3 and thick 0.5 mm. The vi-
bration test was conducted in a furnace from room temper  heat-
ing rate 1 K min>1. Before the test the specimen was held for a few minutes at 
close to furnace temperature.  The temperature dependence of the frequency re-

in FFT analysis as a downward shift in the fundamental fre-
quency and also in broadening and depression
e attributed t  th  three factors: the tempb  of Young's 

m on increasing 
with temperature. Let us consider each of these factors separately. 

ental data for the resonance frequency squared 
t of these data to a linear fu

nant frequency per degree Kelvin 
1 4 6 11.8 10 10  KTf � � � ��

� � � : 9 . (6) 
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Fig. 4. Resonant fr cy red o ta  steel as a function of 
temperature. Solid s fit  linea tio  123.5 > 0.04(T > 293) 
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equen squa f 304-s inless
2line i  to a r func n f  =

The effect of thermal expansion represented in Eq. (1) by the factor 
(1 + ��T)1/2 (where � is the coefficient of linear expansion) can be estimated in 
a first-order approximation as 

 1 4 6 1

0

8.65 10 10  K
2

f T
f

� � � �� �
� G � : 9 , (7) 

where the value � = 17.3 ppm K>1 was used for the 304 austenitic steel. The cor-
rection for thermal expansion amounts to about 5 % of the total change in the 
resonance frequency. 
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The broadening and depression of the resonance peak can be associated 
with the increase of the intrinsic damping [19] causing the decrease in the reso-
nance frequency 

 
1/2

0 2

11
4rf f
Q

� �
� �	 �

 �

, (8) 

where � �0Q f f� +  is the quality factor, +f the full bandwidth at the 1 2 -nd 
maximum of the peak. A typical value of Q observed at 350 °C is not below 
than 102. Clearly, even for the lowest Q the shift in the resonance frequency due 
to the finite intrinsic damping is rather small compared to the effect observed in 
the experiments, namely: 

 1 1
2

8 11 5 10  K
8

f T T
f Q

� � � ��

0

� G � � O �  . (9) 

Thus, th i sumably gov-
erned by the te  thermal ex-
pansio

e negative shift in the resonance frequency s pre
mperature dependence of Young's modulus and the

n of the specimen. This means that for determination of the temperature 
dependence of the elastic modulus, the variation of f0(T) with the temperature 
and the effect of thermal expansion on the actual geometry and density of the 
specimen have to be represented in Eq. (4). Young's modulus at an elevated 
temperature Y(T) can then be expressed in terms of the room temperature value 
Y(Tr) and of the corresponding resonance frequencies f0(T) and f0(Tr) as follows: 

 � � � � � �
� � � �

2

0

0

1
1r

r r

f T
Y T Y T

f T T T
� �

� , - � � �� �
. (10) 

In Fig. 5, Young's modulus values obtained for the temperature interval 
293 to 550 K are compared with handbook data [17] and good agreement is ob-
served 4 be-
low 80 ed by 
Wacht
 

. Ignoring the elastic anomalies [18-20] observed in stainless steel 30
 K, we fit the experimental data to the empirical relationship propos
man et al. [21]: 

� � � �0 0expY T Y T T T� � � . (11) 
whereby Y tends to Y0 at absolute zero with zero slope, as required by the Third 
Law ics. The fitting parameters � d T0 e cha risti n-
sta aterial, h b r D and the Gruneisen 
parameters A and +r (See Ref. 

 

of thermodynam  an  ar racte c co
nts of the m related to t e De ye temperatu e N

[22]): 

0 2  aDO NT nd � �
0

3 Bk
)3 1� 2 A+ ) 

 )� is Poiss d e e t o at
Bo s constan

T . � �
"

(12

Here, on's ratio, assume  to b  indep nden f temper ure, Bk  
ltzmann' t, 0 0 AN�" � �  the i o e at 0 K, 

� = 0.05523 kg mol>1 o  w 04 less teel, 
�0 = 8091 kg m>3 its mass density at 0 K and NA   Avogadro's number. 

atom c v lum
is the mean at mic eight of 3  stain  s
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T

 

he Gruneisen parameter A is calculated as 

� �
3 K Y

1 2
T

V VC C
� �

A � �
� � � )

, (13) 

where Kr is the isothermal bulk modulus related to Young's modulus by the rela-
tionship

 
� �3 1 2TK Y g� � ) , CV is the specific heat at constant volume. For 

room temperature values Y(293) = 197.6 GPa and � = 7970 kg m>3, taking 
) = 0.29 [18] and CV � 3R/� = 452 J kg>1K>1 where R = 8.314 J mol>1K>1 the gas 
constant, we obtain Kr = 156.8 GPa close to the value 158.2 GPa obtained in 
[18] and A = 2.3. From Eq. (12) using the thermodynamic relationship 

 1 1T
T

K Y
3 3pTK T Y T

� �� � � �+ � � � � 	 �	 �� � � �
 (14) 


 �
 �
and Eq. (13), we find that 

 dY
� � . 

dT
(15) 

With fitting parameters Y0 = 206 Gpa, � = 0.071 0

we find from Eq. (14) +T = 5.6 and the corresponding Debye temperature 
ND � 2T0 = 460 K. Young's modulus at 0 K, Y0 , can be used to evaluate the De-
bye temperature at T = 0 K from the expression [23]: 

 

Gpa K>1 and T  = 230 K 

1/3 1/3

3 3
0

9 1 2
4D

B l

h
k � �

�
� � � �� �

N � �	 � 	 �	 � 8"
 �
 � 
 �t

. (16) 

Here, h is Planck's constant and vl and vt are respectively the longitudinal and 
transverse elastic wave velocities, determined as: 

 � �
� �� �

4
3 0

0 0

1
1 1 2

T
l

YK G�
� )�

� �
� � � ) � )

 and 
� �

0

0 0

1
2 1t

YG� � �
� � � )

. (17) 

G being the shear modulus. Substitution of Eq. (17) in Eq. (16) gives: 

 
� � � �

1/31/3 3/2
5/20 0

0

9 1 1 2;     1 2
4 1D

B

Yh
k

� �� � " � )� � � �N � � ) � � ) �, -	 � 	 �	 �8 � ) � � )
 �
 �
 � � �
 (18) 

-
pa . 
(18) we obtain ND = 463.5 K, which is quite close to the value obtained from the 
fitting

4. Conclusion 

An extremely simple yet reasonably precise and in
bration test of a cantilever beam specimen with a force sensor was demonstrated 

For Y0 = 206 GPa, Eq. (17) gives vt = 5776 m s>1 and vt = 3141 m s>1 com
red with literature data [18] vt = 5762 m s>1 and vt = 3127 m s>1, and from Eq

 parameter T0 and well agrees with literature data ND = 468 K [18]. 

expensive flexural vi-

for fast determination of Young's modulus. The advantage of this approach 
compared with most dynamic methods is absence of the additional experimental 
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setup 

g and cooling cycles. The accuracy can be further improved by 
more precise determination of the specimen dimensions. 

Room temperature values of Young's modu
found for a series of industrial materials (stainless steel, copper, aluminum, Per-

 

 suited for undergraduate laboratory projects. For ex-
ample, an instructive project can be performed easily with a force sensor regard-

g the effect of humidity and heat treatment on the elasti
and com

This work was carried under the auspices of the I
sorption and Immigration through the CAMEA Science Foundation. The author 
is inde

. Zemansky, and R. D. Young. University Physics (Addi-
son-Wesley, Reading, MA, 1978). P. 188. 

aker, "Apparatus for measuring Young's 
modulus". // Phys. Teach. 41, 364-367, (2003). 

5. K. Turvey, "An undergraduate experiment on the vibration of a cantilever 
an

able Bod-
ies (International Textbook, Scranton, PA, 1963), Chap. 10. 

for excitation and detection of the resonance frequency. At high repeat-
ability it requires a minimal specimen preparation and permits fast measure-
ments over heatin

lus and the Debye temperature 

spex, wood and getinax) are in excellent agreement with literature data. 
The effect of temperature on Young's modulus of stainless steel 304 was 

considered for the range between room temperature to 600 K, where Young's 
modulus decreases with the temperature roughly linearly. 

The method is well

in c properties of woods 
posites, or that of an external magnetic field on the frequency response 

of ferromagnetic. 
Use of the force sensor provides students with experience in application of 

modern equipment for diagnosis and analysis of mechanical systems. In this 
manner, students learn about the interaction of various quantities in physics such 
as Young's modulus and resonance frequency, Young's modulus and sound ve-
locity, Young's modulus and the Debye temperature. 
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!)� B!)<)&"#)/? @�G )@!�G8� < "GE�!"��#?()* D+�*4�. ��;!�< )@!�G8� B!)-
"G<)&"#/D /�'B�(DE" B) 20 °C /) /!�&(�* /4)!)/�?C )4)#) 2 °C /E"(. 

�B"/? /B�4�!)< ;�G)<$&�#�("D B!)<)&"#", (�+"(�D )� ��EB�!��'!$ 
150 °C, <) <!�ED 4!��4)<!�E�(($, <$&�!%�4 B!" 4�%&)* ��EB�!��'!�. �-
B"/$<�#"/? <)/�E? E�//-B"4)< / E�//)<$E" +"/#�E" 2, 14, 15, 16, 18, 28, 
40, 44. 
&(�4), B"4" / E�//)<$E" +"/#�E" 14, 15 " 16, <<"&' ", )�()/"��-
#?() E�#)* "(��(/"<()/�" " E�#);) <4#�&� < )@\"* B)�)4 ;�G)<$&�#�("D, 
(� �(�#"G"!)<�#"/?. ��4"E )@!�G)E, !�//E��!"<�C�/D ��EB�!��'!($� G�-
<"/"E)/�" B�!8"�#?($, ;�G)<$, B)�)4)< &#D 5-" E�//-B"4)< / E�//)<$E" 
+"/#�E" 2, 18, 28, 40 " 44. ��"E�()<�("D 4)EB)(�(�)< &#D =�", B"4)< &�#�� 
'B)�!�@#DC�/D B) (�"@)#�� <�!)D�($E ")(�E &#D 4�%&);) E�//)<);) +"/#� 
(4�4 B!�<"#) E)#�4'#D!($� ")($ "#" ")($ E)#�4'#D!($, 7!�;E�(�)<). 

Q!" "//#�&)<�("D, )@\�� <!�ED (�;!�<� @$#) )&"(�4)<$E  </�, 
)@!� /�<� 
<$&� !)-
<�("D <!�E�(($, G�<"/"E)/��* B�!8"�#?($, ;�G)<$, B)�)4)<, B)#'+�(-
($, < =4/B�!"E�(��. 

8$ &#D =4/B�!"E�(�)< @$#" B!";)�)<#�($ <) 	#�&"4�<4�G/4)E ��,
()#);"+�/4)E 8�(�!� ��/B"4. �) G�;!'G4" < "//#�&)<���#?/4'C 
!�G8$ ,!�("#"/? < <�4''E"!)<�(($, B�4���,. �//#�&)<�(($� )@!�G8$ 
!�G#"+�C�/D B) (�/4)#?4"E ��,()#);"+�/4"E B!"G(�4�E. 

	 B!)8�//� =4/B�!"E�(�)< )@!�G8$ /�'B�(+��) (�;!�<�#" < <�4''E
)� 150 &) 550 °� " (� ��EB�!��'!($, B)#4�, !�;"/�!"!)<�#" B�!8 �#?($� 
;�G)<$� B)�)4" gi . Q) =�"E &�(($E /�!)"#" ��EB�!��'!($� " <!�E�(($� 
G�<"/"E)/�" gi " !�//+"�$<�#" 4)#"+�/�< Q

 &#D
G8)< " /)/��<#D#) 420 E"(. Q�!8"�#?($� " "(��;!�#?($� 4)#"+�
#"<O",/D ;�G)< &#D 4�%&);) )@!�G8� )B!�&�#D#"/? B'��E "(��;!"
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��4 <"&() "G !"/. 1, / B)<$O�("�E ��EB�!��'!$ <)&)!)&();) <)/-
/��()<#�("D, (�@#C&���/D <)G!�/��("� "(��(/"<()/�" B)�)4� <)&)!)&� " 
B!" ��EB�!��'!� 550 °C "E��� E�4/"E�#?()� G(�+�("�, �.�. <)G!�/���� ~ 10 
!�G. 	 !�G'#?���� )�%";� )@!�G8)< < /!�&� �G)�� B)/#� �		 "GE�(D��/D "(-
��(/"<()/�? B)�)4� <)&)!)&� (!"/. 2.). ��4 <"&() "G !"/'(4� G�<"/"E)/�? 
B!),)&"� +�!�G E�4/"E'E B!" ��EB�!��'!� 500 °C.  

g, 10-7 !*�/�
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B�"/. 1. �<"/"E)/�? B�!8"�#?();) )�)4� H2 )� ��E-
B�!��'!$ <)&)!)&();) <)//��()<#�("D &#D !�G#"+($, 
��EB�!��'! < B!)8�//� )@�G;�%"<�C\�;) )�%";� 
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2(H2) 200
g, 10-7 !*�/�
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�"/. 2. �<"/"E)/�? B�!8"�#?();) B)�)4� H2 )� ��EB�!��'!$ )�-
%

-
4" <)

";� < �G)�� Q)/#� <)&)!)&();) <)//��()<#�("D B!" 550 °C &#D 
!�G#"+($, ��EB�!��'! < B!)8�//� )@�G;�%"<�C\�;) )�%";� 
 

�#D <)//��()<#�(($, )@!�G8)< B)<$O�("� ��EB�!��'!$ <)&)!)&()-
;) <)//��()<#�("D B!"<)&"� 4 B)<$O�("C B�!8"�#?($, ;�G)<$, B)�)4)< 
"G )@!�G8� <) </�E ��EB�!��'!()E "(��!<�#� )@�G;�%"<�("D. �#D ��EB�!�-
�'!$ EB�!��'!$ <)&)!)&();) <)//��()<#�("D 550 °C � B�!8"�#?($� B)�)

&)!)&� B!�<)/,)&D� B)�)4" )/��#?($, ;�G)<$, 4)EB)(�(�)< < 2–3 
!�G�. ��EB�!��'!� )�%";� < /!�&� �G)��, 4)�)!$* B!)<)&"�/D B)/#� <)&)-
!)&();) <)//��()<#�("D, <#"D�� (� B�!8"�#?($* B)�)4 <)&)!)&�, " E�4/"-
E�#?()� G(�+�("� �;) <) </�E ��EB�!��'!()E "(��!<�#� )@�G;�%"<�("D 
<)//��()<#�(($, )@!�G8)< (�@#C&���/D &#D ��EB�!��'!$ �G)�();) )�%";� 
500 °C. ��"@)#�� "(��(/"<()� <$&�#�("� <)&)!)&� "G <)//��()<#�(($, 
)@!�G8)< (�@#C&���/D B!" ��EB�!��'!� )@�G;�%"<�("D 460 °C. 

�#D </�, "//#�&)<�(($, )@!�G8)< B�!8"�#?($� B)�)4" H2O "E�C� 
E�4/"E'E$ (� ��EB�!��'!($, G�<"/"E)/�D, < "(��!<�#� ��EB�!��'! 
170>220 °C. 
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�
��
�������� �
Q-�������
�� � �	
��
� �������� 
�'/��7��< �.�., �D(��<� �.�., �'/��7��< �.�., �'/��7��< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

��� 621.382.323 

Q!" B!)�4�"!)<�("" �
Q-�!�(G"/�)!)< / &<)*()* &"77'G"�* B!"-
,)&"�/D !�O��? B!)@#�E' E"("E"G�8"" B!)"G<�&�("D /)B!)�"<#�("D )�-
4!$�);) 4�(�#� �!�(G"/�)!� (� �;) B#)\�&? B!" /),!�(�("" G�&�(()* <�-
#"+"($ (�B!D%�("D B!)@)D < G�4!$�)E /)/�)D("". F�' B!)@#�E' !�O�C�, 
"/B)#?G'D ��4 (�G$<��E$* resurf-E��)& /("%�("D =#�4�!"+�/4);) B)#D (� 
B)<�!,()/�" B#�(�!();) p-n-B�!�,)&�. 	 B!�4�"+�/4)* !��#"G�8"" ��4)* 
/�!'4�'!$ B!�BD�/�<'�� ("G4"* B!)8�(� <$,)&�, )@'/#)<#�(($* <$/)4)* 
+'</�<"��#?()/�?C (�B!D%�("D B!)@)D 4 <�#"+"(� B!)"G<�&�("D 4)(8�(-
�!�8"" B!"E�/" (� �)#\"(' =B"��4/"�#?();) /#)D " 4 4)(8�(�!�8"" B!"-
E�/" < B)&#)%4�. ��%&' ��E, "/B)#?G)<�("� ")(()-#�;"!)<�(();) B)-
<�!,()/�();) /#)D, 4)(8�(�!"!'C\�;) G(�+"��#?('C +�/�? G�!D&� =B"��4-
/"�#?();) /#)D, )@�/B�+"<��� ;)!�G&) #'+O"* 4)(�!)#? (�B!D%�("D B!)-
@)D, � (�(�/�("� B#�(4" B)#'"G)#"!'C\�;) B)#"-Si E�%&' =#�4�!)&�E" 
G��<)!� " /�)4� /B)/)@/�<'�� /("%�("C =#�4�!"+�/4);) B)#D <@#"G" B)-
<�!,()/�" " B!�BD�/�<'�� (�4)B#�("C =#�4�!)/���"+�/4);) G�!D&� (� B)-
<�!,()/�" �!�(G"/�)!�. 

	 !�@)�� B!"<)&D�/D /!�<("��#?($� !�G'#?���$ B�!�E��!)< �!�, �"-
B)< /�!'4�'! ;)!"G)(��#?($, ��
Q-�!�(G"/�)!)<: 1) resurf-/�!'4�'!$ / 
(�B!D%�("�E #�<"(();) B!)@)D 600 	, "E�C\"� 4)(8�(�!�8"" B!"E�/�* < 
=B"��4/"�#?()E /#)� " < B)&#)%4�, /))�<��/�<�((), ND = 6,5·1014 /E>  " 
NA = 4·1014 /E>3; 2) /�!'4�'!$ / "EB#�(�"!)<�(($E n-/#)�E " / �)* %� 
;�)E��!"� &#)%4�, / 
"EB#�(�"! -Si, (�(�-
/�(()* B)<

��G'#?���$ E)&�#"!)<�("D /<"&���#?/�<'C� ) �)E, +�) < resurf-
/�!'4�'!� )@�&(�(($* /#)* &)/�";��� /�)4�, " B!)@)* B!)"/,)&"� < )@V�-
E�, �);&� 4�4 < /�!'4�'!� / "EB#�(�"!)<�(($E n-/#)�E, ;&� @)#?O�D +�/�? 
G�!D&� /)/!�&)�)+�(� ' B)<�!,()/�", =#�4�!"+�/4)� B)#� B)& G��<)!)E " 
B)& &"77'G")(()* )@#�/�?C /�)4� <)G!�/����, &)/�";�D 4!"�"+�/4);) G(�-
+�("D < )&()E "G =�", '+�/�4)<, " (�B!D%�("� B!)@)D G�E��() 'E�(?O���-
/D. ��E @)#?O'C +�/�? � /'EE�!();) G�!D&� =B"��4/"�#?();) /#)D /)/��<-
#D�� B)<�!,()/�($* G�!D&, ��E E�(?O� (�B!D%�("� B!)@)D �!�(G"/�)!� 
VB , B!"+�E, +�E ("%� 4)(8�(�!�8"D B!"E�/" < B)&#)%4�, ��E @)#�� !�G4)* 
D<#D��/D G�<"/"E)/�? VB(r).��4, �/#" NA = 4·1014 /E>3, �) B!" "GE�(�("" � 
)� 0,12 &) 0,8 (�B!D%�("� B!)@)D /("%���/D )� 600 &) 300 	. 

��G'#?���$ &#D 3-* /�!'4�'!$ /<"&���#?/�<'C� ) !�<()E�!()E !�/-
B!�&�#�("" =#�4�!"+�/4);) B)#D ' B)<�!,()/�" ", /#�&)<���#?(), ) <)G-

3

 
*, +�) ' 1-* /�!'4�'!$ " 3) 600 	-/�!'4�'!$ (� p+-B)
)<�(($E n-/#)�E " B#�(4)* B)#'"G)#"!'C\�;) B)#"
�!, /#)D )4"/#�. 
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E)%()/�" "/B)#?G)<�("D @)#�� <$/)4)* 4)(8�(�!�8"" B!"E�/" < "EB#�(-
�"!)<�(()E /#)� @�G '\�!@� &#D (�B!D%�("D B!)@)D. 

�� !"/. 1 B)4�G�($ !�/+��($� G�<"/"E)/�" (�B!D%�("D B!)@)D )� 
4)(8�(�!�8"" B!"E�/" < B)&#)%4� &#D )@$+()* resurf-/�!'4�'!$ " /�!'4-
�'!$ @�G <�!,(�;) /#)D B)#"-Si " / �)#\"()* ")()-#�;"!)<�(();) /#)D 
2 E4E (2). ��4 <"&() "G ;!�7"4�, < /�!'4�'!� 1 (�@)#?O)� "GE�(�("� NA < 
�' "#" "('C /�)!)(' )� <$@!�(();) G(�+�("D B!"<)&"� 4 !�G4)E' /("%�-
("C VB, B)/4)#?4', B!" /#"O4)E @)#?O)* <�#"+"(� G�!D&� =B"��4/"�#?()-
;) /#)D, B!)@)* B!)"/,)&"� B)& =#�4�!)&)E G��<)!�, � B!" E�#)* <�#"+"(� 
G�!D&� – B)& &"77'G")(()* )@#�/�?C /�)4�. �(�#);"+()� <#"D("� (� VB 
E)%�� )4�G$<��? "GE�(�("� <�#"+"($ G�!D&� =B"��4/"�#?();) /#)D txxqND , 
;&� t –�)#\"(� =�);) /#)D. ��%&' ��E, (�B!D%�("� B!)@)D /�!'4�'!$ 2 
B!" NA>3·1016 /E>3 (�+'</�<"��#?() 4 4)#�@�("DE NA , B)/4)#?4' B)+�" </� 
B!"#)%�(()� (�B!D%�("� B�&��� < n-/#)�. 

 

�"/. 1. �<"/"E)/�" (�B!D%�("D B!)@)D 
)� 4)(8�(�!�8"" B!"E�/" < B)&#)%4� 
 

�� !"/. 2 B!"<�&�($ G�<"/"E)/�" <�#"+"($ '&�#?();) /)B!)�"<#�-
("D < )�4!$�)E /)/�)D("" )� (�B!D%�("D G��<)!� &#D resurf-�!�(G"/�)!� 
(1) " �!�(G"/�)!� / ")(()-#�;"!)<�(($E /#)�E (2). �B#)O($� 4!"<$� B)-
#'+�($ < B!�&B)#)%�("", +�) B)<�!,()/�()� /)B!)�"<#�("� < 4�%&)* �)+-
4� /#)D )@);�\�("D D<#D��/D 7'(48"�* B)��(8"�#� < =�)* �)+4� ((�#"(�*-
(�D E)&�#?), � B'(4�"!(�D 4!"<�D !�//+"�$<�#�/? @�G '+��� =�)* G�<"/"E)-
/�" (#"(�*(�D E)&�#?). �/B)#?G)<�("� ")(()-#�;"!)<�(();) /#)D / &)/��-
�)+() <$/)4)* 4)(8�(�!�8"�* B!"E�/" < /�!'4�'!� 2 B)G<)#"#) /("G"�? 
Ron (� ~ 75 %, /),!�("< ('%('C <�#"+"(' (�B!D%�("D B!)@)D. 
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�"/. 2. �<"/"E)/�" <�#"+"($ '&�#?();) 
/)B!)�"<#�("D )� (�B!D%�("D G��<)!� 
 

��4"E )@!�G)E, ;)!"G)(��#?($* ��
Q-�!�(G"/�)! / ")(()-#�;"!)-
<�(($E B)<�!,()/�($E n-/#)�E " / B)4!$�"�E "G B)#'"G)#"!'C\�;) B)-
#"-Si ,�!�4��!"G'��/D E�#)* <�#"+"()* /)B!)�"<#�("D < )�4!$�)E /)/�)D-
("" B!" &)/���)+() @)#?O)E (�B!D%�("" B!)@)D @#�;)&�!D (�+'</�<"-
��#?()/�" (�B!D%�("D B!)@)D 4 7#'4�'�8"DE '!)<(D #�;"!)<�("D B)&#)%-
4" " )@#�&��� ��4"E" B!�"E'\�/�<�E", 4�4 /��@"#?()/�? " (�&�%()/�?, 
)@'/#)<#�(($E" B!"/'�/�<"�E (� B)<�!,()/�" B)#'"G)#"!'C\�* B#�(4". 
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	������ ���������
� 
����
� 

"G�8"". ���B�(? B!)D<#�("D ��-
4", D<#�("* G�<"/"� )� /<)*/�< E�/4" ("�!"&� 4!�E("D Si3N4 . 
�/'�/�<"� 
B)&/#)*();) )4"/#� B!" #)4�#?()E )4"/#�("" /("%��� (�;��"<($� =77�4-
�$, () B!"<)&"� 4 /"#?()E' &�7�4�))@!�G)<�("C "G-G� <$/)4", ��!E"+�-
/4", (�B!D%�("*. 	 !�@)�� B)4�G�(� <)GE)%()/�? "/B)#?G)<�("D G�;#'@-
#�(();) #)4�#?();) )4"/#�("D &#D B)<$O�("D (�&�%()/�" /�!'4�'!$. 

�#D "//#�&)<�("D <#"D("D G�;#'@#�(();) #)4�#?();) )4"/#�("D 
(�
) (� ,�!�4��!"/�"4" B!"@)!)< @$#" /7)!E"!)<�($ n-4�(�#?($� 
�
Q-Q� / !�G#"+()* &#"()* 4�(�#�. �)4" '��+4" B) B�!"E��!' "G)#"!)-
<�(($, B!"@)!)< E�#) )�#"+�#"/? &#D )@$+();) #)4�#?();) )4"/#�("D " 
G�;#'@#�(();) #)4�#?();) )4"/#�("D. 

F(�!;"D �4�"<�8"D =�);) B!)8�//� < 4))!&"(���, �!!�("'/� /)/��-
<"#� &#D #)4�#?();) )4"/#�("D 0,92 =	, � &#D �
 – 0,89 =	. ��4)�)!)� 
'E�(?O�("� =(�!;"" �4�"<�8"" &#D �
, B)-<"&"E)E', /<DG�() / @)#�� 
/)<�!O�(()* /�!'4�'!)* Si <@#"G" ;!�("8$ / )4"/()* "G)#D8"�*. 
B!�&�-
#�("� B)&B)!);)<$,  B)&�<�!&"#) �� 
<$/)4"� "G)#"!'C

��;#D&() B  B!)D<#DC�/D (� 
	�� 

 )4"/#�("D 
/("%�("� O"!"($ 4�(�#� /)/��<#D�� 2,3 E4E, � &#D Q�
 </�;) 0,9 E4E, "G 

��� 621.382.323 

�
����� �� �������������� �
Q-���� 
�'/��7��< �.�., �D(��<� �.�., �'/��7��< �.�., P)4�!)< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�)4�#?()� )4"/#�("� Si D<#D��/D )&("E "G )/()<($, E��)&)< /)G&�-
("D "G)#D8"" E�%&' �4�"<($E" B!"@)!�E" < ��. 
&(�4) B!" )4"/#�("" 
<)G("4��� ��4 (�G$<��E$* «B�"+"* 4#C<» ('<�#"+�("� �)#\"($ B#�(4" 
)4"/#� B)& E�/4)* ("�!"&�), � ��4%� (�@#C&���/D @)#?O�D B!)&)#?(�D 
&"77'G"D B!"E�/" "G )@#�/�" );!�("+�("D 4�(�#� B)& #)4�#?($E )4"/-
#)E. 	/� =�) B!"<)&"� 4 /"#?()E' /'%�("C 4�(�#� �
Q-Q�. �!';"E (�-
&)/���4)E "G)#D8"" #)4�#?($E )4"/#)E D<#D��/D B#),�D B#�(�!()/�? 
/�!'4�'!$, B!"<)&D\�D 4 )@!$<�E E���##

 ,�!�4��!"/�"4 < Q� / �
-"G)#D8"�*
\"� /<)*/�<�. 

!�"E'\�/�<� �
 &#D "G)#D8"" �
Q-Q�
E�
Q-Q� / "4!)(($E" !�GE�!�E" G��<)!)<. �/#" /("%�("� O"!"-

($ 4�(�#� B!" "G)#D8"" )@$+($E #)4�#?($E )4"/#�("�E &) 3 E4E /'\�-
/�<�(() /("%��� �)4 /�)4� B!" ��, %� (�B!D%�("D, (� G��<)!�, �) B!" "G)-
#D8"" �
 (�4)�)!)� (�@)#?O)� /("%�("� �)4� /�)4� (�+"(��� B!)D<-
#D�?/D #"O? B!" /("%�("" &#"($ 4�(�#)< &) 1 E4E. 

Q)<$O�("� B!)<)&"E)/�" 4�(�#� B!" "G)#D8"" �
 B) /!�<(�("C / 
)@$+($E #)4�#?($E )4"/#�("�E )@VD/(D��/D ;)!�G&) E�(?O"E" B)��!DE" 
O"!"($ G� /+�� )�/'�/�<"D «B�"+?�;) 4#C<�» B!" �
. �G G�<"/"E)/�" 
B!)<)&"E)/�" Gm Q� )� O"!"($ 4�(�#� @$#" )B!�&�#�($ B)��!" O"!"($ 
4�(�#� B!" )@)", <"&�, "G)#D8"". �#D )@$+();) #)4�#?();)
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4)�)!$, 0,3 E4E /<DG�() / «B�"+?"E 4#C<)E», � )/��<O"�/D 0,6 E4E / B�-
!�=4/B)("!)<�("�E B)G"�"<();) 7)�)!�G"/�� " B)&�!�<)4 E�/4"!'C\", 
B)4!$�"* SiO2 " Si3N4 B!" B#�GE�(()E �!�<#�("". Q!" /))�<��/�<'C\�E 
B)&@)!� '/#)<"* =4/B)("!)<�("D " B!)8�//)< �("G)�!)B();) B#�GE�(();) 
�!�<#�("D B)��!" O"!"($ 4�(�#� E);'� @$�? /("%�($ &) 0,7 E4E. 

�� !"/. 1 B!)<�&�() /!�<(�("� <#"D("D O"!"($ 4�(�#� (� B)!);)<)� 
(�B!D%�("� n-4�(�#?($, �
Q-Q� / )@$+()* "G)#D8"�* #)4�#?($E )4"/-
#�("�E (Locos) " / "G)#D8"�* �
 (Furox). (�+�("� B)!);)<);) (�B!D%�-
("D )B!�&�#D#)/? =4/�!�B)#D8"�* #"(�*();) '+�/�4� &)B)!);)<)* 	�� (� 
E�4/"E�#?()� G(�+�("� B!)<)&"E)/�". ��4 <"&() "G !"/. 1, B!" /("%�("" 
!�GE�!)< O"!"($ 4�(�#� &) 1,5 E4E "GE�(�("D B)!);)<);) (�B!D%�("D 
B!" "G)#D8"" �
 /)/��<"#" </�;) 0,04 	, �);&� 4�4 B!" "G)#D8"" #)4�#?-
($E )4"/#)E /&<"; B)!);)<);) (�B!D%�("D B!�<$O��� 0, 15 	. Q!" B)&�+� 
(� B)&#)%4' /E�\�("D >3 	 =�)� /&<"; <)G!�/���� &#D �
 "G)#D8"" (�-
G(�+"��#?() (O�!",)<�D #"("D (� !"/. 1), �);&� 4�4 &#D #)4�#?();) )4"/-
#�("D /&<"; B)!);)<);) (�B!D%�("D &)/�";��� @)#�� 380 E	. 

 

�"/. 1. �<"/"E)/�? B)!);)<);) 
(�B!D%�("D n-�
Q-Q� )� O"!"-
($ 4�(�#�; "G)#D8"D #)4�#?($E 
)4"/#�("�E: 1 – U/E=>3 	;  
2 – U/E=0 	, "G)#D8"D �
;  
3 – U/E=>3 	; 4 – U/E=0 	 
 

 
 
 
 
 
 

 

��4"E )@!�G)E, ��,()#);"+�/4"* B!)8�// �
 '/�!�(D�� =77�4�$ 
/("%�("D O"!"($ 4�(�#� B) /!�<(�("C / )@$+($E #)4�#?($E )4"/#�("-
�E " (� �!�@'�� B!)<�&�("D &)B)#("��#?($, )B�!�8"* 7)�)#"�);!�7"". 
P"!"(� «B�"+?�;) 4#C<�» B!" &�(()* ��,()#);"" (� B!�<$O��� 0,15 E4E. 

&()<!�E�(() )@�/B�+"<���/D <$/)4�D B#�(�!()/�? B)<�!,()/�" /�!'4�'-
!$ B!" �)#\"(� )4"/#� 0,77 E4E. �#�;)&�!D B#�(�!"G�8"" B)<�!,()/�" 
B!�4�"+�/4" '/�!�(D��/D =77�4� O�*4", )@'/#)<#�(($* B�!�=4/B)("!)<�-
("�E '�)(?O�(($, '+�/�4)< 7)�)!�G"/�� (� B�!�B�&�, !�#?�7�. �(�#"G 
	�� B�!�,)&)< " �
Q-Q� / E�#$E" !�GE�!�E" &#"($ " O"!"($ 4�(�#� 
B)4�G�# <$/)4)� 4�+�/�<) "G)#"!'C\", )@#�/��*, ("G4"� �)4" '��+4" " 
'#'+O�("� B�!�E��!)< �
Q-Q�. 
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�  ������	�� ������ ���Q�������
� ��
�
������
� ��������
� 

��� 621.382.049.77.01 

��;)�"( �.�., �'!�O�< 	.�., �)!)#?+�(4) �.�. 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("� 
<$/O�;) B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($* 

"//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"��� «���"�», �)/4<� 

��@)�� <$B)#(�(� < !�E4�, !��#"G�8"" ��Q «��'+($� " (�'+()-
B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009–2013 ;)&$. 

 
�G;)�)<#�( &��+"4 ��EB�!��'!$, B)G<)#DC\"* "GE�!D�? ��EB�!��'-

!' / �)+()/�?C 0,01 °� " )@#�&�C\"* <$/)4)* (�&�%()/�?, ��4 4�4 "/-
B)#?G'�� B!"(8"B !�G�!<"!)<�("D, � ��4 %� ("G4"E B)�!�@#�("�E =(�!;"" 
(3 E4	�), B)/4)#?4' D+�*4", /)/��<#DC\"� 8�B)+4', <4#C+�C�/D B)/#�&)-
<���#?(), � (� )&()<!�E�((). 

4��+� � )���#�) �����.�% �����!� 

���+"4 /)/�)"� "G 8�B)+4" E()%�/�<� )&"(�4)<$, B)/#�&)<���#?() 
/)�&"(�(($, =#�E�(�)< (D+��4), 4�%&�  "G 4)�)!$, "E��� < /<)�E /)/��<� 
@"B)#D!($* �!�(G"/�)! VT1 " 4)(&�(/��)! �1, � ��4%� !�G"/�)!$ R1 " R2. 
F#�4�!"+�/4�D /,�E� /�(/)!� B)4�G�(� (� !"/. 1. 	$,)& 4�%&)* D+�*4" /)-
�&"(�( / <,)&)E B)/#�&'C\�* D+�*4"

D

 8�B)+4". Q'(4�"!()* #"("�* <$&�-
#�(� )&(� D+�*4� &��+"4� ��EB�!��'!$. 

 

�"/. 1. F#�4�!"+�/4�D /,�E� '+�/�4� 8�B" &��+"4� ��EB�!��'!$ 
 

���+"4 !�@)���� /#�&'C\"E )@!�G)E: B!" B)/�'B#�("" )�!"8���#?-
();) ("#" B)#)%"��#?();)) "EB'#?/� (� <,)& B!)"/,)&"� �;) &"77�!�(-
8"!)<�("� RC-8�B)+4)*. 	 !�G'#?���� B)#'+�C�/D &<� «4)!)�4",» "E-
B'#?/� (� @�G� B�!<);) �!�(G"/�)!�. Q)#)%"��#?($* "EB'#?/ )�4!$<��� 
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@"B)#D!($* �!�(G"/�)! VT1, (�,)&D\"*/D &) =�);) < G�4!$�)E /)/�)D("". 
Q!" =�)E <!�ED (�,)%&�("D �!�(G"/�)!� < )�4!$�)E /)/�)D("" B!)B)!-
8")(�#?() <!�E�(" %"G(" (�)/()<($, ()/"��#�* G�!D&�. Q)/�'B#�("� <$-
,)&();) /";(�#� U4= / B�!<)* D+�*4" (� <,)& /#�&'C\�* D+�*4" &��+"4�, 
&#D 4)�)!)* )( D<#D��/D <,)&($E, B!"<)&"� 4 �(�#);"+()E' B!)8�//'. ��-
4"E )@!�G)E, "EB'#?/, B)&�(($* (� B�!<'C D+�*4', @'&�� B)/#�&)<���#?-
() !�/B!)/�!�(D�?/D B) </�* 8�B)+4� &��+"4�, � G�&�!%4� (<!�ED B�!�4#C-
+�("D �!�(G"/�)!�) !�/B!)/�!�(�("D /";(�#� – !�/�" )� D+�*4" 4 D+�*4". 
�&�!%4� "EB'#?/� B!)B)!8")(�#?() <!�E�(" %"G(" (�)/()<($, ()/"��-
#�* G�!D&�, �, /#�&)<���#?(), " ��EB�!��'!�. �&�!%4� /";(�#� �/�? E�!� 
��EB�!��'!$. Q)=�)E' +�E @)#?O� D+��4 (�!�(G"/�)!)<) ��E @)#?O� G�-
&�!%4�, ��E @)#?O� �)+()/�? )B!�&�#�("D ��EB�!��'!$ (< (�O�E /#'+�� 
&��+"4 /)&�!%�# 180 D+��4, /E. !�G&�# F4/B�!"E�(�). 

�'EE�!(�D G�&�!%4� t/'EE !�<(�: 
 /'E�E (�/t n tG  , (1) 
;&� t/'EE – /'EE�!(�D G�&�!%4� /";(�#�; n – +"/#) D+��4 (B"4/�#). 

�!�)���+��� 

�#D B!)<�&�("D =4/B�!"E�(�� < )�<��/�<"" / =#�4�!"+�/4)* /,�-
E)* (/E. !"/. 1) (� B�+��()* B#��� @$# /)@!�( &��+"4 (� )/()<� &"/4!��-
($, =#�4�!)(($, 4)EB)(�(�)<. ���+"4 )&�!%�# 180 4�/4�&)<, 4�%&$* "G 
4)�)!$, /)/�)"� "G @"B)#D!();) �!�(G"/�)!� 	�857, &<', SMD-
!�G"/�)!)< �"B)!�GE�!� 0805 " SMD-4)(&�(/��)!� �"B)!�GE�!� 0805. �� 
!"/. 2 7)�);!�7"D &��+"4� ��EB�!��'!$

 

/)
 
 /

. 

 

�"/. 2. �)�);!�7"D ��!E)/�(/)!� 
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���+"4 B)&4#C+�#/D 4 8"7!)<)* "GE�!"��#?()* /,�E�. �GE�!"��#?-
(�D /,�E�, /)@! , B!�&(�G(�+�-
#�/? &#D B)&�+" ( "" "EB'#?/� B)-
/#� �;) B!),) " G�&�!%4". 
�GE�!�("� ��EB�!��'!$ G�4#C+�#)/? < "GE�!�("" G�&�!%4", &#"��#?()/�? 
4)�)!)*  <,)&-
();) /'E "GE�!D-
#)/ *, 
4)�)!�D B)/�'B�#� < &<)"+()-&�/D�"+($* /+��+"4 &��+"4� ��EB�!��'!$. 

�, � B!" 
��EB�!��'!�,  

�((�D (� @�G� ��
Q-#);"+�/4", =#�E�(�)<
� <,)& )&"()+();) "EB'#?/�, !�;"/�!�8

%&�("D +�!�G ��!E)/�(/)! " "GE�!�("D <!�E�(

 /))�<��/�<)<�#� /'EE�!()* G�&�!%4� T=nÂ(�/ )�()/"��#?()
E�!();) <!�E�(" G�&�!%4". �'EE�!()� <!�ED G�&�!%4" 

? E��)&)E G�B)#(�("D <!�E�(();) "(��!<�#� t/'EE 4<�!8�<)* +�/�)�)

���+"4 "//#�&)<�#" < &"�B�G)(� )� –50 &) 150 °� / "(��!<�#)E 
0,5 °�. Q!" ��EB�!��'!�, <$O� 20 °� &��+"4 (�;!�<�#" < ��!E)/���

 ("%� 20 °� – ),#�%&�#" < ,)#)&"#?()* 4�E�!�. 	 B!)8�//�
=4/B�!"E�(�� 7"4/"!)<�#" /'EE�!('C G�&�!%4' /";(�#� )� ��EB�!��'!$, 
�. �. t/'EE = f(T). 

��G'#?���$ =4/B�!"E�(�� B)4�G�($ (� !"/. 3. ��4 <"&() "G !"/'(4�, 
<!�ED G�&�!%4" /";(�#� <)G!�/���� / ��EB�!��'!)*. 
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�"/. 3. ��EB�!��'!($� G�<"/"E)/�" <!�E�(" G�&�!%4" 
 

"+�-
("" ��EB�!��'!$ (� 1 °� G�&�!%4� < G!�/���� (� 100–120 '/#. �&. F�) )G-
(�+��

�G (�4#)(� =4/B�!"E�(��#?()* G�<"/"E)/�" <"&(), +�) B!" '<�#
)

�, +�) B!" �)+()* ;!�&'"!)<4� B!"@)! (� )/()<� &�(();) &��+"4� 
E)%�� "GE�!D�? ��EB�!��'!' / �)+()/�?C B)!D&4� 0,01 °�, B!"+�E �)+-
()/�? E)%() <�!?"!)<��? B'��E "GE�(�("D +"/#� D+��4 #"@) +�/�)�$ E)-
&'#D8")(();) /";(�#� "GE�!"��#?()* /,�E$. 
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Q!" =�)E /#�&'�� )�E��"�?, +�) &�(($* &��+"4 ��EB�!��'!$ )�#"+�-
��/D !�4)!&() ("G4"E B)�!�@#�("�E =(�!;"" (~ 3 E4	�). F�) )@'/#)<#�() 
��E, +�) < 4�%&$* E)E�(� <!�E�(" !�@)���� (� @)#�� )&()* D+�*4", � �!�(-
G"/�)!$ )/��#?($,, (�G�&�*/�<)<�(($,, D+��4, (�,)&D�/D < G�4!$�)E /)-
/�)D("". 

��.��� 

��//E)�!�(($* 4!�E("�<$* &��+"4 ��EB�!��'!$ B)G<)#D�� "GE�!D�? 
��EB�!��'!' 8"7!)<$E E��)&)E / �)+()/�?C 0,01 °�. Q!" =�)E �)+()/�? 
"GE�!�("D ��EB�!��'!$ G�<"/"� )� +"/#� =#�E�(�)< < 8�B)+4� (B!" '<�#"-
+�("" +"/#� "EB'#?/)< �)+()/�? !�/���). 

���+"4 )�#"+���/D !�4)!&() ("G4"E B)�!�@#�("�E =(�!;"" ~ 3 E4	�, 
B)/4) @)���� (� @)#�� )&();) B"4/�#D. #?4' < 4�%&$* E)E�(� <!�E�(" !�
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���
P������ ��������� � ����
� 
	�
���� ������
	 �� �������� ������ 

Q#��)()< �.	.

��� 621.382.029.6.001.63 

1, 
/"B)< �.�.2, �)G#)</4"* F.�.2, ��#�G(¯< �.�.1 

1�)<;)!)&/4"* ;)/'&�!/�<�(($* '("<�!/"���  
"E�(" �!)/#�<� �'&!);), 	�#"4"* �)<;)!)& 

 
2�
 «�QQ «Q#�(���-�!;�##», 	�#"4"* �)<;)!)& 

I. �.������ 

�)<!�E�(()� /)/�)D("� =#�4�!)("4" /��<"� B�!�& !�G!�@)�+"4)E 
!D& �!�@)<�("*, /<DG�(($, (� �)#?4) / '#'+O�("�E B�!�E��!)< "G;)��<#"-
<��E$, '/�!)*/�<, () " /) /("%�("�E E�//);�@�!"�($, B)4�G���#�* " B)-
<$O�("D (�&�%()/�" /,�E. Q!" =�)E "/B)#?G)<�("� < !�G!�@)�4�, G�4)(-
+�(($, 7'(48")(�#? ��($, B!"@)!)< B)-
G<)#D�� '&)<#��<)!"�? '4�G�(($� �!�@)<�("D " G(�+"��#?() 'B!)/�"�? 
!�G!�

– 4)=77"8"�(� '/"#�("D (� E�(�� 32 &�; 
– (�!�<()E�!()/�? 4)=77"8"�(�� '/"#�("D (� @)#�� 4 &�; 
– 4)=77"8"�(� O'E� (� @)#�� 3 &�. 

III. 	����% 

Q!" !��#"G�8"" B)/��<#�(()* G�&�+" !�O�#"/? /#�&'C\"� 4#C+�-
<$� <)B!)/$: 1) <$@)! /,�E)��,("+�/4);) !�O�("D B) !��#"G�8"" '/�!)*-
/�<� " 2) !�G!�@)�4� ��,()#);"" "G;)�)<#�("D )�&�#?($, =#�E�(�)< E)&'-

($, @#)4)< " E)&'#�*, � (� &"/4!

@)�4' /#)%($, /"/��E. 
��G!�@)�+"4" /)<!�E�(($, /"/��E !�&")#)4�8"" < 4�+�/�<� )/()<-

();) =#�E�(�� B!"�E($, E)&'#�* !�&")B�!�&�C\�* �BB�!��'!$ "/B)#?-
G'C� E�#)O'ED\"� '/"#"��#", 4)�)!$� B)&<�!%�($ <)G&�*/�<"DE =#�4-
�!)E�;("�($, "EB'#?/)< B�!�&�C\", 'G#)< !�&")#)4�8")(($, /��(8"* " 
/!�&/�< !�&")=#�4�!)(()* @)!?@$. Q)=�)E' !�G!�@)�4� " B!)"G<)&/�<) 
E�#)O'ED\", '/"#"��#�*, /�)*4", 4 <)G&�*/�<"C <$/)4", '!)<(�* <,)&-
()* E)\()/�" D<#D��/D �4�'�#?()* G�&�+�*. 

II. '������.!� ,����� 

	 !�E4�, &�(()* !�@)�$ @$#� )B!�&�#�(� G�&�+� !�G!�@)�4" " "G;)-
�)<#�("D E)&'#D E�#)O'ED\�;) '/"#"��#D, /�)*4);) 4 <)G&�*/�<"C <,)&-
()* �	� E)\()/�". 


/()<($� �!�@)<�("D 4 '/�!)*/�<': 
– +�/�)�($* &"�B�G)( 3…8 ��8; 
– E�4/"E�#?(�D <,)&(�D E)\()/�? &) 2 	�; 
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#D. Q!"("E�D <) <("E�("� /#)%()/�? '/�!)*/�<� " )�/'�/�<"� ;)�)<$, 
E)&�#�* =#�E�(�)< E)&'#D, < 4�+�/�<� @�G)<)* <$@!�(� 4<�G"E)()#"�(�D 
��,()#);"D "G;)�)<#�("D, B!" 4)�)!)* B�//"<(�D +�/�? /,�E$ !��#"G'��/D 
(� )�&�#?()* B#���, � < 4�+�/�<� �4�"<($, =#�E�(�)< <$/�'B�C� +"B$ 
�!�(G"/�)!)<, B)#'+��E$� < )�&�#?()E ��,()#);"+�/4)E B!)8�//�. 

�#D !��#"G�8"" E�#)O'ED\�;) '/"#"��#D (�P�) <$@!�(� &<',4�/-
4�&(�D /,�E� / B�!�##�#?($E )&()B)#D!($E B"��("�E. 	 4�+�/�<� �4�"<-
($, =#�E�(�)< "/B)#?G)<�($ B)#�<$� �!�(G"/�)!$ / @�!?�!)E P)��4" (� 
pHEMT /�!'4�'!�,. ����!)=B"��4/"�#?(�D /�!'4�'!� pHEMT B!�&/��<#D�� 
/)@)* /"/��E' /#)�< AlGaAs/InGaAs/GaAs, <$!�\�(('C (� B)&#)%4� B)-
#'"G)#"!'C\�;) GaAs. ��G)<�D 4)(/�!'48"D pHEMT �!�(G"/�)!� B!�&-
/��<#�(� (� !"/. 1. 

 

�"/. 1. ��G)<�D 4)(/�!'48"D pHEMT-�!�(G"/�)!� 
 

�)!E"!)<�("� )E"+�/4);) 4)(��4�� (
�) <$B)#(D��/D / "/B)#?G)<�("-
�E “<G!$<()*” 7)�)#"�);!�7"". 	 4�+�/�<� E���##"G�8"" (
�) "/B)#?G'��/D 
/"/��E� /#)�< Ge-Au-Ni / B)/#�&'C\"E <$/)4)��EB�!��'!($E <%";�("�E. 

T-)@!�G($* G��<)! (Lg=0,25 ) 7)!E"!'��/D < !�G'#?���� B)-
/#�&)<���#?()/�"

÷0,35 E4E
 )B�!�8"* )/�%&�("D (�/4)#?4", &"=#�4�!"+�/4", /#)�< 

/ B)/#�&'C\"E ", �!�<#�("�E, B)#'+�("D /'@E"4!)(()* “\�#"”, 4)!!�4-
�"!)<4" �)4)< " (�B$#�("D G��<)!()* E���##"G�8"" V-Mo-Au. 

�/B)#(�("� G��<)!()* E���##"G�8"" < <"&� ;!�@�(4" B)G<)#D�� 
'E�(?O"�? �&"("+('C O"!"(' G��<)!�, " G� /+�� =�);), 4)=77"8"�(� O'-
E�. �)B)#);"D �!�(G"/�)!� (W=300 E4E) B!�&/��<#�(� (� !"/. 2. 
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�"/. 2. �)B)#);"D �!�(G"/�)!� / O"!"()* G��<)!� 300 E4E 
 

Q) !�G'#?����E "GE�!�("D S-B�!�E��!)< B)/�!)�($ #"(�*($� " (�-
#"(�*($� E)&�#" �!�(G"/�)!)<. 	 4�+�/�<� #"(�*()* E)&�#" "/B)#?G'��/D 
Field Effect Transistor Noise Model (O'E)<�D E)&�#? B)#�<);) �!�(G"/�)!�), 
� (�#"(�*()* E)&�#" – TOM1 FET Model. (�+�("D =#�E�(�)< =4<"<�-
#�(�(

��4)* B)&,)& B)G<)#"# !�//+"���? B�//"<('C +�/�? /,�E$ �P� (� 
)/()<� "GE�!�(($, S-B�!  O"!"()* G��<)!� 300 " 
600 E4E, " B)/�!)�(($, B) !�G'#?����E "GE�!�("* E)&�#�*. 

"/B)#?G)<�($ �)(4)B#�()+($� !�G"/�)!$, 4)(&�(/�-
�)!$ <�C�/D < �&"()E ��,()#);"+�-
/4)E 

 '/"#"��#?();) E)&'#D 4 
<)G&� � E)&'#D "/B)#?G'��/D G�-
\"�()

/)@)* �<�)()E($* );!�("+"��#? 
(� )/()<� </�!�+()-B�!�##�#?($,  &")&)< P)��4". Q!" ("G4)E 
'!)<(� <,)&()* �	�-E)\()/�" "�'&� /";(�#� E�(?O� <$/)�$ 
@�!?�

)* /,�E$ #"(�*()* E)&�#" !�//+"�$<�C�/D B'��E )B�"E"G�8"" B�-
!�E��!)< +��$!�,B)#C/("4� &) E�4/"E�#?();) /)<B�&�("D / "GE�!�(($E" 
S-B�!�E��!�E" " O'E)<)* E��!"8�* !��#?($, �!�(G"/�)!)<. Q)/#� "GE�-
!�("D /���"+�/4",, &"(�E"+�/4", " �	� ,�!�4��!"/�"4 B!"@)!)< / '+��)E 
B�!�E��!)< B!�&<�!"��#?() !�G!�@)��(()* #"(�*()* E)&�#" �	� �!�(G"-
/�)!� B!)"G<)&"�/D <)//��()<#�("� G(�+�("* =#�E�(�)< =4<"<�#�(�()* 
/,�E$ (�#"(�*()* E)&�#" �!�(G"/�)!�. 

�E��!)< �!�(G"/�)!)< /

Q�//"<(�D +�/�? /,�E$ !��#"G)<�(� (� )�&�#?()* B#���, (� 4)�)!'C 
< &�#?(�*O�E @$#" /E)(�"!)<�($ �!�(G"/�)!$. 	 4�+�/�<� B�//"<($, 
4)EB)(�(�)< /,�E$ 

" "(&'4�"<()/�", 4)�)!$� "G;)��<#"
8"4#�. 
�#D )@�/B�+�("D /�)*4)/�" !�G!�@)��(();)
*/�<"C <,)&()* �	� E)\()/�", (� <,)&
� '/�!)*/�<). 
�\"�()� '/�!)*/�<) B!�&/��<#D�� 

 4�/4�&)<
, 4);&� �EB#

!� P)��4", &")&($� E��!"8$ B!�4�"+�/4" (� <#"DC� (� B!),)%&�-
("� �	�-/";(�#�. 	()/"E$� B)��!" );!�("+"��#D E)\()/�" < !�%"E� 
("G4);) '!)<(D E)\()/�" E�#$. Q!" <$/)4)E '!)<(� E)\()/�", 4);&� 
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�EB#"�'&� /";(�#� B!�<$O��� '!)<�(? @�!?�!� P)��4", B!)"/,)&"� O'(-
�"!)<�("� +�/�" /";(�#�, B!�<$O�C\�* '!)<�(? @�!?�!�, ", /))�<��/�<�(-
(), );!�("+�("� B!),)&D\�* E)\()/�". 

	 4�+�/�<� "/,)&()* /�!'4�'!$ &#D "G;)�)<#�("D �<�)()E($, );!�-
("+"��#�* E)\()/�" (� &")&�, P)��4" B!"E�(D��/D /�!'4�'!� /) /4!$-
�$E n+-/#)�E (!"/. 3). 

 

�"/. 3. FB"��4/"�#?(�D /�!'4�'!� &#D /)G&�("D &")&)< P)��4" 
 

�\"�()� '/�!)*/�<) !��#"G)<�() < <"&� E)()#"�()* "(��;!�#?()* 
/,�E$ " (� �!�@'�� &)B)#("��#?($, (�/�!)�4, /);#�/)<�("D " B"��("D. 

Q!DE$� B)��!" < !�%"E� E�#);) /";(�#� < !�@)+�E &"�B�G)(� +�/�)� 
(� B!�<$O�C� 0,5 &�. ��4/"E�#?() &)B'/�"E�D <,)&(�D (�B!�!$<(�D �	� 
E)\()/�? /)/��<#D�� (� E�(�� 2 	�. �!)<�(? B!)/�+"<�C\�*/D E)\()/�" 
(� B!�<$O��� 20 E	�, " @�G)B�/�( &#D �!�(G"/�)!)<, "/B)#?G'�E$, (� 
<,)&� �P�. 

�)&'#? /)/�)"� "G 3-, 7'(48")(�#?($, '/�!)*/�<: G�\"�();) '/�-
!)*/�<� " &<', E�#)O'ED\", '/"#"��#�*. �;) /�!'4�'!(�D /,�E� B!�&-
/��<#�(� (� !"/'(4� 4. 

 

�"/. 4. ��!'4�'!(�D /,�E� �P� / G�\"�)* B) <,)&' 
 

Q!" !�/+��� E�#)O'ED\�;) '/"#"��#D B!�&'/E)�!�($ =#�E�(�$ (�-
/�!)*4", 4)�)!$� B)G<)#DC� B!" "G;)�)<#�("" E)&'#D (�/�!)"�? E�#)O'-
ED\"

)@,)&"E)-
;) 4)=77"8"�(�� '/"#�("D, 4)=77"8"�(�� O'E� " �!�@'�E)* (�!�<()E�!()/�". 

* '/"#"��#? (� E"("E'E O'E� (�P�1), #"@) E�4/"E'E '/"#�("D / 
G�&�(()* (�!�<()E�!()/�?C < !�@)+�E &"�B�G)(� +�/�)� (�P�2). 

��/4�&"!)<�("� '/"#"��#�* <$B)#(�() / 8�#?C )@�/B�+�("D (�
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IV. ��,��(���� =!�)���+����. 


B$�($� )@!�G8$ E)&'#�* �P� / G�\"�)* <,)&($, 4�/4�&)< )� 
<)G&�*/�<"D �	� E)\()/�", @$#" "G;)�)<#�($ < E���##)4�!�E"+�/4", 
4)!B'/�, / 50-)E($E" E"4!)B)#)/4)<$E" <$<)&�E". 

��@�!"�($� !�GE�!$ E)&'#D 13,5×7,5×1,9 EE (!"/. 5). 

 

�"/. 5. �)&'#? �P� / G�\"�)* <,)&($, 4�/4�&)< 
 

�GE�!�(($� " !�/+��($� G�<"/"E)/�" 4)=77"8"�(�� '/"#�("D " 4)-
=77"8"�(�� O'E� E)&'#D B!"<�&�($ (� !"/. 6. Q�!�E��!$ E)&'#D �P� 
B!�&/��<#�($ < ��@#. 

 
�)      5) 

�"/. 6. ��/�)�($� G�<"/"E)/�" 4)=77"8"�(�� '/"#�("D (�) " O'E� (5) 
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��@#"8�. Q�!�E��!$ E)&'#D '/"#"��#D / G�\"�)* B) <,)&' 
 

Q�!�E��! (�+�("� 
�"�B�G)( +�/�)�, ��8 3…8 
��B!D%�("� B"��("D, 	 6 
Q)�!�@#D�E$* �)4, E� (� @)#�� 100 
�)=77"8"�(� '/"#�("D, &� 34…36 
�)=77"8"�(�� O'E�, &� (� @)#�� 3 
��4/"E�#?(�D &)B'/�"E�D <,)&-
(�D (�B!�!$<(�D E)\()/�?, 	� 

2 

 
�$#" B!)<�&�($ "/B$��("D E)&'#�* (� <)G&�*/�<"� <,)&()* (�B!�-

!$<()* �	� E)\()/�" 2 	�. ��G'#?���$ "/B$��("* B)#)%"��#?($�, </� 
E)&'#" <$&�!%�#" &�(($* '!)<�(? E)\()/�" @�G "GE�(�("D /<)", ,�!�4-
��!"/�"4. Q!" <)G&�*/�<"" (� <,)& E)&'#D (�B!�!$<()* �	� E)\()/�" 
7,5 	� -
<!�E�(()E 'E�(?O�("" 4)=77"8"�(�� '/"#�("D. �GE�(�("� ,�!�4��!"-
/�"4 E

/"� 
��B#)

 !�@)�$ !�G!�@)��(� " )B!)@)<�(� ��,()#);"D 
"G;)�)<#�("D �4�"<($, " B�//"<($, =#�E�(�)< �	�-/,�E. Q)/�!)�(� @"@-
#")��4� E)&�#�* B!"E�(D�E$, =#�E�(�)<, 4)�)!�D E)%�� @$�? "/B)#?G)-
<�(� B!" B)/#�&'C\", !�/+���, /#)%($, 7'(48")(�#?($, '/�!)*/�<. 

�GE�!�(($� ,�!�4��!"/�"4" E)&'#D ,)!)O) /)<B�&�C� / !�/+��($-
E" G(�+�("

��G'#?���$ &�(()* !�@)�$ B#�("!'��/D "/B)#?G)<��? < B)/#�&'C-
\", !

 G�7"4/"!)<�() '<�#"+�("� 4)=77"8"�(�� O'E� E)&'#D B!" )&()

)&'#�* /<DG�() / )�4�G)E G�\"�();) '/�!)*/�<�, B!)"G)O�&O"E "G-
G� B!�<$O�("D E�4/"E�#?() &)B'/�"E);) '!)<(D E)\()/�". 
�4�G ()

<)* ,�!�4��! " /<DG�( / !�G!'O�("�E @�!?�!� P)��4" " &�;!�&�8"�* 
�;) B�!�E��!)<. 

V. ��.��� 

�� @�G� B!�&B!"D�"D �
 «�QQ «Q#�(���-�!;�##» !��#"G)<�( E)-
&'#? �P�, /�)*4"* 4 <)G&�*/�<"C <,)&()* (�B!�!$<()* �	� E)\()/�" 
&) 2 	�. 

	 !�E4�, B!)&�#�(()*

 

DE". 

�G!�@)�4�, /#)%()-7'(48")(�#?($, E)&'#�*, +�) @'&�� /B)/)@/�<)-
<��? 'E�(?O�("C E�//);�@�!"�($, B�!�E��!)< 4)(�+($, "G&�#"* " '("-
7"4�8"" "/B)#?G)<�("D !�G!�@)��(();) E)&'#D < �	� 'G#�,. 
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�
��
��� Q��������� ������� � ���
��������� 
��


	 
8 �.�. 

��,()#);"+�/4"* "(/�"�'� �%();) 7�&�!�#?();) '("<�!/"����  
(��� ���), ��;�(!); 

	 (�/�)D\�� <!�ED (�'4#)(() <)G!�/���� "(��!�/ 4 B!"E�(�("C 7)-
�)(()/�"E'#"!)<�(($, ��,()#);"+�/4", B!)8�//)< < E"4!)- " (�()=#�4-
�!)("4�. 
(" /��#" )&("E "G B!")!"���($, (�B!�<#�("* "//#�&)<�("*, � 
��4%� B)/�)D(() (�,)&D� ()<$� )@#�/�" B!"E�(�("D < B!)E$O#�(()/�" [1]. 

�� @�G� ��� ��� (�4)B#�( G(�+"��#?($* )B$� B) B!"E�(�("C #�-
G�!($, " (�4);�!�(�($, "/�)+("4)< "G#'+�("D < ��,()#);"+�/4", B!)8�/-
/�, E"4!)- " (�()=#�4�!)("4". Q!)<)&D�/D "//#�&)<�("D <)GE)%()/�" 
B!"E�(�("D =�", B!)8�//)< B!" "G;)�)<#�("" ��4", B!"@)!)<, 4�4 /)#(�+-
($� =#�E�(�$ (� )/()<� !�4!"/��##"G)<�(($, #�G�!)E /#)�< �E)!7();) 
4!�E("D (� /��4#D(()* B)&#)%4�, �<�)=E"//")(($� (�()/�!'4�'!$, ;�G)-
+'</�<"��#?($� /�(/)!$ (� )/()<� 4�!@"&� 4!�E("D. 

	 (�/� ()/�" /)G-
&�("D /)#(�+($,  B)&!�G'E�-
<��� (

#);"" /<DG�(, B!�%&� </�;), / B!);()G"!'�E)* <)G-
E)%()/�?C '&�O�<#�("D B!)"G<)&/�<� ;)�)<$, =#�E�(�)< " /("%�("D /�-
@�/�)"E)/�" B!)"G<)&"E)* "E" =#�4�!)=(�!;"" B) /!�<(�("C / =#�E�(��-
E", "G;)�)<#�(($E" B) &!';"E ��,()#);"DE. 

�'\()/�? ��,()#);"" "G;)�)<#�("D ��4", /)#(�+($, =#�E�(�)< G�-
4#C+���/D < B!)<�&�("" )B�!�8"* #�G�!()* !�4!"/��##"G�8"" �E)!7($, 
4!�E("�<$, /#)�<, (�(�/�(($, (� /��4#). 	 !�G'#?���� !�4!"/��##"G�8"" 
/#)" /��()<D�/D B)#"4!"/��##"+�/4"E", ��E /�E$E '#'+O�C�/D ", =#�4-
�!)7"G"+�/4"� ,�!�4��!"/�"4" " B)<$O���/D =77�4�"<()/�? !�@)�$ ;)�)-
<);) /)#(�+();) =#�E�(��. Q) #"��!��'!($E &�(($E, ��4"� ��,()#);"+�-
/4"� B!)8�//$ E);'� B)E)+? /)G&�("C /!�<("��#?() =77�4�"<($, /)#-
(�+($, =#�E�(�)< /) G(�+�("�E �Q� 12–16% [2]. 

�&�!%"<�C\ �,()#);"* /4�("
!'C\�* )@!�@)�4" "G�8"" �E)!7($, 
/# ) 
@)#?O", D-
��/D B)/�!)+()� /4�("!)<�("� #�G�!($E #'+)E 4!';#);) /�+�("D, B!)"G-
<)&D\��/D / B�!�4!$�"�E /�!)4, +�), 4�4 "G<�/�(), B!"<)&"� 4 ','&O�("C 

��� 621.7.092 

�
����
	 �������� Q�� ��
�
	����� �
������� 
F������
	, �	�
F�����
���� ���
�������� � 

��
��	��	�������� ����
�
�<��#"+($* �.�., �'O("! 	.	., 	)#4)< �.�., �"(�

)D\�� <!�ED </� @)#�� O"!)4) "//#�&'C�/D <)GE)%
 =#�E�(�)<, ��,()#);"D "G;)�)<#�("D 4)�)!$,

�(�/�("� �)(4", B#�()4 �E)!7();) 4!�E("D (� /��4#D(('C B)&#)%-
4' / ", B)/#�&'C\�* !�4!"/��##"G�8"�* #�G�!($E "G#'+�("�E. �)#?O)* 
"(��!�/ 4 ��4)* ��,()

"E 7�4�)!)E < !�G<"�"" #�G�!($, � -
 E���!"�#)< (< +�/�()/�", !�4!"/��##

)�<) D<#D��/D (�<)GE)%()/�? )&()4!��()* )@!�@)�4" /!�<("��#?(
 B#)\�&�*. �#D B)&)@();) !)&� )@!�@)�4", 4�4 B!�<"#), B!"E�(
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,�!�4�� 2]. F�) 
);!�("+�("� E)%() '/�!�("�? B!"E�(�("�E #�G�!($, ;�(�!��)!)< #"("". 

Q!"E�!  #�G�!� E)%�� /#'%"�? #?($* #�G�!($* 
4)EB#�4/ LIM !E�("D). ��(($* #�G�!($* 4)EB#�4/ 
B!�&(�G(�+�( '! #�G�!()* )@!�@)�4" B)#'B!)<)&-
("4)<$, B)& +"/#�, !�4!"/��##"G�8"C �E)!7($, 
4!�E("�<$, / ()/�? );) ;�(�!��)!� D<-
#D��/D ;�)E��  #"("" / 0 EE B!" O"!"-
(� 10 E4E. �# ) <)#($ – 532 (E, 
(�)&()!)&() (�  1,5 %, B!�&�#$ !�-
;'#"!)<�("D /4)!)/�" EE//. 

	 =�)E /#'+�� (�@#C&���/D E"("E�#?()� <)G&�*/�<"� "G-
#'+�("D (� /��4#D(('C B)&#)%

	 (�/�)D\"� <!�ED (�"@)#�� B�!/B�4�"<($E B'��E !�G<"�"D <�4'-
'E($

$, B!"@)!)<. �.�. (�)@,)&"E) +�)@$ B!" (�B!D%�("" (� @)#�� 
10 	 

/D� 
)� ��,

4!��()* ��,()#);"", ��E E�(?O� !�&"'/ =E"�"!'C\�;) 
)/�!"

B)<�!,()/�? 
=E"�"!'C\�;) )/�!"D !�G#"+($E" E��)&�E" (�()/D� !�G#"+($� �4�"<"-
!'C\"� B#�(4", "E�C\"� E�(?O'C, B) /!�<(�("C / E���!"�#)E )/�!"D, 
!�@)�' <$,)&�. &�/? ��4%� /#�&'�� 'B)ED('�?, +�) !�@)�� <$,)&� G�<"/"� 
" )� 4!"/��##);!�7"+�/4)* )!"�(��8"", �.�. !�G#"+($� ;!�(" "E�C� !�G-
#"+($� G(�+�("D !�@)�$ <$,)&�. 

!"/�"4 )@!�@)��(();) E���!"�#� < )@#�/�D, B�!�4!$�"D [

)E ��4);)  '("<�!/�
O 100-532/1064-4 (��

 &#D B!)<�&�("D B!)8�&
#)%�4, <4#C+�D, < �)E 
#)�<. 
�#"+"��#?()* )/)@�( C #�G�!(
!"D #'+�. �#"(� #�G�!()* )/��<#D�� 6

D &#"(� "��#?()/�? "EB'#?/� – 45 (/, !�@
/�? "G#'+�("D B) &#"(� #"("" – 

 /4�("!)<�("D – 1–100 

+�
 @)#��

�/B)#?G)<�("� ��4);) #�G�!� B)G<)#D�� B)#'+"�? /#)" B)#"4!"/��#-
#"+�/4);) 4!�E("D <$/)4);) 4�+�/�<�, B)/4)#?4' )@�/B�+"<���/D )&()-
!)&()/�? #�G�!()* )@!�@)�4" B) B)&#)%4�. 
�!�@)�4)* !�%"E)< E)%() 
&)@"�?/D )B�"E�#?();) /))�()O�("D ��4", B�!�E��!)< #�G�!()* )@!�@)�-
4", 4�4 E)\()/�? "G#'+�("D " /4)!)/�? /4�("!)<�("D. 	 !�G'#?���� E)%() 
B)#'+"�? &)/���)+() <$/)4"* �Q� ;)�)<$, /)#(�+($, =#�E�(�)< B!" &)-
<)#?() ("G4)* ", /�@�/�)"E)/�". 

�)&�#"!)<�("� !�/B!�&�#�("D ��EB�!��'!$ < /�!'4�'!� 4!�E-
("*//��4#) B!" #�G�!()* )@!�@)�4� B)4�G$<���, +�) )B�"E�#?($E G(�+�-
("�E /4)!)/�" /4�("!)<�("D D<#D��/D 5 EE// (B!" E)\()/�" #�G�!();) "G-
#'+�("D 80 	�). 

4'. 

, �<�)=E"//")(($, B!"@)!)< D<#D��/D /("%�("� !�@)+", (�B!D%�-
("* <B#)�? &) <�#"+"(, /)B)/��<"E$, / !�@)+"E" (�B!D%�("DE" B)#'B!)-
<)&("4)<

< B!"@)!�, <)G("4�# �<�)=E"//")(($* �)4 ((�@#C&�#�/? �<�)=#�4-
�!)((�D =E"//"D). 
B!�&�#DC\"E" 7�4�)!�E" < =�)E /#'+�� D<#DC�/D: 
4)=77"8"�(� '/"#�("D B)#D, !�//�)D("� E�%&' 4��)&)E " �()&)E, !�@)�� 
<$,)&� =#�4�!)()<. Q�!<$� &<� 7�4�)!� D<#DC�/D !�GE�!($E" " G�<"

()#);"+�/4);) B!)8�//�. ��E E�(?O� ,�!�4��!"/�"+�/4"� !�GE�!$ 
=#�E�(�)< < 4)(

D " ��E E�(?O� !�//�)D("� E�%&' �()&)E " 4��)&)E. 
�G '!�<(�("D ��'#�!�-�)!&;�*E� /#�&'��, +�) +�E E�(?O� !�@)�� 

<$,)&� =#�4�!)()< "G E���!"�#� �<�)4��)&�, ��E @)#?O� B#)�()/�? �)4� 
�<�)=E"//"". �#D /("%�("D !�@)�$ <$,)&� =#�4�!)()< (� 
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��//E)�!"E �<�)=E"//")(($* 4��)& (� )/()<� 4�!@"&� 4!�E("D, &#D 
'E � 
B# D 
=#�4�! E�(D-
��/D @$/�!�D ��! )+("4�E" "G#'-
+�("D. Q �!��'!� 
)@!�@)�4", <!�ED )@!�@)�4", /4)!)/�? (�;!�<� " &!.) E)%() &)@"�?/D )B-
�"E�# �(-
4�!@"& 4!�E("D. 

�);#�/() "//#�&)<�("DE, B!)<�&�(($E < [3], )B�"E�#?($E !�%"E)E 
��
 D

/�" SiC )� !�%"E)< 
�()&"

4'C )!"�(��8"C B) ;#'@"(� 
�!�<#

) 4�!@"&� 4!�E("D / B)-
E)\?

 

�(?O�("D !�@)�$ <$,)&� 4)�)!);) (� B)<�!,()/�? )/�!"D (�(�/�(
�(4� �"��(�. �#D 'E�(?O�("D O�!),)<��)/�" B)<�!,()/�" " '#'+O�("

)7"G"+�/4", B�!�E��!)< 4)(��4�� �"��(-4�!@"& 4!�E("D B!"
E"+�/4�D )@!�@)�4� (�4);�!�(�($E" "/�

)&@"!�D !�%"E$ @$/�!)* ��!E"+�/4)* )@!�@)�4" (��EB

?()* E)!7)#);"" " =#�4�!)7"G"+�/4", B�!�E��!)< /�!'4�'!$ �"�

<#D��/D )@!�@)�4� B!" 600 °� < ��+�("� 30 /. �#�&)<���#?(), @$/�-
!�D ��!E"+�/4�D )@!�@)�4� (�4);�!�(�($E" "/�)+("4�E" "G#'+�("D B)-
G<)#D�� =77�4�"<() 'B!�<#D�? 4�4 /�!'4�'!($E", ��4 " =#�4�!)7"G"+�-
/4"E" B�!�E��!�E" /�!'4�'! E���##-4�!@"& 4!�E("D. 

	 (�/�)D\�� <!�ED &)/���)+() O"!)4) !�/B!)/�!�(�() B!"E�(�("� 
(�4);�!�(�();) "G#'+�("D < B!)"G<)&/�<� ;�G)+'</�<"��#?($, /�(/)!)<. 
�� ;�G)+'</�<"��#?($� /B)/)@()/�" /�(/)!� )4�G$<�C� <#"D("� ��4"� 
7�4�)!$, 4�4 /�!'4�'!� E)!7)#);"" +'</�<"��#?();) E���!"�#� " !��48"-
)((�D /B)/)@()/�? )4/"&)< E���##)< (� �;) B)<�!,()/�". ��E�#)<�%('C 
/)/��<#DC\'C < B!�<"#?()/�? "GE�!�("D <()/"� 4�+�/�<) 4)(��4�)<. ��-
E" "//#�&)<�(� G�<"/"E)/�? E)!7)#);"" B)<�!,()

!)<�("D " /<)*/�< E���!"�#�. �#D "//#�&)<�("D @$#" "/B)#?G)<�($ 
B#�/�"($ n-6H-SiC, #�;"!)<�(($� �G)�)E < B!�&�#�, 4)(8�(�!�8"" 
(1>3)·1018 /E>3. �)!E"!)<�("� B)!"/�);) /#)D )/'\�/�<#D#)/? < !�G'#?��-
�� �()&();) �!�<#�("D < /B"!�)<)E !�/�<)!� B#�<"4)<)* 4"/#)�$ 
HF:C2H5OH = 1:1 B!" "GE�(�("" B#)�()/�" �)4� �()&"!)<�("D )� 10 &) 
40 E�//E2. ��G'#?���$ E"4!)/4)B"+�/4", "//#�&)<�("* B)4�G$<�C�, +�) 
(�"@)#�� !�G<"�'C B)<�!,()/�? "E�C� )@!�G8$, B)#'+�(($� B!" B#)�()-
/�" �)4� 40 E�//E2, B!" =�)E B)!$ "E�C� +��

�("D, � 4�(�#$ �!�<#�("D "E�C� /�!'4�'!' «�#)+4"». 
	 !�@)�� [4] !�//E��!"<�#)/? <#"D("� ��
 (� /<)*/�<� /#)�< B)!"/-

�);) 4�!@"&� 4!�E("D, B)!$ 4)�)!);) #�;"!)<�#"/? �"��()E. �"77'G"D 
��)E)< �"��(� < B)!$ 4�!@"&� 4!�E("D )/'\�/�<#D#�/? < B!)8�//� )�%";� 
)@!�G8)< < <�4''E�. Q)!"/�$* 4�!@"& 4!�E("D B)#'+�#" �()&($E �!�<#�-
("�E < <)&()-/B"!�)<)E !�/�<)!� B#�<"4)<)* 4"/#)�$ B#�/�"($ 4�!@"&� 
4!�E("D 6H-SiC, B!" B#)�()/�" �)4� 20 E�//E2 " <!�E�(" �!�<#�("D 5 E"-
('�. Q)/#� </4!$�"D B)! (� B)<�!,()/�? B)!"/�);

C ��!E"+�/4);) E��)&� (�B$#�("D (�()/"#�/? B#�(4� �"��(�. ���E, 
)@!�G8$ B)!"/�);) SiC / <(�&!�(($E Ti @$#" B)&<�!;('�$ )�%";' < <�-
4''E� B!" ��EB�!��'!� 1350 °� < ��+�("" 8 E"('�. ���E )@!�G8$ @$#" 
B)&<�!;('�$ ��
 < ��E)/7�!� /',);) 4"/#)!)&� B!" ��EB�!��'!�, 700, 
900 " 1000 °�, <!�ED ��
 <) </�, /#'+�D, /)/��<#D#) 30 /�4'(&. 
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��G'#?���$ B!)<�&�("D "//#�&)<�("* E)!7)#);"" B)<�!,()/�", 7�-
G)<);) /)/��<� " /B�4�!)< 7)�)#CE"(�/8�(8"" (��) "/,)&();) )@!�G8� 
4�!@"

GE�! G�!(� B!)&)#%��� 
'<�#"

!" ��EB�!��'!�, 700 " 900 °� (� )4�G$-
<�C� �

"� 4)(��4�$ / ("G4"E '&�#?($E /)B!)-

&� 4!�E("D, � ��4%� )@!�G8)< B)!"/�);) 4�!@"&� 4!�E("D / <<�&�(($E 
�"��()E &) " B)/#� ��
 B)4�G�#", +�) (� (�+�#?()E =��B� B!)"/,)&"� G�-
B)#(�("� B)! 4�!@"&� 4!�E("D �"��()E " B)<�!,()/�? /�!'4�'!$ B)!"/�$* 
SiC/Ti /)/�)"� B!�"E'\�/�<�(() "G B#)�() 'B�4)<�(($, G�!�( (@�G B)!) (�-
B!�<"#?()* 7)!E$, @�G +��4) <$!�%�(($, ;!�("8, !�GE�! G�!�( 20>30 (E. 
Q)/#� )�%";� < <�4''E� (� B)<�!,()/�" )@!�G8� (�!D&' / G�!("/�)* /�!'4-
�'!)* B)D<#DC�/D B)!$. ��
 B!" 700 º� B!"<)&"� 4 '<�#"+�("C !�GE�!� 
G�!�( &) 30–40 (E, )&(�4) B)! (� B)<�!,()/�" < =�)E /#'+�� (� <"&(). Q!" 
'<�#"+�("" ��EB�!��'!$ ��
 &) 900 " 1000 º� !�

+"<��?/D &) 70–100 (E ", /))�<��/�<�((), B)D<#DC�/D B)!$. 
�GE�(�("D E)!7)#);"" B)<�!,()/�" )@!�G8)< B!" <$/)4)��EB�!�-

�'!()E )�%";� /)B!)<)%&�C�/D 7�G)<$E" B!�<!�\�("DE" B!"B)<�!,()-
/�($, )@#�/��* /�!'4�'!$ por-SiC/Ti, � "E�((), )@!�G)<�("�E /"#"8"&)< 
�"��(�, ) +�E /<"&���#?/�<'�� B)D<#�("� /#�&)< /"#"8"&� �"��(� < &"-
7!�4�);!�EE�, )@!�G8)<, B)&<�!;('�$, <$/)4)��EB�!��'!()* )@!�@)�4�. 
��
 < B)�)4� /',);) 4"/#)!)&� B

/'\�/�<�(();) <#"D("D (� 7)!E' " B)#)%�("  E�4/"E'E� B)#)/$ 
�� / E�4/"E'E)E < )@#�/�" 2,8 =	. Q!" '<�#"+�("" ��EB�!��'!$ ��
 &) 
1000 °� (�@#C&���/D 'O"!�("� B)#)/$ ��, +�) /4)!�� </�;) /<DG�() / 
��E, +�) B!" ��4", ��EB�!��'!�, <()<? (�+"(�C� )@!�G)<$<��?/D /�!'4-
�'!($� &�7�4�$. 

��4"E )@!�G)E, E)%() /&�#��? <$<)&, +�) ��
 B!"<)&"� 4 "GE�(�-
("C /�!'4�'!$ B)!"/�);) 4�!@"&� 4!�E("D #�;"!)<�(();) �"��()E ", E�-
(DD !�%"E$ ��
, E)%() E)&"7"8"!)<��? /<)*/�<� /�!'4�'!$ ;�G)+'</�-
<"��#?();) /�(/)!�. �!�&" "//#�&)<�(($, )@!�G8)< (�"@)#�� !�G<"�)* B)-
<�!,()/�?C )@#�&�C� /#)" B)!"/�);) 4�!@"&� 4!�E("D, #�;"!)<�(();) �"-
��()E, B!)O�&O"� ��
 B!" ��EB�!��'!� 900 " 1000 °�. 
�%"; B!" ��EB�-
!��'!� 1000 °� B!"<)&"� 4 )@!�G)<�("C /�!'4�'!($, &�7�4�)< [4]. 

Q)E"E) "/B)#?G)<�("D ��
 &#D )/'\�/�<#�("D B!)8�//� #�;"!)<�-
("D B)!"/�);) 4�!@"&� 4!�E("D, ��
 "/B)#?G'C� " &#D B)#'+�("D )4/"&-
($, B#�()4 !�&4)G�E�#?($, E���##)< (��), 4)�)!$� )B!�&�#DC� ;�G)-
+'</�<"��#?($� /<)*/�<� SiC [5]. 

Q!" "G;)�)<#�("" B!"@)!)< (� )/()<� B)!"/�);) 4�!@"&� 4!�E("D, < 
�)E +"/#� " ;�G)+'</�<"��#?($, /�(/)!)<, (�)@,)&"E) '+"�$<��?, +�) (� 
B)4�G�("D B!"@)!� E);'� )4�G$<��? <#"D("� 4)(��4�$. �#D '/�!�(�("D 
=�);) <#"D("D, < @)#?O"(/�<� !�@)� [6] B!"E�(D��/D )�%";, B)/#� 4)�)!)-
;) /)B!)�"<#�("� 4)(��4�)< /��()<"�/D E();) E�(?O� /)B!)�"<#�("D E�-
��!"�#�, " �;) <4#�&)E E)%() B!�(�@!�;��?. 

Q)#'+�(($� !�G'#?���$ [5–7] B)4�G$<�C�, +�) (� B)!"/�)E /#)� 
6H-SiC E)%() B)#'+��? )E"+�/4
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�"<#�

"", B�!/B�4�"<$. // 
F#

( "

#"D("� ��
 (� 
,�

("�E. Q!)<�&�("� )B�!�8"* ��
 B)G<)#DC� G(�+"��#?() '#'+O"�? 
,�!�4��!"/�"4" 4)(��4�)<. 

��4"E )@!�G)E, <�!?"!'D !�%"E$ ��
, E)%() &)@"<��?/D /("%�("D 
�;) '&�#?();) /)B!)�"<#�("D, +�) (�)@,)&"E) '+"�$<��? B!" /)G&�("" ;�-
G)+'</�<"��#?($, /�!'4�'! (� )/()<� =�);) E���!"�#�. 

�/B)#?G)<�("� #�G�!($, " (�4);�!�(�($, "/�)+("4)< "G#'+�("D B)-
G<)#D�� B!)"G<)&"�? E)&"7"4�8"C /<)*/�< E���!"�#)< E"4!)- " (�()=#�4-
�!)("4", ��E /�E$E '<�#"+"<�D /��B�(? ", /�!'4�'!();) /)<�!O�(/�<�. 

���������� 

1. �'4��#�< �.�., 	�/�(4)< �.�., ��!"8$( �.�., ��&)!�(4) 	.	. ��G�!(�D 
��,()#);"D "(��;!�#?($, /,�E – �.: ��&") " /<DG?, 1991. – 320 /. 

2. ��*�"( �. �)�)<)#?��"4�: E���!"�#$, ��,()#);
�4�!)("4�: (�'4�, ��,()#);"D, @"G(�/, 2000, � 6. �. 40–46. 

3. �;��< 
.�., ��/��;��< 	.Q., �)&("4)< �.�. 	#"D("� !�%"E)< @$/�!)* 
��!E))@!�@)�4" (�4);�!�(�($E ��-"G#'+�("�E (� B�!�E��!$ 4)(��4-
�)< 4 p-6H-SiC. / «�"E"D �<�!&);) ��#� " /)<!�E�(($� E"4!)- " (�()-
��,()#);""». �"/#)<)&/4-���<!)B)#?: ��<��<���, 2005. 368 /. 

4. �<��#"+($* �.�., �)(�4)<� �.	., �)/4)<+�(4) �.�. " &!. �)!7)#);"-
+�/4"� " )B�"+�/4"� /<)*/�<� /#)�< B)!"/�);) 4�!@"&� 4!�E("D, #�;"-
!)<�(();) �"��()E. // Q"/?E� < ���, 2006, �)E 32, <$B. 4. 

5. ��+�!"4)< �.�., �E"�!'4 �.�., �)(�4)<� �.	. " &!. 	#"D("� @$/�!);) 
��!E"+�/4);) )�%";� (� /<)*/�<� �)(4", &"=#�4�!"+�/4", B#�()4 )4-
/"&)< ;�&)#"("D, �"�� �  =!@"D (� B)<�!,()/�" 4�!@"&� 4!�E("D. // 
�'!(�# ��,("+�/4)* 7"G"4", �. 77, � 2, 2007. �. 107–112. 

6. �;��< 
.�. �$/�!�D ��!E))@!�@)�4� (�4);�!�(�($E ��-"G#'+�("�E 
4)(��4�)< 4 4�!@"&' 4!�E("D. �)();!�7"D – ��;�(!);: ����, 2003. – 
128 /. 

7. �)/4)<+�(4) �.�., �<��#"+($* �.�., 	�!G�!�< �.�. 	
!�4��!"/�"4" )E"+�/4", 4)(��4�)< Ti/por SiC. // �G<�/�"D ����, 

2005, � 9. �. 96. 
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���
�� Q��Q����
	���� ������ 
����
F�����
���� ��� �
Q
�
������
�
 ������ 

�'+"("( 	.	., �/"4)<� �.�., ��/("4)< �.
. 

��(4�-Q���!@'!;/4"* �)/'&�!/�<�(($* F#�4�!)��,("+�/4"* �("<�!/"��� 
«�F��», ��(4�-Q���!@'!; 

���)&$ " ��,()#);"" B!�B�!"!)<�("D "(��;!�#?()* /,�E$ (��) 
E)%() !�G&�#"�? (� &<� )/()<($� ;!'BB$: !�G!'O�C\"� " (�!�G!'O�C\"�. 

��G!'O�C\"� E��)&$ "/B)#?G'C�/D, ;#�<($E )@!�G)E, &#D )B!�&�-
#�("D 7"G"+�/4)* /�!'4�'!$, B)/#)*()* �)B)#);"", � ��4%� ��,()#);"" 
"G;)�)

��� 621.9.04 

<#�("D ��. 
��!�G!'O�C\"� E��)&$, < B!�&�#�, /<)", <)GE)%()/��* "/B)#?G'-

C�/D &#D )B!�&�#�("D �#;)!"�E)< " B�!�E��!)< !�@)�$ ��, " E);'� )@�/-
B�+"<��? /+"�$<�("� "(7)!E�8"" "G B�ED�" ��. 

	 B!)8�//� B!�B�!"!)<�("D 4!"/��##� �� E)%() <$&�#"�? �!" )/-
()<($� /��&"": 

– (� B�!<)* /��&"" B!)<)&"�/D </4!$�"� 4)!B'/� '/�!)*/�<�, �) �/�? 
)/<)@)%&�("� #"8�<)* B)<�!,()/�" 4!"/��##�; 

– (� <�)!)* /��&"" &#D (�@#C&�("D " B)/#�&)<���#?()* !�;"/�!�8"" 
�)B)#);"" </�, /#)�< 4!"/��##�-+"B� )/'\�/�<#D��/D B)/#)*()� " 7!�;-
E�(��!()-#)4�#?()� B!�8"G")(()� ", '&�#�("�, <4#C+�D G�\"�($� " "G)-
#"!'C

 
\"� /#)", E���##"+�/4"� " B)#"4!�E("<$� O"($ 4)EE'��8""; 
– (� G�4#C+"��#?()* /��&"" E)%�� B!)<)&"�?/D )4!�O"<�("� (&�4)-

!"!)<�("�) )+"\�(()* B)<�!,()/�" 4!�E("�<);) 4!"/��##� &#D <$D<#�("D 
�"B� " '!)<(D #�;"!)<�("D B)#'B!)<)&("4)<$, )@#�/��*, /7)!E"!)<�(-
($, !�G($E" E��)&�E" (&"77'G"D, "EB#�(��8"D). 

1. ������ )��)�����.���% !��)���. �4 

	 (�/�)D\�� <!�ED 4!"/��##$ �� B!�"E'\�/�<�(() !�GE�\�C�/D < 
E���##)4�!�E"+�/4", " B#�/�E�//)<$, 4)!B'/�,, B!"+�E B#�/�E�//)<$� 
4)!B'/� "/B)#?G'C�/D (�"@)#�� O"!)4). 


B�!�8"" «</4!$�"D» E"4!)/,�E )B!�&�#DC�/D �"B)E " 4)(/�!'4-
8"�* ", 4)!B'/�. 	 B!)8�//� B!�B�!"!)<�("D, "/,)&D "G 4)(/�!'48"" 4)!-
B'/�, E)%�� E�,�("+�/4", / '+��)E /B)/)@� ;�!E��"G�8"", '&�#D�?/D 4�!�-
E"+�/4�D "#" B#�/�E�//)<�D 4!$O4". 

	 /#'+�� (�)@,)&"E)/�" /),!�(�("D !�@)�)/B)/)@()/�" E"4!)/,�E$ 
B#�/�E�//� &)#%(� @$�? '&�#�(� #)4�#?() (�& "(��!�/'C\"E '+�/�4)E 
4!"/��##�, � '&�#�("� <�!,(�;) B�//"<"!'C\�;) B)4!$�"D (� &)#%() B!"-
<)&"�? 4 !�G!'O�("C ("%�#�%�\�* E���##"G�8"" " �!�(G"/�)!)<. 
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�)  

5) *) 

	)
1)  

 B)-

�&"(DC-

<�!,()/�? " 

)#?4', &#D B)#'+�("D B)/#)*();) "G)@!�%�("D �)B)#);"", (�-

B!)"G<)&"�/D B)/#�&)<���#?()� '&�#�("� G�\"�($, " 
B!)<)&D\", /#)�< E��)&�E" %"&4)/�();) ,"E"+�/4);) " !��4�"<();) 
")(()-B#�GE�(();) �!�<#�("D < /!�&� ;�#);�()/)&�!%�\", ;�G)<. 

�"&4)/�()� �!�<#�("� < @)#?O"(/�<� /#'+��< D<#D��/D )B�"E�#?-
($E /B)/)@)E '&�#�("D /#)�< E���##"G�8"". 
&(�4), B!" '&�#�("" B#�()4 
B�//"<�8"" " E�%/#)*()* "G)#D8"" (SiO2 , Si3N4) < 4!"/��##�, �� / /'@-
E"4!)(($E" !�GE�!�E" �!�&"8")(($* %"&4)/�($* E��)& E)%�� B!"<)-
&"�? 4 B)<!�%&�("C ("%�#�%�\�* E���##"+�/4)* !�G<)&4" ()�/#)�("C 
�)(4", E���##"+�/4", O"() G� /+�� @)4)<);) B)&�!�<�, )@'/#)<#�(();) 
"G)�!)B($E ,�!�4��!)E %"&4)/�();) �!�<#�("D B#�(4" &"=#�4�!"4�. 

�"/. 1. Q!"E�!$ 7)�);!�7"* E"4!)/,�E: � – < 4�!�E"+�/4)E 4)!B'/�
/#� '&�#�("D 4!$O4"; 5, 	 – < B#�/�E�//)<)E 4)!B'/� B)/#� !�G!'O�C\�* 
E�,�("+�/4)* O#"7)<4" &) B)D<#�("D G)#)�$, B!)<)#)+�4, /)
\", 4)(��4�($� B#)\�&4" / �!�<�!/�E", / B)/#�&'C\"E ,"E"+�/4"E &)-
�!�<#"<�("�E B#�/�E�//$; *, 1 – B)/#� #)4�#?();) '&�#�("D B#�/�E�//$ 
(�& 4!"/��##)E / #"8�<)* " )@!��()* /�)!)(, /))�<��/�<�(() 
 

2. ������ )�������*� )��)�����.���% ,�;����- 
�,�����`;�� � !�++���#������ ����. ��!���,.��!� �4 

�();)/#)*(�D E���##"+�/4�D !�G<)&4� "(��;!�#?($, /,�E (2–8 /#)-
�<), 4�4 B!�<"#), <$B)#(D��/D "G B#�()4 �#CE"("D (0,5÷1,0 E4E) " 4)EB)-
G"8"* (� �;) )/()<�. �#D B�//"<�8"" B)<�!,()/�" 4!"/��##)< �� B!"E�-
(DC� &"=#�4�!"+�/4"� B#�(4" (SiO2 , Si3N4), G�\"\�C\"� B)
<$B)#(DC\"� !)#? "G)#D�)!� E�%&' /#)DE" E���##"+�/4)* !�G<)&4". �)-
#\"(� G�\"�()-"G)#"!'C\", B)4!$�"* )@$+() /)/��<#D�� 0,7÷2,0 E4E. 

Q)/4
)@,)&"E) )B�"+�/4)� "#" =#�4�!)7"G"+�/4)� <G�"E)&�*/�<"� E"4!)/4)-
B"+�/4)* G)(&)<)* /"/��E$ / B)<�!,()/�?C E���##"+�/4)* "#" B)#"-
4!�E(�<)* !�G<)&4", 
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&("E "G (�B!�<#�("* B)<$O�("D "G@"!���#?()/�" �!�<#�("D G�-
\"�()-"G)#"!' )-B#�GE�(($, 
E��)

���B�(? );) �!�<#�("D 
(��Q�) ,�!�4��!"G'��/D /))�()O�("�E /4)!)/��* �!�<#�("D !�G#"+($, 

7�)!/)&�!%�\�* B#�GE /�" �!�<#�("D B#�()4 
SiO2 , Si N  @)#�� +�E (� &<� B)!D&4� <$O� /4)!)/�" �!�<#�("D �#CE"("�-
<)* E���##"G�8""

C\", B)4!$�"* D<#D��/D B!"E�(�("� ")((
&)< )@!�@)�4". 

/�#�4�"<()/�" !��4�"<();) ")(()-B#�GE�((

E���!"�#)< < )B!�&�#�(()* ;�G)<)* /!�&�. ��B!"E�!, B!" "/B)#?G)<�("" 
$ (SF6 , CF4 , CHF3) /4)!)

3 4
. 

�)  5)  	)

*)  1)  �) 300 E4E

300 E4E 300 E4E

300 E4E 

300 E4E

300 E4E
 

�"/. 2. �!�;E�(�$ 4!"/��##� ��: � – B)/#� '&�#�("D B#�/�E�//)<)-
;) 4)!B'/�; 5 – B)/#� '&�#�("D B�!<);) /#)D "G)#D8""; 	 – B)/#� 
'&�#�("D B�!<);) /#)D E���##"G�8""; * – B)/#� '&�#�("D <�)!);) 
/#)D "G)#D8"" (E�%&' /#)DE" B�!<)* " <�)!)* E���##"G�8""); 
1 –B)/#� '&�#�("D <�)!);) /#)D E���##"G�8""; � – B)/#� '&�#�("D 
�!��?�;) /# �##"G�8"") 
 

-

)D "G)#D8"" (<"& (� �!��"* /#)* E��

3. ��!��(��� )��)�����.���� !�������� �4 

3.1. �	����
	� �	

	-�����	� ��������	��
��  
��������	� �
������
�� ���� 

Q!" �(�#"G� )@!�G8)< +�/�) <)G("4��� (�)@,)&"E)/�? B)#'+"�? &�(-
($� (� �)#?4) ) E)!7)#);)-�)B)#);"+�/4", ,�!�4��!"/�"4�,, () " ) <('�-
!�((�* /�!'4�'!� "//#�&'�E);) )@V�4��. 	 =�)E /#'+�� =77�4�"<(� E��)-
&"4� /)G&�("D 4!)//-/�48"* (B)B�!�+($, /�+�("* – !�G!�G)<). �(�#"G B)-
B�!�+();) /�+�("D B)G<)#D�� "&�(�"7"8"!)<��? /#)" E���##"G�8"" " "G)-
#D8"", ;!�("8$ !�G&�#� E�%&' E���!"�#�E", B)#'+�(($E" (� !�G($, =��-
B�, ��,()#);"+�/4);) 8"4#� /)G&�("D "G&�#"D. F�) )@�/B�+"<��� B)#'+�
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("� &)/�)<�!()* "(7)!E�8"" ) <('�!�((�* 7"G"+�-
/4)* /�!'4�'!�, ��,()#);"+�/4", !�O�("D, " "/B)#?-
G'�E$, �)B)#);"+�/4", ()!E�,. 

	 (�/�)D\�� <!�ED &#D !�O�("D <$O�'4�G�(($, 
G�&�+ /B�8"�#?() !�G<"�� ��,()#);"D )/�!)/7)4'/"!)-
<�(();) ")(();) B'+4�. 

	 !�//E��!"<��E)E /#'+�� B!)8�// B!�B�!"!)-
<�("D <4#C+��� < /�@D: <$@)! "(��!�/'�E);) '+�/�4� 
(� B)<�!,()/�", B)#'+�("� B)B�!�+();) /�+�("D E��)-
&)E #)4�#?();) ")(()-#'+�<);) «%�/�4);)» "#" ")(-
()-/�"E'#"!)<�(();) ,"E"+�/4);) «ED;4);)» �!�<#�-
("D
E
(

Q " "
�  &#D B!)<�&�("D &�#?(�*O�;) �(�#"G� 4!"/��##� �� =77�4�"<($ E��)&$ 
)@!�@)�4", 

, /V�E4' < !�%"E� !�/�!)<)* ")(()* " =#�4�!)(()* 
"4!)/4)B"" "(��!�/'C\�;) 7!�;E�(�� / )B�"E�#?-
$E '<�#"+�("�E (!"/. 3). 

3.2. ���	���	��
�� �	����
	��� ��������	� �� 

)/#� '&�#�("D </�, G�\"�()- G)#"!'C\ , " 4)EE'�"!'C\", /#)-
<

)/()<�(($� (� &�4)!"!)<�("" B)<�!,()/�" (!"/. 4). 

 

�)  

5)  

	)  

*)

1)

�)

AlN 

CuSO4 

AlN 

Si B)&#)%4� 

����## ��<)!

�#)* &"=#�4�!"4�

 Cu 

 

�"/. 4. Q!"E�! &�4)!"!)<�("D 4!"/��##)< ��: �, 5 – B)<�!,()/�? 
4!"/��##� &) " B)/#� =#�4�!),"E"+�/4);) )/�%&�("D E�&"; 	, * – 
B)B�!�+()� /�+�("� B#�()4 ("�!"&� �#CE"("D &) " B)/#� E)&"-
7"4�8"" B)<�!,()/�" ")(()* "EB#�(��8"�* Ga+; 1, � – /�+�("� 
�� &) " B)/#� ")(()-/�"E'#"!)<�(();) ;�G)<);) &�4)!"!)<�("D 
(�!�<#�(""D) XeF2 , E)!7)#);"+�/4" B!)D<#DC\�;) /4!$�$� /#)" 
 

z��!������ ��+����!�� ��!�����.����. �#D "&�(�"7"4�8"" �"B� 
B!)<)&"E)/�" B)#'B!)<)&("4)<$, E"4!))@#�/��* " "GE�!�("D ;#'@"($ 
G�#�;�("D p-n-B�!�,)&)< "/B)#?G'C�/D !�G#"+($� /B)/)@$ ,"E"+�/4);) 

 

�"/. 3. 

P#"7

��/�) 
O#"7�



)4!�O

("� /<�!,B!�8"G")(($, ")(()-#'+�<$, E��)&)< B!�-
B�!"!

'�� B)<$O�("� �� B!)<)&"E)/�". 
�����-���+�����.����� ���.����� (. ����+� ��!�����.���%) � 

��)��(,�.����+ XeF2 . �#D B!)<�&�("D /<�!,#)4�#?();) /�#�4�"<();) &�-
4)!"!)<�("D B)B�!�+($, /�+�("* / 8�#?C <$D<#�("D ��,()#);"+�/4", 
/#)�< !�G#"+();) ,"E"+�/4);) /)/��<�, � ��4%� &#D B)<$O�("D 4�+�/�<� 
"G)@!�%�("D B!" B!�B�!"!)<�("", <)GE)%() "/B)#?G)<�("� E��)&� ")(()-
/�"E'#"!)<�(();) ,"E"+�/4);) �!�<#�("D. 

4. '��)�����.���� !�������� �4 � «���(���» (�&������) ������� 

	 /<DG" / '<�#"+�("�E +"/#� /#)�< E���##"+�/4)* " B)#"4!�E(�<)* 
!�G<)&4" /'\�/�<�(() <)G!�/���� /#)%()/�? �!�&"8")(();) �(�#"G� �)B)-
#);"" " /,�E)��,("+�/4", !�O�("*. 	 G(�+"��#?()* /��B�(" =�) /<DG�() / 
��E, +�) 4!�*(� G��!'&(�( &)/�'B 4 (�"@)#�� "(7)!E��"<($E, ("%("E 
/#)DE B)#"4!�E(�<)* " E���##"+�/4)* !�G<)&4", 4)�)!$� (�B)/!�&/�<�(
() 

(-
�!) < 
"G&

-
("� 5). 

"<�("D (&�4)!"!)<�("D), )/()<�(($� (� /�#�4�"<()/�" &�*/�<"D 
B!)D<#�("D )@#�/��* / !�G#"+($E �"B)E B!)<)&"E)/�". 


&(�4) B)D<#�
)<�("D )�4!$<��� ()<$� <)GE)%()/�" < )@#�/�" &�4)!"!)<�("D, (�-

B!�<#�(($� (� <$D<#�("� /<�!,�)(4", )@#�/��* " ;!�("8 !�G&�#� E�%&' 
(� B)#'B!)<)&("4)<$E" E���!"�#�E". 

7�!�����.���� )�.�������� �+)�����#��� Ga. �#'+O�("� 4)(-
�!�/�� "G)@!�%�("D B!)"/,)&"� @#�;)&�!D "EB#�(��8"" ;�##"D < B)<�!,-
()/�?, +�) /�"E'#"!

-
'+�/�<'C� < 7)!E"!)<�("" 7'(48")(�#?($, =#�E�(�)<. 

Q)=�)E', <�/?E� �4�'�#?()*, D<#D��/D G�&�+� (�!�G!'O�C\�;) 4)
#D 4!"/��##)< B!" ", B!�B�!"!)<�("" 4);&�, (�B!"E�!, «G�B"/�((�D» 
�#"" "(7)!E�8"D E)%�� /),!�(D�?/D. 


&("E "G <)GE)%($, B!"�E)< B!�B�!"!)<�("D 4!"/��##� / /),!�(�
E !�@)�)/B)/)@()/�" D<#D��/D </4!$�"� �;) / )@!��()* /�)!)($ (!"/. 

�) 5)
20 E4E 20 E4E

 

�"/. 5. �!�;E�(� �)B)#);"" 4!"/��##�: � – B)/#� '&�#�("D /�!'4-
�'!))@!�G'C\", /#)�<; 5 – B)/#� '&�#�("D Si / )@!��()* /�)!)($ 
 

Q!)8�// B!�B�!"!)<�("D E"4!)/,�E$ / )@!��()* («�$#?()*») /�)-
!)($ / <)GE)%()/�?C /),!�(�("D �� !�@)�)/B)/)@()/�" G�4#C+���/D < 
'&�#�("" +�/�" 4)!B'/� ��, � ��4%� '�)(�("" /�E);) 4!"/��##� E�,�("+�-
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/4"E" E��)&�E", %"&4)/�($E ,"E"+�/4"E "#" 
B#�GE�(($E �!�<#�("�E. 

 

!��4�"<() ")(()-

"�/D < !�E4�, !��-
 "(()<�8")(()* 

. 

� �.�. Q!�B�!"!)-
/4"* %'!(�# =#�4-

�2009114282 )� 

��((�D (�'+()-"//#�&)<���#?/4�D !�@)�� B!)<)&
#"G�8"" ��Q «��'+($� " (�'+()-B�&�;);"+�/4"� 4�&!$
�)//""» (� 2009-2013 ;)&$

���������� 

1. �'+"("( 	.	., ��G�()< �.Q., ��!4)<� �.�., �/"4)<
<�("� 4!"/��##)< "(��;!�#?($, /,�E. // Q���!@'!;
�!)("4", 2009. � 3–4. �. 5–27. 

2. Q)#)%"��#?()� !�O�("� ) B���(�()* G�D<4� 
23.12.2009. 
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�
�����
	���� Q�������
	 ��������
���
	�� 
�	�

 ��,()#);"+�/4"* '("<�!/"���  

�(�("DE" &�(($, B!"@)!)< < 
E" � 
E)  
=#�4�

-

(SiC)1-x(AlN)x (�*&'� B!"E�(�("� )/)@�(() < ��, )@#�/�D,, ;&� �!�@'��/D 
�(�#"G '#?�!�7")#��)<);) (��) "G#'+�("D B!" (�#"+"" E)\();) <"&"E)-
;) "#" "(7!�4!�/();) 7)(�. �!�&" <)GE)%($, B!"E�(�("* E)%() (�-
G<��?: &��+"4" B#�E�(" " (�;!�<�, B!"@)!$ &#D "GE�!�("D @")&)G �� 
(E)("�)!$ G�;�!�), &"�;()/�"4" B#�GE$, &���4�"!)<�("D /#�&)< )� 
&<";���#�* !�4�� " �. & [1]. 

�4�'�#?()* D<#D��/D !�G!�@)�4� E)&�#?($, B!�&/��<#�("* &#D 7)!-
E"! )< 
< /"

)/'\�/�<"�? )B�"E"G�8"C ", 4)(/�!'48"*. 

��� 621.38:004 

�
��
�
	 �� 
��
	� �	����� ����	
�
	 (AlN)x(SiC)1>x 
��!#�E)< �.�.1, �'O4)< 	.Q.1, �'G(�8)< �.�.1, �"#�#)< �.�.2 

1��8")(�#?($* "//#�&)<���#?/4"*
«���"�», �)/4<� 

2��;�/��(/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��,�+4�#� 

��G<"�"� B)#'B!)<)&("4)<)* =#�4�!)("4" �!�@'�� "//#�&)<�("* 
!�G#"+($, B)#'B!)<)&("4)<$, E���!"�#)< B!�4�"+�/4" B) </�E (�-
B!�<#�("DE. 	 (�/�)D\�� <!�ED /'\�/�<'�� B)�!�@()/�? < B)#'B!)<)&-
("4)<$, B!"@)!�, /�)*4", 4 <)G&�*/�<"C <$/)4)* ��EB�!��'!$, !�&"�-
8"", < B!"@)!�,, !�@)��C\", < 4)!)�4)<)#()<)* )@#�/�" )B�"+�/4);) 
&"�B�G)(�. F�) /<DG�() / !�G#"+($E" B!"E

4!)=#�4�!)("4�, E�&"8"(�, <)�(()* ��,("4� " B!. ��4"� B!"@)!$ (
;'� @$�? /)G&�($ (� )/()<� O"!)4) "/B)#?G'�E$, < �<�!&)��#?()*

!)("4� 4#�//"+�/4", B)#'B!)<)&("4)<$, E���!"�#)< (Si, Ge, A3B5, 
A2B6) "G-G� (�&)/���)+()* ��B#)<)*, @�!"+�/4)* " !�&"�8")(()* /�)*4)/�". 
	�%()� G(�+�("� < =�)* /<DG" B!")@!����� "/B)#?G)<�("� 4�!@"&� 4!�E("D 
" �<�!&$, !�/�<)!)< (� �;) )/()<�, �. 4. < /"#' '&�+();) /)+���("D B)#'-
B!)<)&("4)<$, " 7"G"4)-,"E"+�/4", /<)*/�<, B!"@)!$ (� ", )/()<� 
)@�/B�+"<�C� <$/)4'C (�&�%()/�? " /��@"#?()/�? B�!�E��!)< B!" =4/B�-
!"E�(��#?($, '/#)<"D, =4/B#'���8"". 

��"@)#�� B�!/B�4�"<($E" < =�)E )�()O�("" D<#DC�/D �<�!&$� !�/-
�<)!$ 4�!@"&� 4!�E("D / ("�!"&)E �#CE"("D (SiC)1-x(AlN)x. �#�;)
&�!D @)#?O)* O"!"(� G�B!�\�(()* G)($ (3�4g�6,2 =	) �<�!&$� !�/�<)!$ 

)<�("D (�()!�GE�!($, ;���!)4)EB)G"8"* (� )/()<� �<�!&$, !�/�<)!
/��E� AlN-SiC. 

�/B)#?G)<�("� /!�&/�< 4)EB?C��!();) E)&�#"!)<�("D B)G<)#D�� 
)<#�&��? ()<$E, (�E();) @)#�� ;#'@)4"E '!)<(�E B)("E�("D 7"G"+�/4", 
B!)8�//)<, B!)"/,)&D\", < B!"@)!�,, ", (� )/()<� =�", G(�("*, <)GE)%() 
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�'\�/�<'�� @ #?O)� 4)#"+ /�<) /!�&/�< E)&� "!)<�("D B)#'B!)-
<)&("4)<$, =#�4�!)(($,

) � #
 B!"@)!)< " "(��;!�#?($, /,�E. Q�!�+�(? 

/!�&/�< E)&�#"!)<�("D / 4!��4"E" )B"/�("DE" B!"<�&�( (� �(��!(��-

.5, !�G!�@)��((�D < ��(�!� 
B�)=#�4�!)(($, 
�"/��E B!" �)#)!�&/4)E �("< )'#&�!, �P�. 

��G'#?���$ !�/+��� G�<"/"E)/�" O"!"($ G�B!�\�(()* G)($ )� /)-

/�*��. ��%&�D B!);!�EE� "E��� 4�4 /<)" B!�"E'\�/�<�, ��4 " (�&)/���4". 
	 4�+�/�<� ��4)* )B�"E�#?()* B!);!�EE$ @$#� <$@!�(� B!);!�EE� 

SimWindows (SW), <�!/"D 1
�!/"���� < ;. �

/��<� �<�!&);) !�/�<)!� (SiC)1-x(AlN)x B!�&/��<#�($ (� !"/'(4� 1. 

4,2

7

6,28
6

3,6
3,2

0

1

2

3

4

5

0,25 0,5 0,75 1

x

Eg (!�)

 

�"/. 1. �<"/"E)/�? O"!"($ G�B!�\�(()* G)-
($ )� /)/��<� �<�!&);) !�/�<)!� (SiC)1-x(AlN)x 
 

�� )/()<� =�", &�(($, @$#" /)/��<#�($ 7�*#$ B!"@)!)< " 7�*# E�-
��!"�#�, 4)�)!$� B)G<)#"#" B!)<�/�" E)&�#"!)<�("� !�G#"+($, B)#'B!)-
<)&("4)<$, B!"@)!)< (� )/()<� �<�!&);) !�/�<)!� (SiC)1-x(AlN)x. �� !"-
/'(4� 2 B)4�G�(� G)((�D &"�;!�EE� ;���!)/�!'4�'!$ (� )/()<� �<�!&);) 
!�/�<)!� (SiC)1-x(AlN)x / �!�ED 4<�(�)<$E" DE�E". �)#"+�/�<) 4<�(�)<$, 
DE G�&�<�#)/? < 7�*#� B!"@)!�. �#D /!�<(�("D @$#� ��4%� /E)&�#"!)<�(� 
/�!'4�'!� / +��$!?ED 4<�(�)<$E" DE�E". )((�D &"�;!�EE� ��4)* /�!'4-
�'!$ B)4�G�(� (� !"/'(4� 3. 
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�"/. 2. )((�D &"�;!�EE� ;���!)/�!'4�'!$ '#?�!�7")#��)<);) /<��)&")&� 
(� )/()<� �<�!&);) !�/�<)!� (SiC)1-x(AlN)x / �!�ED 4<�(�)<$E" DE�E" 
 

 
�"/. 3

#�*) @$# @$ !�<�( 100 %. 
&-

. )((�D &"�;!�EE� ;���!)/�!'4�'!$ '#?�!�7")#��)<);) /<��)&")&� 
(� )/()<� �<�!&);) !�/�<)!� (SiC)1-x(AlN)x / �!�ED 4<�(�)<$E" DE�E" 
 

�/#" @$ !�4)E@"(�8"D (�!�<()<�/($, =#�4�!)()< " &$!)4, <<)&"-
E$, < <$B!DE#DC\"* =#�4�!"+�/4"* B�!�,)& "#" < B!"#�;�C\"� 4 (�E' 
)@#�/�" B!" B!),)%&�("" B!DE);) �)4�, B!)"/,)&"#� �)#?4) / "G#'+�("�E 
7)�)()<, �) <('�!�(("* 4<�(�)<$* <$,)& ()�()O�("� "G#'+�(($, 7)�)-
()< 4 +"/#' !�4)E@"("!)<�<O", B�! ()/"��
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(�4) 
)

 
B!" E

G(�+"��#?(�D +�/�? �4�)< !�4)E@"(�8"" E)%�� G�4�(+"<��?/D <$&�-
#�("�E =(�!;"" < <"&� =#�E�(��!($, 4<�(�)< ��B#)<$, 4 #�@�("* - 7)()-
()<. ��4"� B�!�,)&$ =#�4�!)()< E�%&' =(�!;��"+�/4"E" '!)<(DE" (�G$-
<�C� @�G$G#'+���#?($E". �))�()O�("� E�%&' "G#'+���#?($E" " @�G$G-
#'+���#?($E" B�!�,)&�E" G�<"/"� )� !D&� B!"+"(, < +�/�()/�" )� /�!'4-
�'!$ =(�!;��"+�/4", G)( B)#'B!)<)&("4�, (�#"+"D B!"E�/�*, 4)�)!$� E)-
;'� '<�#"+"<��? "#" 'E�(?O��? <�!)D�()/�? "G#'+���#?($, B�!�,)&)< [2]. 
�!)<(" @�G$G#'+���#?()* " "G#'+���#?()* !�4)E@"(�8"", B)#'+�(($�

)&�#"!)<�("", B!�&/��<#�($ (� !"/'(4� 4. 

 
�       5 

�"/. 4. �!)<(" @�G$G#'+���#?()* (�) " "G#'+���#?()* (5) !�4)E@"(�8"" 
 

��4 <"&() "G !"/'(4�, !�4)E@"(�8"D B!),)&"� �)#?4) < )&()* 4<�(-
�)<)* DE�. F�) B)&�<�!%&��� ;!�7"4 !�/B!�&�#�("D G�!D&�, B)4�G�(($* (� 
!"/'(4� 5. 

 
�"/. 5. Q)#($* G�!D& 

 

�� )/()<� B)#'+�(($, B!" E)&�#"!)<�("" &�(($, @$# !�//+"��( 
<('�!�(("* 4<�(�)<$* <$,)& /<��)&")&� (� )/()<� �<�!&);) !�/�<)!� 
(SiC)1-x(AlN)x . 
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�� )/()<� B)#'+�(($, B!" E)&�#"!)<�("" &�(($, @$# !�//+"��( 
<('�!�(("* 4<�(�)<$* <$,)& /<��)&")&� (� )/()<� �<�!&);) !�/�<)!� 
(SiC)1>x(AlN)x . 

�<�(�)<$* <$,)& – =�) +"/#) "G#'+�(($, 4<�(�)< /<��� (� )&(' !�-
4)E@"("!)<�<O'C =#�4�!)(()-&$!)+('C B�!'. ��G#"+�C� <('�!�(("* " 
<(�O("* 4<�(�)<$* <$,)&. 	('�!�(("* – < /�E)E p-n-B�!�,)&�, <(�O-
("* – &#D B!"@)!� < 8�#)E. 	('�!�(("* 4<�(�)<$* <$,)& &#D ,)!)O", 
4!"/��##)< / ,)!)O"E ��B#))�<)&)E &)/�";��� B)+�" 100 %, !�4)!& <(�O-
(�;) 4<�(�)<);) <$,)&� &#D 4!�/($, /<��)&")&)< /)/��<#D�� 55 %, � &#D 
/"(", – 35 %. 	(�O("* 4<�(�)<$* <$,)& – )&(� "G )/()<($, ,�!�4��!"-
/�"4 =77�4�"<()/�" /<��)&")&�. 

	('�!�(("* 4<�(�)<$* <$,)& &#D /<��)&")&)< / �!�ED " +��$!?ED 
4<�(�)<$E" DE�E" /)/��<"# 55,6 " 56,2 %, /))�<��/�<�((), +�) D<#D��/D 
)�#"+($E B)4�G���#�E &#D '#?�!�7")#��)<);) /<��)&")&�. 

���������� 

("D. / E���!"�#$ &#D =4/�!�E�#?()* =#�4�!)("4". 5-D ��%&'(�!)&(�D 
4)(7�!�(8"D «�"E"D �<�!&);) ��#� " /)<!�E�(($� E"4!)- " (�()��,-
()#);""», �"/#)<)&/4, 2005. �. 368. 

2. Zangvil A., Ruh R. Phase relatiohoships in the silicon carbide-aluminum ni-
tride system. // J. Amer. Ceram. Soc., 1988, v. 71, � 10. 

1. ��7�!�#"�< �.�., �"#�#)< �.�. �@"#)<� �.�., ��!&�O)<� �.�., �"�"4-
+"�< �.�., ��O"&)< �.�. �<�!&$� !�/�<)!$ (� )/()<� 4�!@"&� 4!�E-
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Q�������� ����
��� �������
���� �����
	 
	 ������
���� ���������� �� 
��
	� GaAs 
��!($, �.	., ��!($, �.	., �"&�(4) �.�., �)#?8)< �.�., 

��;)< Q.�., �);)</4"* �.�., �'/�#"�"( �.�., �)()<�#)< �.Q. 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("� 
<$/O�;) B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($* 

"//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"

��� 539.1.074 

��� «���"�», �)/4<� 

��@)�� <$B)#(�(� < !�E4�, !��#"G�8"" ��Q «��'+($� " (�'+()-
B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009–2013 ;)&$. 

 
	 B)#'B!)<)&("4)<$, /�!'4�'!�, " B!"@)!�, (� )/()<� GaAs )@$+-

() (�@#C&�C�/D =77�4�$ G�,<��� ()/"��#�*, )@'/#)<#�(($� (�#"+"�E 
;#'@)4", '!)<(�* " &�7�4�)<. ��4"� D<#�("D ,�!�4��!($ &#D =�", E���-
!"�#)< < @)#?O�* /��B�(", +�E &#D Si " Ge. F77�4�$ G�,<��� B!)D<#DC�/D 
B!" B�!�,)&($, B!)8�//�, <) </�, �"B�, �!�(G"/�)!)<, &")&)< " "/�)+("-
4�, /<��� (� )/()<� GaAs, " B)=�)E' ", ,�!�4��!"/�"4" +�/�) "E�C� ;"/-
��!�G"/. �4�G�(( B!" ��EB�!��'-
! -
!�, (� )/()<� Si " Ge, B)/4)#?4' GaAs D<#D��/D @)#�� O"!)4)G)(($E ", 
4!)E�

)4", 8�(�!)< (� B�!�E��!$ &���4�)!($, /�!'4�'! (� )/()<� 
VPE GaAs / 8�#?C /)G&�("D !�&"�8")(()-/�)*4", &���4�)!)<. 

�#D B)#'+�("D 50 E4E <$/)4))E($, !�@)+", /#)�< �!/�("&� ;�##"D 
"/B)#?G)<�#�/? ,#)!"&(�D ��,()#);"D. 
@$+() '!)<�(? 7)()<);) #�;"!)-
<�("D < ,#)!"&()E E��)&� /)/��<#D�� ~ 1015 /E>3, +�) (�&)/���)+() &#D B)-
#'+�("D �!�@'�E$, ,�!�4��!"/�"4 /�!'4�'!, B)=�)E' B!" <$!�\"<�("" 
@$#" "/B)#?G)<�($ /B�8"�#?($� B!"�E$, B)G<)#DC\"� B)("G"�? 7)( (�-
4)(�!)#"!'�E);) #�;"!)<�("D. ��4, &#D 'E�(?O�("D <,)%&�("D < !�/�'-
\"* /#)* &)()!($, E"4!)B!"E�/�* VI ;!'BB$ (< B�!<'C )+�!�&?, /�!$ " 
/�#�(�) B)<$O�#�/? ��EB�!��'!� !)/�� " /("%�#�/? /4)!)/�? !)/�� =B"-
��4/"�#?();) /#)D. �#D «@)!?@$» / <,)%&�("�E 4!�E("D – )/()<()* 7)()-
<)* B!"E�/" IV ;!'BB$ – "/B)#?G)<�#)/? &)@�<#�("� < ;�G)<'C 7�G' (�& 
"/�)+("4)E ;�##"D E"4!)4)#"+�/�< <)&$. Q!"<�&�((�D ��,()#);"D B)G<)-
#"#� B)#'+"�? /#)" / 4)(8�(�!�8"�* ()/"��#�* G�!D&� E�(�� 1·1012 /E>3. 

��#�� /)G&�<�#" /�!'4�'!$ / B)��(8"�#?($E" @�!?�!�E" �"B� 4)(-
��4�� P)��4" "#" p-i-n /�! /#)�< B!�&/��<#�(� < ��@-
#"8� 

$� D<#�("D E);'� /���? &)E"("!'C\"E" 
�, (�E();) ("%� 300 �. 	 GaAs )(" <$!�%�($ @)#�� !�G4), +�E < B!"@)

 �);), @"(�!($E B)#'B!)<)&("4)E. 
��/�)D\�D !�@)�� (�B!�<#�(� (� "G'+�("� <#"D("D 4"(��"4" (�4)B-

#�("D ;#'@

'4�'!$. �)(/�!'48"D 
1. ��!'4�'!$ &���4�)!)< / 4)(��4�)E P)��4" " p-i-n B)4�G�($, /))�-

<��/�<�((), (� !"/'(4�, 1 " 2. 
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��@#"8� 1. �)(/�!'48"D /#)�< 
 

	$B!DE#DC\"* 4)(��4� i-/#)* n+-@'7�! n++-B)&#)%4� 
�+-/#)*, 1,8·1019 /E>3 
0,3 E4E 

<1012 /E>3 
42 E4E 

7>1017 /E>3 
4,5 E4E 

2·1018 /E>3 
500 E4E (#�;"!. Si)

Pt "#" Ti �P <1012 /E>3 
42 E4E 

7–1017 /E>3 
4,5 E4E 

2·1018 /E>3 
500 E4E (#�;"!. Si)

 

 
�"/. 1. ��!'4�'!� &���4�)!� / 4)(��4�)E P)��4" 

 

 

�"/. 2. ��!'4�'!� &���4�)!� / p-i-n /�!'4�'!)* 
 

 283



�#D "//#�&)<�("D «!)&($,» " <<�&�(($, < B!)8�//� )@#'+�("D &�-
7�4�)< #�4/�-
8")(()* G8� / Ti 
�P B!" �<#�( (� 
!"/'(4

< &���4�)!($� /�!'4�'!$ "/B)#?G)<�#" E��)& �E4)/�()* !�
/B�4�!)/4)B"" ;#'@)4", '!)<(�* (����). �B�4�! )@!�
B)&�+� )@!��();) /E�\�("D 10 	 @�G )@#'+�("D B!�&/�

� 3. 

 

�"/. 3. �B�4�! )@!�G8� / Ti �P B!" B)&�+� 

 =#�4�!)()< 
/ =(�!

)@!��();) /E�\�("D 10 	 (@�G )@#'+�("D) 
 

�� '/��()<4� F��-6 )@!�G�8 / �P Ti )@#'+�#/D B)�)4)E
;"�* 6 �=	 " 7#C�(/)E 9 1·1013 " 2·1013 /E>3. ��G'#?���$ !�/+��� 

)/()<($, B�!�E��!)< &) " B)/#� )@#'+�("D B!�&/��<#�($ < ��@#"8� 2. 

��@#"8� 2. 
/()<($� B�!�E��!$ )@(�!'%�(($, ;#'@)4", 8�(�!)< 
 

��!?�! �, /E>2 U<( , 	 �1 , � �2 , � N, /E>3 ), /E2 4�� , =	 
0 >10 373 393 5·1013 2,1·10>15 0,62 
0 >10 400 413 7,2·1013 1·10>11 1,08 
0 0,5 400 423 3,7·1014 1,2·10>16 0,62 
1·1013 >10 199 209 6,6·1013 2,9·10>14 0,33 

Ti �P 

2·1013 >10 218 232 1,3·1014 1,1·10>15 0,31 
0 >5 358 376 1·1012 1·10>14 ,64 0
0 >5 383 398 6,8·1011 5,5·10>12 0,86 

Pt �P 

0 0,5 361 375 6,6·1012 3,5·10>12 0,84 
0 >10 369 389 7,6·1013 8,6·10>15 0,62 
0 >10 395 411 1,8·1014 2,2·10>12 0,86 

p-i-n 

0 0,5 382 402 4,5·1014 3,9·10>15 0,66 
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Q)/#� )@#'+�("  F��-6 @$# )@(�!'-
% � ,3  =	 (), ? <)G-
(  ) ). Q!" 
'< # 4�!) <  < D 
=�  6,6·1013 &) >3 * -
�)  /";(�# &� ) ( C&�  
/<DG�() 4�4 / �BB�!��($E ( �(/� " / < -
!�G)<�("D '!)<(D < EL2-8�(�!. 

�B�4�! )@!�G8� / Ti �P B!" B)&�+� B!DE);) /E�\�("D 0,5 	 @�G )@-
#'+�("D B!�&/��<#�( (� !"/'(4� 4. 

D )@!�G8� / �P Ti (� '/��()<4�
2�( ;#'@)4"* '!)<�(? / =(

"4 < !�G'#?���� )@! )<�(
!;"�* 0
"D < 4�

. 	)GE)%
 ;�##"D B

&�(($* '!)<�(
@# + "" VGa �G

�#"+�("" B)�)4� = �
� (/""

()< < & �
!"

!�G� '<�#"+"
' �(  (

���/  4) 8 
1,3·1014 

D ( �(�!�8"
O�E '<�#"+�("" B)", 8�(�!)< )�

4� =#�4�!)()<
/E

(();  '! <
. Q!" &�#?(�
D (� �@#)

�/)<�!O
(

<)E, ��4 
��/D. F�) <)GE)%()
)GE)%()/�?C B!�)@

 
�"/. 4. �B�4�! )@!�G8  / Ti �P B!" B)&�+� 
B!DE);) /E�\�("D 0,5 	 (@�G )@#'+�("D) 
 

E�!�`����� 

	 !�@)�� B)4�G�($ !�G'#?���$ "//#�&)<�("D &���4�)!)< D&�!();) 
"G#'+�("D, B)#'+�(($, B) !�G#"+($E ��,()#);"+�/4"E /,�E�E, (� (�#"-
+"� ;#'@)4", '!)<(�*. ��G'#?���$ �(�#"G� !�#�4/�8")(()* /B�4�!)/4)B"" 
;#'@)4", '!)<(�* B)4�G�#" (�#"+"� &<', ;#'@)4", 8�(�!)< < 4�%&)E "G 
)@!�G8)< B!" )@!��()E /E�\�("" " )&();) B!" B!DE)E /E�\�("". 


8�(�(� !�&"�8")((�D +'</�<"��#?()/�? "//#�&'�E$, &���4�)!)<, 
<$D<#�(� /<DG? E�%&' 4)(4!��($E" ;#'@)4"E" 8�(�!�E" " B�!�E��!�E" 
&���4�)!)<, &�($ !�4)E�(&�8"" B) ", "/B)#?G)<�("C < '/#)<"D, ")("G"-
!'C\�;) "G#'+�("D. 

�
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�Q���������� �������������� p-i-n-������
�
	 
�����
�
 �������� �� 
��
	� GaAs 

��!($, �.	., ��!($, �.	., �"&�(4) �.�., 

��� 539.1.074 

�)#?8)< �.�., 
!#)<� �.�., �);'O�</4�D 	.�. 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("� 
<$/O�;) B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($* 

"//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"��� «���"�», �)/4<� 

��@)�� <$B)#(�(� < !�E4�, !��#"G�8"" ��Q «��'+($� " (�'+()-
B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009–2013 ;)&$. 

 
�//#�&)<�#"/? /B�4�!�#?($� ,�!�4��!"/�"4" p-i-n-&���4�)!)< "G#'-

+�("* (� VPE-GaAs, &#D +�;) "GE�!D#" �EB#"�'&($� /B�4�!$ &���4�)!)< 
)� "/�)+("4)< £-, �-"G#'+�("*. �EB#"�'&($� /B�4�!$ /("E�#"/? B) /��(-
&�!�()* E��)&"4� / "/B)#?G)<�("�E 1024-4�(�#?();) �EB#"�'&();) �(�#"-
G��)!� B!" 4)E(��()* ��EB�!��'!�, )@!�G8$ " "/�)+("4" !�/B)#�;�#"/? < 
��E()<)* 4�E�!�, </� /B�4�!$ (�@"!�#"/? < ��+�("� 1 +�/�. �#D )8�(4" 
O'E)< "//#�&'�E$, )@!�G8)< " /B�4�!)E��!"+�/4);) �!�4�� /("E�#/D 
��4%� /";(�#, B)&�<��E$* / ;�(�!��)!�. F(�!;��"+�/4"* =4<"<�#�(� O'E�
)B!�&�#D#/D 4�4 O"!"(� B"4� ;�(�!��)!� < 4"#)=#�4�!)(-<)#?��, (� B)#)-
<"(� <$/)�$ (FW

�#D "G;)�) # <$@!�( GaAs, 
B)#'+��E$* ,#)!"&()* =B"��4/"�*, )�)!$* D<#D��/D (� &�(($* E)E�(� 
/�E$E

�/? 
,#)!"&(�D ��,()#);"D – "G<�/�(�D /"/��E� Ga-AsCl -H . 

"�E 
"#" ")(()* "EB#�(��8"�*. Q!)8�//$  «&)!�\"<�("C» /�!'4�'! =B"��4-
/  B � ($ &)E � 
G 3 – AsH3-H2 '/��()<4� / �) !"G )  " / 
!�G"/�"<($E (�;!�< . F )G ) #) s / 
4)(8�(�!�8"�* &$! ) 5·1 >3 #\  E �( <�(-
($� p+-/#) �<� (($ ;"! "� � G)* 
1·1014 /E>2  +� !'4 G�\"\�#" � !" °� < 
� 30 . 

"+�/ 4)(��4� Ti/Pd/Au  p , � 
Ni/AuGe/Au – 4 /#)D �"B�

/#� )!E"!) D 4)(��4�)< �"E E " �@)-
+ )!) /)G&�<� )(�� � �& �� ($ #�8. 
����4�)!$ � p-i-n �'! ;)� <�#  *,  E�-

 

HM). 
<#�("D !�@)+", /#)�< &���4�)!)< (�E" @$

4
 «+"/�$E» " 4�+�/�<�(($E GaAs E���!"�#)E [1, 2]. �#D B)#'+�("D 

/!�<("��#?() �)#/�$, (~ 45 E4E) <$/)4))E($, (n < 1012 cE>3) /#�@)4)E-
B�(/"!)<�(($, =B"��4/"�#?($, /#)�< �!/�("&� ;�##"D "/B)#?G)<�#

3 2 
�G;)�)<#�("� p+-/#)�< B!)<)&"#" =B"��4/"�#?($E <$!�\"<�(

 B)
"�#?($E" /#)DE" �+-�"B� !)<)&"#" �
 -;"&!"& E E��)  (/"/��E
a(CH3) ) (�  !��4 !)E ;) )(��#?();  �"B�

)E B)&#)%�4 �) B <)#"#) B #'+��? / " GaA
)4 & 019 /E  " �) "()* 0,3 4E. �EB# �"!)

" /)G& #" ") E #� )<�( E Be c =( !;"�* 30 4=	 " &)
, B)/#�

"(
;) /� �'!'  SiO2 " ) %";�#" B  750 

�+�("� 
�/B)#?G)<�#"

 E
 )E 4"* 4 /#)DE -�"B�
E n- . 

Q)
�* /�

 7 <�("  4 )@  /�)!)(�  B)&#)%4 , (� !
(� 
 (

#" 4
/�!'4

4�($
�, "G

B#)\
�<#"

4" " /"/
" 4�4 )

E' ),!�(
B#�(�!

, 4)
��4 " B ()
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G���,()#);"". �#D 'B!)\�("D /!�<(�("D " �(�#"G� ,�!�4��!"/�"4 </� 
/�!'4�'!$ /)G&�<�#" / )&"(�4)<)* �)B)#);"�* " !�GE�!�E": B#)\�&? �4-
�"<()* )@#�/�" 2,3 EE2, B#)\�&? <,)&();) )4(� 1,8 EE2. �//#�&'�E$� &�-
��4�)!$, "G;)�)<#�(($� B) )@)"E <�!"�(��E ��,()#);"*, B!�&/��<#�($ (� 
!"/'(4� 1. Q)<�!,()/�? &���4�)!)< B�//"<"!)<�#" B)#""E"&)E. 

 

�"/. 1. Q!"(8"B"�#?($� 4)(/�!'48"" "//#�&'�E$, &�-
��4�)!)<: � – E�G�/�!'4�'!�, 5 – B#�(�!(�D ��,()#);"D 
 

����4�)! ("4)< 24 Am " 
57�) �4�"<()/� )<�#"/? /��(-
&�!�($� "/�)+("4" �"B� 
���, �4�"<(�D +�/�? 4)�)!$, &"�E��!)E 3 EE 
G�;�!E��"G"!)<�(� E�%&' &<'ED B)#""E"&($E" B#�(4�E", 7"4/"!'C\"-
E"/D B#)/4"E �#CE"("�<$E 4) !)E 25 EE. 

?C =B"��4/"�#?()* p-i-n-/�!'4�'!$ B!" )@!��()E 
/E�\�("" 30 	 " 4)E(��()* ��EB�!��'!�. 	 /B�4�!� )�+��#"<) <"&($ </� 
<)/�E? #"("* "/�)+("4)< 6,5, 14,4, 17,6, 21,0, 26,3, 59,5, 122,06 " 
136,47 4=	 ((� !"/'(4�, /))�<��/�<�((), B"4" 1–5, 7, 9 " 10). 

1$ )@#'+�#"/? )� !�&")�4�"<($, ;�EE�-"/�)+
?C 130 " 26,5 4�4, /))�<��/�<�((). �/B)#?G

#?8)E &"�E��
�/�)+("4" !�/B)#�;�#"/? (�B)/!�&/�<�(() (� 4)!B'/� &���4�)!�, 

8�(�! �4�"<()* )@#�/�" "/�)+("4� /)<B�&�# / 8�(�!)E B!"�E();) )4(� &�-
��4�)!�, !�//�)D("� &) &���4�)!� /)/��<#D#) 2,2 EE. Q'+)4, /))�<��/�<�(-
(), (� 4)##"E"!)<�#/D. 

	 ��@#"8� B!�&/��<#�($ =(�!;"", "/B'/4��E$, 4<�(�)<, " /))�<��/�-
<'C\"� "E �@/)#C�($� "(��(/"<()/�" < /B�4�!�, "/�)+("4)<, <$!�%�(-
($� < B!)8�(��,, (&)#D !�/B�&)< / "/B'/4�("�E 4<�(�� )B!�&�#�(()* =(�!-
;"" < )@\�E 4)#"+�/�<� !�/B�&)<) &#D "/B)#?G)<�(($, "G)�)B)<. 

�� !"/'(4� 2 B!�&/��<#�( /B�4�! )� )@)", "/�)+("4)< 241Am + 57�), 
B)#'+�(($* / B)E)\
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��@#"8�. Q�!�E��!$ "/B)#?G'�E$, ;�EE�-"/�)+("4)< 
 

241Am (432,6 y)  57Co (271,8 d) 
�"("D E�, 4= F77., % 	   F77., %  �"("D E�, 4=	
NpL£  Fe K£2 
NpLÎ 

<13,
 Fe K£1 

975> <13,3> 

NpL¤ 

<54,7> <6,469> 

17,611 20,2  Fe K¤1 
NpL� 4 20,997 5,2  � M1 14,4119 9,5
�E1 26,3445 2,4  � M1+1,4%E2 122,0612 85,5 

 � E2 136,4730 10,69 �E1 59,5364 37,5 
 � [M1+E2] 691,982 0,158 

 
�"/. 2. ��EE�-/B�4�!, B)#'+�(($* / B)E)\?C p-i-n /�!'4�'! 

����4�)!$ B)G<)#"#" B)#'+"�? < <$/O�* /��B�(" #"(�*($* )�4#"4 
<) </�E &"�B�G)(� "//#�&'�E$, =(�!;"* )� 6 &) 140 4=	 (!"/'()4 2, </��<-
4�), )�()O�("� )�4#)(�("D �BB!)4/"E"!'C\�* B!DE)* )� =4/B�!"E�(-
��#?($, �)+�4 4 /))�<��/�<'C\�* =(�!;"" [(4peak–Efit)/Epeak]·100 % /)/��<-
#D�� E�(�� 1 % (Efit – G(�+�("� �BB!)4/"E"!'C\�* B!DE)*, Epeak – =4/B�-
!"E�(��#?()� G(�+�("�). Q"4" / =(�!;"DE" 49,9 " 112,4 4=	 (6 " 8) )@'-
/#)<#�($ <$#��)E 7)�)()< ,�!�4��!"/�"+�/4);) "G#'+�("D E���!"�#� &�-
��4�)!�, ", =(�!;"D E�(?O�, +�E &#D /))�<��/�<'C\", B"4)< B)#();) B)-
;#)\�("D 59,54 (241Am) " 122,1 4=	 (57Co) (� 9,6 4=	 +�) (�,)&"�/D E�%&' 
G(�+�("DE" =(�!;"* 7)�)()< K -/�!"" Ga " As (9,2 " 10,5 4=	) Q!"/'�/�-
<"� B

£
 ( �

"
"4)< <$#��� < /B�4�!� /<DG�() / )�()/"��#?() �<$/)4)* &#D -

"G#'+�("D �)#\"()* !�@)+�;) /#)D &���4�)!� (42–46 E4E), )&(�4) )�()/ -
��#?($* <4#�& <$#��� !�G4) 'E�(?O���/D / !)/�)E �)#\"($ !�@)+�;) 
/#)D, ��4 &#D 42 E4E )@!�G8)< )( 25–30 %, � &#D 46 E4E '%� 16–18 %. Q)-
=�)E' &�(($* =77�4� <)GE)%() /"#?() 'E�(?O"�?, (�B!"E�!, '<�#"+"�? 
+'</�<"��#?('C )@#�/�? &) 100 E4E. 
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�� #"("" 59,54 4=	 (241Am) </� �"B$ /�!'4�'! B)4�G�#" B!�4�"+�/4" 
)&"(�4)<)� =(�!;��"+�/4)� !�G!�O�("� B!" O"!"(� B"4� ;�(�!��)!� 
2,3 4=	 B!"E�!() 2,4 4=	. �'+O�� !�G!�O�("� 4)�)!)� @$#) B)#'+�() – 
=�) 2,23 4=	 (15,6 %) (� #"("" 14,41 (57Co) " 2,3 4=	 (E�(�� 2 %) &#D 
122,1 4=	 (57Co), +�) &#D ��EB�!��'!$ =4/B�!"E�(�� < 300 � D<#D��/D &)/-
���)+() <$/)4"E !�G'#?���)E. 

�GE�!�((�D =77�4�"<()/�? /@)!� G�!D&� &#D A-4<�(�)< B)4�G�#� +�) 
'%� B!" 20 	 )@!��();) /E�\�("D /@)! &#D </�, �"B)< &���4�)!)< @#"G)4 4 
100 %, )&(�4), / '<�#"+�("�E /E�\�("D <B#)�? &) 40 	 =(�!;��"+�/4)� 
!�G!�O�("� B!)&)#%��� (�/4)#?4) '#'+O��?/D (B!"E�!() (� 10 %). 

�� !"/'(4� 3 B!�&/��<#�($ /B�4�!�#?($� ,�!�4��!"/�"4" "/�)+("4� 
241Am &#D p-i-n &���4�)!)< < /!�<(�("" / B)<�!,()/�()-@�!?�!($E" &���4-
�)!�E" B!" ('#�<)E /E�\�("". 	/� /B�4�!$ "E�C� ,�!�4��!('C 7)!E', 
/<DG�(('C / ("G4"E /@)!)E &$!)+()* /)/��<#DC\�* /";(�#�, )&(�4) (�"-
#'+O"* /@)!, B!"E�!() 50–60 % "E�C� p-i-n /�!'4�'!$. 
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p-i-n

241Am, 0 V, 300 K
gamma
in3.4s2Am0
in2.5s2Am0
pin3.2.6s2Am0

 

!"/'(4� 4 B!"<�&�(� 7)!E� /B�4�!� B!" >40 	 &#D 
p-i-n-&

 B!"E�!� 
#"(""

�"/. 3. ��EE�-/B�4�!$ 241Am !�G#"+($, �"B)< &���4�)-
!)< B!" ('#�<)E /E�\�("" (#);�!"7E"+�/4"* E�/O��@) 
 

�#D /!�<(�("D (� 
���4�)!�. Q)/4)#?4', ;�EE�-4<�(�$ (�<)&D� ")("G�8"C (B!�4�"+�-

/4" !�<()E�!()) <) </�E )@V�E� i-/#)D &���4�)!�, �) =77�4�"<()/�? /@)!� 
)B!�&�#D��/D )@)"E" �"B�E" ()/"��#�* " B!" )�/'�/�<"" /@)!� &$!)4 #"-
("" < /B�4�!� @'&'� !�GE$<��?/D < «,<)/�$». F�), +��4) <"&() (�

 59,54 4=	, (� !"/'(4� 3 =�� #"("D !�GE$�� < «,<)/�$» (&#D p-i-n &�-
��4�)!� )� 100 &) 260 4�(�#�), �);&� 4�4 B!" B)#()E /@)!� (/B�4�! p-i-n &�-
��4�)!� (� !"/'(4� 4) #"("" < 59,54 /))�<��/�<'�� B"4 B)#();) B);#)\�-
("D < 270 4�(�#�. Q) �)* %� B!"+"(� < /B�4�!�, (� !"/'(4� 3 E$ (�@#C&�-
�E /#"D("� #"("* 14 " 17,6 4=	. 
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�"/. 4. �EB#"�'&($* /B�4�! 241Am, B)#'+�(($* )� p-i-n-&�-
��4�)!� B!" )@!��()E /E�\�("" >40 	 (#"(�*($* E�/O��@) 
 

Q!" /(D�"" £-/B�4�!)< &���4�)!)< B!"E�(D#" "/�)+("4": «�!"B#��» 
(233U+239Pu+238Pu), 238Pu, 226Ra. �#D 'E�(?O�("D B)��!? =(�!;"" �#?7�-
+�/�"8 < E�!�<)E /#)� &���4�)!)< " <)G&'O()E G�G)!� "/�)+("4 !�/B)#�-
;�#" (� !�//�)D("" 40–70 EE " )@#'+�("� B!)<)&"#" < <�4''E� B!" )/��-
�)+()E &�<#�("" 10>2 EE !�. /�. 	/� /�!'4�'!$ <) <!�ED "GE�!�("D (�,)-
&"#"/? B!" 4)E(��()* ��EB�!��'!�. �#D #"("" 5,499 �=	 "/�)+("4� 
238Pu &#D &���4�)!)< / p-i-n-/�!'4�'!)* /)/��<"#) < /!�&(�E 25,5 4=	, B!" 
O'E� )4)#) 13,0 4=	. ����4�)!$ B)G<)#"#" )�+��#"<) !�G!�O"�? B"4" )� 
£-+�/�"8 / =(�!;"DE" 5,56 " 5,499 �=	. 

F77�4�"<()/�? /@)!� G�!D&� &���4�)!� (CCE) (� £-+�/�"8�, )B!�&�-
#D#" )� * B!" 
!�G#"

 �
�� 17,61 ���

pin 3.2
241Am

.6, -40 V, 30

���

,34 ���

59
,5

4 
��

�

()/"��#?() E�4/"E�#?()* B) 8�(�!�E �D%�/�" !�/B!�&�#�("
+($, /E�\�("D, (� &���4�)!�. Q!" E�4/"E�#?() <)GE)%()E /@)!� 

B)#)%�("� B"4� (� E�(D��/D, B!" (�B)#()E /@)!� 'E�(?O�("� /E�\�("D 
<$G$<��� &!�*7 4�(�#� B"4� < /�)!)(' 4�(�#)< / E�(?O"E" ()E�!�E". 
��� &#D 238Pu /)/��<"#) 70–80 % B!" ('#�<)E /E�\�("", � B!" )@!��()E 
/E�\�("" < 20 	 /@)! B!"@#"%�#/D 4 100 %. 

����4�)!$ (� p-i-n /�!'4�'!�, B!)&�E)(/�!"!)<�#" <$/)4)� =(�!;�-
�"+�/4)� !�G!�O�("� B!" 4)E(��($, ��EB�!��'!�, &#D </�, �"B)< "//#�-
&'�E$, +�/�"8. 
@� �"B� &���4�)!)< B)4�G�#" <$/)4'C #"(�*()/�? )�4#"-
4� &#D �-4<�(�)< < &"�B�G)(� )� 6 &) 140 4=	 " £-+�/�"8 )� 4 &) 8 �=	. 

���������� 
1. 	.�. ��/B�#)<, �.	. 	)!)(8)<, �.�. �)!@�8�<"+ " &!. // �'!(�# ��,("-

+�/4)* 7"G"4". – 2004. – �. 74. � 3. – �. 28–36. 
2. High resolution X-ray spectroscopy using a GaAs pixel detector / Alan 

Owensa, M. Bavdaza, A. Peacock et al. // Nucl. Instrum. and Methods. – 
2002. – A479. – P. 531–534. 
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	��
� �
������ P
���� � VPE-GaAs ��� 
�
����� Q
	����
���
-��������� 

������
�
	 �����
�
 �������� 

 

��!($, �.	., ��!($, �.	., �"&�(4) �.�., �)#?8)< �.�., �"&�#�< �.	. 

��� 539.1.074 

��&�!�#?()� ;)/'&�!/�<�(()� )@!�G)<���#?()� '+!�%&�("�  
<$/O�;) B!)7�//")(�#?();) )@!�G)<�("D «��8")(�#?($*  

"//#�&)<���#?/4"* ��,()#);"+�/4"* '("<�!/"��� «���"�», �)/4<� 

��@)�� <$B)#(�(� < !�E4�, !��#"G�8"" ��Q «��'+($� " (�'+()-
B�&�;);"+�/4"� 4�&!$ "(()<�8")(()* �)//""» (� 2009–2013 ;)&$. 

 
Q!)/��*O"E /B)/)@)E "G;)�)<#�("D &���4�)!)<, )@#�&�C\", </�E" 

(�)@,)&"E$E" /<)*/�<�E", D<#D��/D (�(�/�("� <$B!DE#DC\�;) 4)(��4-
�� – @�!?�!� P)��4", B)G<)#DC\�;) B)#'+��? E�#$� )@!��($� �)4" B!" 
G�&�(($, (�B!D%�("D, /E�\�("D " /)G&�<��?, ��4"E )@!�G)E, O"!)4"� 
+'</�<"��#?($� )@#�/�" B!)/�!�(/�<�(();) G�!D&� @�G )B�/�("D B)#'+"�? 
<$/)4"* '!)<�(? O'E)< /�E);) &���4�)!�. 
/()<()� �;) B!�"E'\�/�<) > 
��,()#);"+()/�? "G;)�)<#�("D " B!)/�)�� 'B!�<#�("D B�!�E��!�E" &���4-
�)!�, 4)�)!�D /<)&"�/D, < )/()<()E, 4 <$@)!' E���##� " !�%"E� �;) (�(�-
/�("D (� B)<�!,()/�? B)#'B!)<)&("4�, �);&� 4�4 7)!E"!)<�("� p+ /#)D 
&)/���)+() �!'&)�E4) " �!�@'�� "/B)#?G)<�("D B!)8�//)< =B"��4/"" "#" 
")(();) #�;"!)<�("D. 

��((�D !�@)�� B)/<D\�(� "G'+�("C ,�!�4��!"/�"4 @�!?�!)< P)��-
4", /)G&�(($, (� B)#'"G)#"!'C\", =B"��4/"�#?($, B#�(4�, VPE �!/�("-
&� ;�##"D / B)E)\?C (�(�/�("D �"��()<$, " B#��"()<$, 4)(��4�)<. 

	 4�+�/�<� "/,)&($, )@!�G8)< "/B)#?G)<�#" B)#'"G)#"!'C\"* 
GaAs n-�"B� / 4)(8�(�!�8"�* ()/"��#�* E�(�� 1012 /E>3 " �)#\"()* 
40 E4E, < , #�;"!)-
<�(()* 4!  B!)-
<�&�(($� (� /B�8"�#?() #�;"!)<�(($, &) 3·10  /E  /#)D,, &�C� B)&<"%-
()/�?

 B!" ��EB�!��'!� 300 °� < ��+�("� 20 E"-
('�. ��B)/!�&/�<�(() B�!�& (�B$#�("�E 4)(��4�)< !�@)+�D B)<�!,()/�? 

 
$!�\�(($* ,#)!"&($E E��)&)E, (� B)&#)%4� �+-GaAs
�E("�E &) 4)(8�(�!�8"" 2·1018 /E>3. �)##)</4"� "GE�!�("D
 13 >3

 =#�4�!)()< �n B)!D&4� 7400 " 1,5·105 /E2·	>1 />1 B!" 300 " 77 �, /))�-
<��/�<�((), +�) ;)<)!"� ) ("G4)* 4)EB�(/�8"" &�(();) E���!"�#�. 

	 4�+�/�<� E���!"�#� <$B!DE#DC\�;) 4)(��4�� @$#" <$@!�($ (�"-
@)#�� ��,()#);"+($� E���##$, "E�C\"� <$/)4'C !�@)�' <$,)&� " )@#�-
&�C\"� ,)!)O�* �&;�G"�* 4 GaAs – �"��( " B#��"(�. 

��(�/�("� �"��(� (� B)<�!,()/�? =B"��4/"�#?();) /#)D B!)"G<)&"-
#)/? E��)&)E E�;(��!)(();) !�/B$#�("D < <�4''E� (� B!�&<�!"��#?() 
)�)%%�(('C B!" 200 °� < ��+�("� 20 E"('� B)&#)%4'. �)!E"!)<�("� B#�-
�"()<);) 4)(��4�� B!)<)&"#)/? 4��)&($E !�/B$#�("�E ��4%� (� B!�&<�-
!"��#?() )�)%%�(('C B)&#)%4'
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B#�/�"( )@!�@��$<�#�/? < 50 % <)&()E !�/�<)!� HCl &#D '&�#�("D B)<�!,-
()/�();) )4"/#�. �#D 7)!E"!)<�("D @�!?�!();) /#)D " 4)(��4�($, E�%/)-
�&"(�("* < B!"@)!� "/B)#?G)<�#"/? /"/��E$ E���##)< Pd/Au " �iN/Au &#D 
B�!<);) " <�)!);) <�!"�(�)< /))�<��/�<�((). ���E B!)<)&"#)/? 7)!E"!)-
<�("� E�G� /�!'4�'!$ / B)/#�&'C\�* �� B�//"<�8"�*. Q#)\�&? @�!?�!� 
P)��4" B!" =�)E /)/��<"#� 2,3 EE2. Q!"@)!$ / Pt 4)(��4�)E G���E )�%"-
;�#"/? B!" ��EB�!��'!� 450 °� 1 E"('�'. 	 4�+�/�<� )E"+�/4);) 4)(��4�� 
4 )@!��()* /�)!)(� "/B)#?G)<�#�/? /"/��E� E���##"G�8"" Ni/AuGe/Au. 

�#D )8�(4" �)#\"($ =B"��4/"�#?();) /#)D " 4)(��4�()* !�G()/�" 
B)��(8"�#)< /("E�#"/? <)#?�-7�!�&($� ,�!�4��!"/�"4" (	��) &���4�)-
!)<. ��!�4��!()* )/)@�(()/�?C 	�� !�G!�@)��(($, /�!'4�'! D<#D��/D 
B)/�)D(/�<) �E4)/�" )� )@!��();) /E�\�("D, +�) '4�G$<��� (� �), +�) '%� 
B!" ('#�<)E /E�\�("", )@#�/�? B!)/�!�(/�<�(();) G�!D&� G�("E��� B!�4-
�"+�/4 �//+"-
��(()� <#D�� 
B!"E�! #?($, 
/#)�<

" </C �)#\"(' !�@)+�* )@#�/�" B)#'"G)#"!'C\�;) GaAs. �
 "G �E4)/�" G(�+�("� )@#�/�" B!)/�!�(/�<�(();) G�!D&� /)/��
() 36 E4E, +�) (�/4)#?4) E�(?O� G(�+�("D �)#\"( =B"��4/"�

 ", B) </�* <"&"E)/�", /<DG�() / !�/B!)/�!�(�("�E B)#D < @)4�. �G 
B�!�/�!)�(()* G�<"/"E)/�" � �2C f U� �  &#D B!DE);) /E�\�("D /#�&'��, 
+�) 4)(8�(�!�8"D < !�@)+�E /#)� nb /)/��<#D�� <�#"+"(' 3·1011 /E>3, � 4)(-
��4�($* B)��(8"�# �K &#D )@�", /�!'4�'! B)!D&4� 0,65 	. 

�#D !�/+��� ,� �4��!"/�"4 @�!?�!)< P)��4" " )B!�&�#�("D ��4", 
B�!�E��!)< 4�4 4)=77"8"�(� "&��#?()/�" n, <$/)�� B)��(8"�#?();) @�!?-
�!� �B, � ��4%� E�,�("GE)< B!),)%&�("D �)4� +�!�G B)��(8"�#?($* @�!?�! 
"GE�!D#" B!DE'C <��<? 	�� B!" !�G#"+($, ��EB�!��'!�, < "(��!<�#� 
22>95 °�. 	)#?��EB�!($� ,�!�4��!"/�"

!

 

. �) 
�/�? /)@#C&���/D '/#)<"� B!" "77'G")(()* ��)!"" P)��4" 

 )�#"+�C�/D &!'; )� 

4" B#��"()<$, /�!'4�'! &#D !�G-
#"+($, ��EB�!��'! B!"<�&�($ (� !"/'(4� 1. 

�#D !�/+��� B�!�E��!)< @�!?�!)< )8�("<�#" B!"E�("E)/�? ��)!"" 
��!E)=#�4�!)(()* =E"//"" " &"77'G")(()* ��)!"" B!),)%&�("D ()/"��-
#�* G�!D&� +�!�G B)��(8"�#?($* @�!?�! &#D &�(($, /�!'4�'!. �!"��!"�E 
B!"E�("E)/�" �);) "#" "();) /#'+�D /#'%"� /))�()O�("� E�%&' <�#"+"-
(�E" ��B#)<)* " &!�*7)<)* /4)!)/�". ��/+�� B)4�G$<���, +�) B!" 4)E(��-
()* ��EB�!��'!� G(�+�("� ��B#)<)* /4)!)/�" &#D GaAs / =77�4�"<()*
E�//)* =#�4�!)()< 0,068·m0 , /)/��<#D�� <�#"+"(', !�<('C 1,45·105 E·/>1. 
�!�*7)<�D /4)!)/�? =#�4�!)()< B!" ('#�<)E /E�\�("" )B!�&�#D��/D 4)(-
��4�($E B)��(8"�#)E ", B!"("E�D �;) !�<($E 0,65 	, B)#'+��E &!�*7)-
<'C /4)!)/�? < E�4/"E'E� =#�4�!"+�/4);) B)#D !�<('C 1,5·104 E·/>1

E�("E)/�" &
T Dv v<< . 	$!�%�("� B#)�()/�" �)4� /);#�/() ��)!"" ��!E)=#�4�!)(()* 

=E"//"" " < &"77'G")(()* ��)!"" B!�4�"+�/4" (�
&!';�, )&(�4) B#)�()/�? �)4� (�/$\�("D < &"77'G")(()* ��)!"" /#�@) G�-
<"/"� )� ��EB�!��'!$ " )B!�&�#D��/D B!"#)%�(($E /E�\�("�E. 
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�"/. 1. 	)#?��EB�!($� ,�!�4��!"/�"4" B#��"-
()<$, /�!'4�'! &#D !�G#"+($, ��EB�!��'! 
 

�);#�/() &"77'G")(()* ��)!"" �)4 &")&� )B!�&�#D��/D /))�()O�("�E 

� �
1 2

2 exp exp 1b b bi
d n C

q n q q UI S q N U
� �  � � �  �� � � ��  �    � �   �	 � 	 �, -bi K k T k T, -

s7  
 � 
 �� ��
;&� S > B#)\�&? @�!?�!� P)��4"; NC > B#)�()/�? /)/�)D("* < G)(� B!)<)-
&"E)/�". 

�
, 

�B!DE#DD B!DE'C <)#?��EB�!('C ,�!�4��!"/�"4' &���4�)!�, < 4)-
)!&"(���, � �ln d bi KI U � �  )� B!"#)%�(();) /E�\�("D < "(��!<�#� 

bi d sk T q U I R ;; ;;   (�,)&"E (�4#)( #"("" b1 " )�!�G)4 b0 , )�/�4��E$* 
�C (� )/" �@/8"//. �);&� 4)=77"8"�(� "&��#?()/�" n " <$/)�� @�!?�!� �b , 
/))�<��/�<�((), !�<($ 

1b k T
qn � ; 
 

1 2
2ln bk T q nS q N

# $� �� �  . ., -� �   �  % 	 � 0b n C
sq &7, -
 �. .� �' (

��4"E )@!�G)E, "/B)#?G'D G(�+�("D B�!�E��!)< )B!�&�#�(($, "G 
"GE�!�("*, )B"/�(($, <$O�, &#D 4)E(��()* ��EB�!��'!$ (�,)&"E <$/)�$ 
@�!?�!)< 0,82 " 0,85 =	 " 4)=77"8"�(�$ (�"&��#?()/�" 1,7 " 1,5, /))�<��-
/�<�((), &#D �"��()<);) " B#��"()<);) @�!?�!)<. 

b� . 
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��!)D ��EB�!��'!('C G�<"/"E)/�? � �0 1b T  "G (�4#)(� B!DE)*, ��4%� 
B)#'+��E G(�+�("D <$/)� @�!?�!)< !�<($� 0,84 " 0,87 =	, /))�<��/�<�((), 
&#D �"��()<);) " B#��"()<);) 4)(��4�)< (!"/'()4 2). 

 
�"/. 2. �<"/"E)/�? � �0 1b T  &#D �"��()<);) " B#��"()<);) 4)(��4�)< 

 
Q!" "GE�!�("" /B�4�!�#?($, ,�!�4��!"/�"4 "//#�&'�E$, )@!�G8)< 

B)<�!,()/�()-@�!?�!($, &���4�)!)< )� £-"/�)+("4)< 238Pu, 226Ra (!"/. 3.) 
&���4�)!$ B)4�G�#" )+�(? <$/)4)� =(�!;��"+�/4)� !�G!�O�("� " =77�4-
�"<()/�? /@)!� G�!D&� (CCE), � ��4%� #"(�*($* )�4#"4 < "//#�&'�E)E 
&"�B�G)(� )� 4 &) 8 �=	, +�) B)&�<�!%&��� 4�+�/�<) <$@!�(()* ��,()#)-
;"" " B!�<"#?()/�? <$@)!� E���!"�#)< 4)(��4�)<. ��4 &#D #"("" 
5,499 �=	 "/�)+("4� 238Pu, < /!�&(�E &#D &���4�)!)< / 4)(��4�)E P)��4", 
O"!"(� B"4� (� B)#'<$/)�� (FWHM) /)/��<"#� 20,7 4=	 B!" =(�!;��"+�-
/4)E =4<"<�#�(�� O'E� 10,0 4=	. �'+O�� !�G!�O�("�, 4)�)!)� (�@#C&�#" 
(� /�!'4�'!�, / @�!?�!)E P)��4", – =�) 17,5 4=	 (0,3 %) B!" '!)<(� O'E� 
9,6 4=	. ��� &#D 238Pu /)/��<"#) 70–80 % B!" ('#�<)E /E�\�("", � B!" 
)@!��()E /E�\�("" < 20 	 /@)! ()/"��#�* G�!D&� B!"@#"%�#/D 4 100 %. 
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4000 5000 6000 70000

20

40

60

ev
en
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channels

 �����-����	
�

 226Ra (300 �)
 1 - 4784; 2 - 5489; 3 - 6002; 4 - 7687 �� 

 

�"/. 3. CB  P)��4" 

	 !�@)�� B)4�G�(), +�) &#D !�/+��� B�!�E��!)< @�!?�!)< P)��4" � 
/!�<("��#?() �)#/�$, B)#'"G)#"!'C\", /#)D, (�)@,)&"E) "/B)#?G)<��? 

!. �G;)�)<#�(($� 4)(��4�$ P)��4" 4 B)#'"G)#"!'C\�E' VPE 
GaAs 
,)!)O

+�(($, 4)(��4�)< "
()/�? <$@)!� E���!"�

�4�! 226Ra, "GE�!�(($* (� &���4�)!� / 4)(��4�)E

E�!�`����� 

(

&"77'G")(('C ��)!"C B!),)%&�("D ()/"��#�* G�!D&� +�!�G B)��(8"�#?-
($* @�!?�

B)4�G�#" @#"G4"� 4 ��@#"+($E G(�+�("D <$/)� @�!?�!� " &)/���)+() 
"� G(�+�("D 4)=77"8"�(�)< "&��#?()/�", +�) ;)<)!"� ) <$/)4)E 4�-

+�/�<� B)#' . ��+�/�<) <$@!�(()* ��,()#);""  B!�<"#?-
#)< 4)(��4�)< B)&�<�!%&���/D ��4%� /B�4�!�#?($E" 

,�!�4��!"/�"4�E", B)#'+�(($E" (� &�(($, /�!'4�'!�,. 
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F�����
Q�
	
��
��� � F�����
����
Q����
� �	���
	
-
��������
�
 ������, Q��������
�
 	 F�����
��
-


Q�������� Q��
���
	����

��� 621.383.8 

�� 
P)E�,)< .	., ��!E)4)< �.�., �)#)4�()< 
.�.,  

��;)�< �.�., P',)/��()< �.�. 

��@�!&"()-��#4�!/4"* ;)/'&�!/�<�(($* '("<�!/"���, ��#?+"4 

�<"(8)<)-/"#"4��($� /��4#� O"!)4) "/B)#?G'C�/D < =#�4�!)(()* 
��,("4�, < +�/�()/�", < 4�+�/�<� <�)!"+()-=E"//")(($, =E"���!)<. �)!-
E"!)<�("� 4�+�/�<�(();) <�)!"+()-=E"//")(();) /#)D /'\�/�<�(() G�<"-
/"� )� ��!E)&"(�E"+�/4", B�!�E��!)< " ,�!�4��!"/�"4 ��,()#);"+�/4", 
B!)8�//)< 7)!E"!)<�("D =E"//")(();) /#)D. 	 (�/�)D\�* !�@)�� "G'+�() 
B)<�&�("� '&�#?()* =#�4�!)B!)<)&()/�" ) /<"(8)<)-/"#"4��();) /��4#� 
�87-2, "/B)#?G'�E);) &#D "G;)�)<#�("D E"4!)4�(�#?($, B#�/�"(. 


@!�G8$ B!�&/��<#D#" /)@)* /B�8"�#?() B!";)�)<#�(($� &"/4" 
&"�E��!)E 24,8 EE " �)#\"()* 0,42 EE. �� �)!8)<$, B)<�!,()/�D, &"/4)< 
E��)&)E <�4''E();) (�B$#�("D @$#" (�(�/�($ ,!)E)<$� =#�4�!)&$. �G-
E�!�("D =#�4�!)B!)<)&()/�" B!)<)&"#"/? < <�4''E� (� ,'%�
10>

#�($ -
�!)B!

 
5 EE !�. /�. 

�� !"/. 1 B!�&/��< ��EB�!��'!($� G�<"/"E)/�" '&�#?()* =#�4
)<)&()/�" ) /��4#� �87-2, B)#'+�(($� B!" �!�, B)/#�&)<���#?($, 

(�;!�<�,. 

-13,0

-11,0

-9,0

-7,0

lg
)

, 4
+

/+

1-� �
�	�

2-� �
�	�

3-� �
�	�

1,2 1,6 2 2,4 2,8 3,21000/T, 1/�
 

�"/. 1. ��EB�!��'!(�D G�<"/"E)/�? '&�#?()* =#�4�!)-
B!)<)&()/�" /��4#� �87-2 < B!)8�//� �!�, B)/#�&)<�-
��#?($, (�;!�<)< )� 4)E(��()* ��EB�!��'!$ &) 450 °C 
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�� ;!�7"4� &#D 4�%&);) (�;!�<� <$&�#DC�/D &<� #"(�*($� )@#�/�". 
Q!" B)<�)!($, (�;!�<�,, B) /!�<(�("C / B�!<$E, =#�4�!)B!)<)&()/�? < 
("G4)��EB�!��'!()E '+�/�4� 'E�(?O���/D, B!" =�)E (�@#C&���/D, ��4%�, 
'E�(?O�("� (�4#)(� �BB!)4/"E"!'C\�* #"("", 4)�)!$* ,�!�4��!"G'�� 
=(�!;"C �4�"<�8"" =#�4�!)B!)<)&()/�". Q!" B�!<)E (�;!�<� < ("G4)��E-
B�!��'!()* )@#�/�" =(�!;"D �4�"<�8"" /)/��<#D�� 0,047 =	, � B!" B)<�)!-
($, – /("%���/D &) 0,036 =	. 	 <$/)4)��EB�!��'!()* )@#�/�" =(�!;"D �4-
�"<�8"" <) </�, /#'+�D, B!�4�"+�/4" /)<B�&��� " /)/��<#D�� 1,49 =	. 

	 !�@)��, [1, 2] E��)&)E !�(�;�()/�!'4�'!();) " !�(�;�()7�G)<);) �(�-
#"G� '/��()<#�($ )@!�G)<�("� " !)/� (�()!�GE�!($, 4!"/��##"+�/4", 7�G < 
/��4#� �87-2. 	 &�(()* !�@)�� B!)<)&"#)/? "//#�&)<�("� <#"D("D /�!'4�'!-
($, "GE�(�("* (� B!)<)&"E)/�? /��4#�. 
B$�$ B!)<)&"#"/? B!" B!)B'/4�-
("" B)/�)D(();) " G(�4)B�!�E�(();) =#�4�!"+�/4);) �)4� +�!�G )@!�G�8. 

�� !"/. 2 B!�&/��<#�($ 4"(��"+�/4"� 4!"<$� =#�4�!)B!)<)&()/�" 
/��4#� �87-2, B)#'+�(($� B!" "G)��!E"+�/4)E )�%";� < <�4''E� B!" ��E-
B�!��'!�, 350, 400, 450 " 500 °C. ��4 <"&() "G !"/'(4�, B!" B)/�)D(()E 
B!)B'/4�("" =#�4�!"+�/4);) �)4� B!)<)&"E)/�? /��4#� B!" </�, ��EB�!�-
�'!�, )�%";� /) <!�E�(�E 'E�(?O���/D. 

-11

-6

lg), C�/�

-10

-9

-8

-7

500 C

450 C

400 C

350 C

450 C "	��

0 1 2 3 4 5t, �
�.  

�"/. 2. �<"/"E)/�? =#�4�!)B!)<)&()/�" )� <!�E�(" )�%";� < 
<�4''E� &#D )@!�G8)< (�<)//��()<#�(();) /��4#� �87-2 B!" 
!�G#"+($, ��EB�!��'!�, " (�B!�!$<()E B!)B'/4�("" �)4�, � 
��4%� B!" G(�4)B�!�E�(()E �)4� " ��EB�!��'!� 450 °C 
 
Q)#'+�(($� =4/B�!"E�(��#?($� G�<"/"E)/�" )(t) &#D '4�G�(($, 

��EB�!��'! "G)��!E"+�/4)* <$&�!%4" /��4#� / ,)!)O�* &)/�)<�!()/�?C 
�BB!)4/"E"!'C�/D 4<�&!��"+()* G�<"/"E)/�?C: 
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 )=7·10–9t2>5·10–8t+1·10–7 &#D 500 °�, (1) 
 

 (3) 
 (4) 
;&� < '!�<(�( , � t < +�/�,. 

Q!" G(�4)B�!�E /��4#) B!)<)&"E)/�? 
)� <!� !)4-
/"E�8

(

 )4�G  
"

�/D, ��E "(��(/"<(��, +�E <$O� ��EB�!��'!� )�%";� (/E. !"/. 2). 
�!)<�(? B!)<)&"E)/�" /��4#� B!" <$/)4)* ��EB�!��'!� (500°�) /�!�E"�/D 
4 ~ 10>8 �E/E. 
@!�\��� (� /�@D <("E�("� �)� 7�4�, +�) B!)<)&"E)/�? 4!"-
/��##"+�/4);) 4<�!8� B!" 400 °� /)/��<#D�� ~ 10>8 �E/E. 	)GE)%(), +�) 
"E�(() !�/�'\"� (�()!�GE�!($� 4!"/��##$ &")4/"&� 4!�E("D, G�7"4/"!)-
<�(($� (� !�(�;�();!�EE�,, )B!�&�#DC� 4)(�+($* '!)<�(? B!)<)&"E)/�". 

�/B)#?G'D '!�<(�("D �BB!)4/"E�8"" (1)–(5) )B!�&�#�($ <!�E�(� 
)�%";�, B!" 4)�)!$, B!)<)&"E)/�? /) <!�E�(�E @)#?O� (� "GE�(D��/D. 
F�) )G(�+���, +�) /�!'4�'!� /��4#� B!",)&"� < !�<()<�/()� /)/�)D("�. �#D 
=�);) &"77�!�(8"!'D '!�<(�("D (1)–(4) B) <!�E�(" " E"("E"G"!'C B)#'-
+"E /))�()O�("� < <"&�: 

 )=6,6·10>9t2>5,3·10>8t+1·10>7 &#D 450 °�, (2)
)=4·10–9t2–5·10–8t+2·10–7 &#D 400 °�, 
)=6·10–13t2–7·10–12t+7·10–11 &#D 350 °�, 

"D, (1)–(4) " &�#�� < B)&)@($, ) < /"E�(/�, (� E��!
�(()E B!)B'/4�("" �)4� +�!�G 

E�(" )�%";�, (�)@)!)�, E)()�)(() <)G!�/����, " '!�<(�("� �BB
"" 4!"<)* < =�)E /#'+�� "E��� <"&: 

 )=>2·10>9t2+1·10>8t+4·10>8 &#D 450 °�. (5) 
�!�<(�("� &<', 4!"<$,, B)#'+�(($, B!" ��EB�!��'!� 450 °C &#D B)-

/�)D(();) " G(�4)B�!�E�(();) �)4�, B)4�G$<���, +�) < B!)8�//� (�;!�<� &) 
��EB�!��'!$ )�%";� / (�B!�!$<($E B!)B'/4�("�E �)4� B!)<)&"E)/�? 
/��4#� <)G!�/����, B!"+�E (� )&"( B)!D&)4 <�#"+"($ @)#?O�, +�E /))�<��-
/�<'C\�� <)G!�/��("� &#D /#'+�D G(�4)B�!�E�(();) �)4�. 	 B!)8�//� )�-
%";� B!" B)/�)D(()E B!)B'/4�("" �)4� B!)<)&"E)/�? 'E�(?O���/D (� 
~ 1,5 B)!D&4�  �!�E�(()E <�#"+"($, � B!" G(�4)B  B!)B'/4�("" �)4� �)@)-
!)� '<�#"+"<���/D (� ~ 0,5 B)!D&4�. Q!" B)/�)D(()E B!)B'/4�("" �)4� 4)-
#"+�/�<) =#�4�!"+�/�<) B!)O�&O"* +�!�G )@!�G�8 /)/��<#D#) 5,6×10>2 �#. 
F�)� 7�4� '4�G$<��� (� �), +�) B!" B)/�)D(()E B!)B'/4�("" =#�4�!"+�-
/4);) �)4� =#�4�!)E�//)B�!�()/ $<��� /'\�/�<�(() <#"D("� (� B!)-
<)& E)/�? " (� /�!'4�'!' /��4#�. ��(�;�()/�!'4�'!($� "//#�&)<�("D, 
��4%� B)&�<�!%&�C� =�)� 7�4�. 

	 B!)8�//� "G)��!E"+�/4);) )�%";� '&�#?(�D B!)<)&"E)/�? /��4#� 
'<�#"+"<��

d d 2 0t at b) � � � , 
)�4'&� 
 2t b a� .  (6) 

��4"E )@!�G)E, B)&/��<#DD < B)/#�&(�� G(�+�("D 4)=77"8"�(�)< a " 
b "G '!�<(�("* (1)-(4) B)#'+"E <!�ED '/��()<#�("D !�<()<�/"D < /�!'4�'!� 
/��4#� �87-02 < G�<"/"E)/�" )� ��EB�!��'!$ )�%";� (!"/. 4). 
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8t , �
�

t  = 51,408 exp(�0,0054T )

5

6

7

3

4

300 350 400 450 500 � , °� 
�"/. 4. �<"/"E)/�? <!�E�(" &)/�"%�("D 7�G)<);) !�<()-
<�/"D (!�#�4/�8"") < /��4#� �87-2 )� ��EB�!��'!$ )�%";� 
 

��4 <"&() "G !"/'(4� <!�ED '/��()<#�("D !�<()<�/"D < /�!'4�'!� 
/��4#� /"#?() G�<"/"� )� ��EB�!��'!$ )�%";�, " =�� G�<"/"E)/�? &#D /��4-
#� �87-2 �BB!)4/"E"!'C�/D '!�<(�("�E: 

t=51exp(�0,0054T). 
Q)&/��<#DD < =�) '!�<(�("� G(�+�("� ��EB�!��'!$ "G)��!E"+�/4);) 

)�%";� E)%() (�*�" )B�"E�#?()� <!�ED, (�)@,)&"E)� &#D B)#()* !�#�4-
/�8"" /��4#� B!" &�(()* ��EB�!��'!� B!" B)/�)D(()E B!)B'/4�("" �)4� 
+�!�G )@!�G�8. 

�� !"/. 5. B!�&/��<#�(� G�<"/"E)/�? d d t)  )� <!�E�(" )�%";� B!" 
!�G#"+($, ��EB�!��'!�,.  

-6,0E-08

-4,0E-08

0 1 2 3 4 5 6

t, ��

-2,0E-08

0,0E+00

2,0E-08

4,0E-08

�

350 �

400 �

450 �

500 �

450 � "	�

 
�"/. 5. �4)!)/�? "GE�(�("D B!)<)&"E)/�" /��4#� � 87-2 < B!)8�//� "G)-
��!E"+�/4);) )�%";� B!" !�G#"+($, ��EB�!��'!�, " (�B!�!$<()E B!)-
B'/4�("" �)4�, � ��4%� B!" ��EB�!��'!� 450 °C " G(�4)B�!�E�(()E �)4� 
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��4 <"&() "G
�("�E ��EB�!��

�, ", 4�4 " /#�&)<

 !"/'(4�, B!" (�B!�!$<()E B!)B'/4�("" �)4� / B)<$-
O '!$ )�%";� /4)!)/�? "GE�(�("D B!)<)&"E)/�" <)G!�/��-
� �#) )%"&��?, d d t)  "E��� E�4/"E�#?()� G(�+�("� B!" 
� �. Q!" G(�4)B�!�E�(()E B!)B'/4�("" �)4� (�)@)!)�, �EB�!��'!� 500 °

, �.�. < "(��!<�#� =�", ��EB�!��'! 
"GE�(�("D B!)< "E) �/D. 

/4)!)/�? "GE�(�("D B!)<)&"E)/�" 'E�(?O���/D. 
��4#)( B)#'+�(($, #"("* B)4�G$<��� "(��(/"<()/�? "GE�(�("D /4)-

!)/�" (!"/. 6). ��4 <"&() "G !"/'(4� B!" ��EB�!��'!�, 450 " 500 °� "(��(/"-
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���, 2008. �. 179–181. 
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/��4#� &#D ��Q �. �. �'#)<, �. �. ��!E)4)<, 
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� 11. �. 1649–1651. 

(
�("�E �)4�) /<"(8)<)/"#"4��($� /��4#� �87-2 " �78-4 )@(
,)%�� B)<�&�("�. Q!" ("G4", ��EB�!��'!�, )�%";� (350>
"�   B!)<)&"E)/�" @#"G4" 4 ('#C. � ��+�("�E <!�E�(" 

"G)��!E"+�/4);) )�%";� '&�#?(�D B!)<)&"E)/�? =�", /��4)# 'E�(?O���/D, 
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