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��������  

����� !  � .� . �"#$  $� %&'(!)$�&  *+#$� '&,!)-  $�+.*�.+#  $*' /!#0  

*+#$� '&1  �  2)/�'(!&  +)3+ 0.!*#  /#$"�+$&- -0 �)!)!!#0  $"�*�+&1 . – �"�#$() . 

�(),%-���&  !�  *+#2"--& !�"�#�#3#  )-"$,!&  ��!+(+�-�  ��*(�# -

4�-,4�-(/!('  !�"�  *�  )$,����1!�)-7  01.04.10 – «:�*(��  !�$��$%#��+!(���  � 

+�,�,�-%(��� ». – �,%5��!(  �(;(  !��/��1!(  *����+  «�53#%#+)1�(  

!���#!��1!(  "!��,%)(-,- », �53#%#+, 2019. 

�(),%-��� !�  %#2#-� $%()�&/,!�  +#)��+5,!!7  $�%�4,-%��  )-� �#)-�  

�%()-���/!#<  )-%"�-"%(  �  %�4��'  4#+,��  *� ’&*�#�#< ���,!-!#)-�  (��� ), �  -��#5  

4#+,�1!(4  %#*%�'"!��4  +()$,%)�< �#!#!�� : )"$,%�#!���  Cu6PS5Br, )�$��%"  

(�#%"!+" ) =-Al 2O3, ���*��"�,%(-��  � 30 � � 42, $�%#'�#%�� *� )-,'�#4,-%�07  � 2� 2> 6Y 

-�  2#%!('  �!3�+%(+��  � 2	 3. �$,%6,  %#*%#2�,!# +��  %#*%�'"!�#��  )',4(  !�  2�*�  

���  +�& $%#3!#*"��!!&  �+,��1!('  #�)(+!('  $�%#'�#%!('  )-%"�-"% -($"  

A2B2X6Y. 

��&  �!���*"  )-� �#)-�  �%()-���/!('  )-%"�-"% �  %�4��'  ���  #��!,!#  

*!�/,!!&  $�%�4,-%��  *� ’&*�#�#< ���,!-!#)-�  (�� ) (r0; b) +�& �#!!('  $�% Al3+/O2– 

(r0 = 1.62 Å; b = 0.42 Å), B3+/O2– (r0 = 1.37 Å; b = 0.35 Å), P5+/S2– (r0 = 2.125 Å; 

b = 0.37 Å). .%#�!���*#��!#  )"4(  ��  (?sAX): � ) +�& �-#4��  �#%"!+" : Al (?sAX = 

3.015 � .#. [���,!-!('  #+(!(�1 ]), O (?sAX = 2.010 � .#.); 2) +�& �-#4��  2#%!#3# 

�!3�+%(+"  B2O3-I: B (?sAX = 3.018 � .#.), O1 (?sAX = 1.980 � .#.), O2 (?sAX = 2.07 � .#.); 

� ) +�& �-#4��  2#%!#3# �!3�+%(+"  B2O3-I� : B (?sAX = 3.012 � .#.), O1 (?sAX = 

1.982 � .#.), O2 (?sAX = 2.021 � .#.); 3) +�& �-#4��  �%3�%#+(-" Cu6PS5Cl: P (?sAX = 

4.884 � .#.); +) +�& �-#4��  �%3�%#+(-" Cu6PS5Br: P (?sAX = 4.912 � .#.); , ) +�& �-#4��  

�%3�%#+(-" Cu6PS5I: P (?sAX = 4.808 � .#.). ��+'(�,!!&  *!�/,!1  )"4  ��  ��+  �+,��1!('  

�,�(/(!  )���+�7-1  1-4% � �,5�-1  "  4,5�'  ,�)$,%(4,!-��1!#<  $#'(2�(  

)-%"�-"%!('  +#)��+5,!1 . �)-�!#��,!# , ;#  %#*3�&+"��!�  )-%"�-"%(  a-Al 2O3, 

B2O3-I, B2O3-II � Cu6PS5X (X – Cl, Br, I) 0 )-� �(4( , �  <' $%,+)-���,!�  )-%"�-"%!�  

4#+,��  �)-�!#��,!#  * �()#�#7  +#)-#��%!�)-7 . 
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.%#�!���*#��!�  !�  �%()-���/!"  )-� ��)-1  )-%"�-"%(  2"�(  $#���+,!�  �  

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

�#*%�'"!#�  +()$,%)� !('  *��,5!#)-,  �#!#!��  �('  )-%"�-"% $%#�#+(�)& �  

�#!�,$��<  !�+$%#)-#%#�#< )(4,-%�<, &��  �(�#%()-#�"����)1  +�& $#2"+#�(  <' 

(3+d)-4�%!('  4#+,�, , 2�*"7/()1  !�  4,-%(��  $%#-#�%()-��" , &��  

")���+!7����)&  *2"+5,!!&4(  %�*!#3# -($" . ��  $,%6#4"  ,-�$�  �(*!�/��#)&  

4�)#�,  *2"%,!!& , &�,  *�2,*$,/"0  �+,���-!(  %#*$#+�� 4�)#�('  '�%��-,%()-(� ; 

$%( �1#4"  "-�#%,!,  )(�#�,  $#�,  4�5�-#4!#<  �*�04#+�< *�+����#)&  *��,5!(4  

-��1�(  ��+  ��++���  – r0. 

	$()  4#+,�,  �)�'  )-%"�-"% *�#+(�)&  +# $#2"+#�(  )"�"$!#)-,  �,�-#%��  

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

�
=

D-=D
s

j

nni
jjj

jjennM
1

)(*
*

),(),( bqbq4 , �#%4"��!!&  "*�3��1!,!#<  +(!�4�/!#<  4�-%(��  

)( iD qk +ab
, &� )"$,%$#*(��<  +(!�4�/!('  4�-%(�1  #+!#�-#4!('  )-%"�-"%, �  ���)!�  

*!�/,!!&  +()$,%)� !('  *��,5!#)-,  #+!#/�)-(!�#�('  *2"%,!1 #-%(4�!�  !�  

�()#�#)(4,-%(/!('  !�$%&4��'  *#!(  @%���7,!� . 

�#*%#2�,!,  $%#3%�4!, *�2,*$,/,!!&  +#*�#�(�#  %#*%�'"��-(  �#!#!!�  

)$,�-%(  +�& %#*3�&+"��!('  �%()-���� . �#)-#��%!�)-1  %,*"�1-�-��  %#*%�'"!�"  

*�2,*$,/"����)&  �(�#%()-�!!&4  $�+3#!�(  ,�)$,%(4,!-��1!('  *!�/,!1  �#!#!!('  

/�)-#-  �  -#/��  �  *#!(  @%���7,!� , 6�&'#4  $�+2#%" ��+$#��+!('  �,�(/(!  )(�#�('  

$#)-� !(' . �(!�4�/!�  4�-%(��  $%#-#�%()-��"  D�� (k+qi) %#*%�'#�"���()1  * 

�%�'"��!!&4  $,�!#<  ���1�#)-�  )(�#�('  $#)-� !('  �$�(�#�('  �##%+(!��� !('  

3%"$; -�� : +�& $�%#'�#%" In2Mn2O7 =1=3400 � /4, =2=850 � /4; +�& )"$,%�#!���  

Cu6PS5Br =1=114 � /4, =2=2.4 � /4, =3=0.8 � /4, =4=0.6 � /4, =5=0.5 � /4, =6=0.6 � /4; 

+�& ���*��"�,%(-��  � 30 � � 42 =1=1200 � /4, =2=690 � /4, =3=533 � /4 -�  =4=480 � /4; 

+�& )�$��%�  =-Al2O3 =1=125 � /4, =2=163 � /4, =3=273 � /4 -�  =4=239 � /4. 

.#%��!&!!&  %#*%�'#��!('  +()$,%)!('  �%(�('  �* -,#%,-(/!(4(  %#*%�'"!��4(  -�  

,�)$,%(4,!-��1!(4(  +�!(4(  �!6('  ��-#%��  ���*"0  !�  <' +#2%, "*3#+5,!!&  4�5  

)#2#7 , �  )�4, , +�& Cu6PS5Br -,#%�&/,�)$,%(4,!- /!�6�  +�!� : F2 – 74.2 )4 -1/74 )4 -1/ 

78.3 )4 -1, F1 – 80.8 )4 -1/78 )4 -1/79.3 )4 -1, F2 – 211.0 )4 -1/245 )4 -1/126.8 )4 -1, +�&  
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=-Al 2O3 ,�)$,%(4,!- /!�6�  +�!� : A1g – 19.35 ���  /20.432 ��� , A2u – 26.13 ���  

/25.681 ��� , Eu – 11.55 ���  /11.439 ��� . 

��&  �)�'  +#)��+5"��!('  )-%"�-"% #+,%5�!#  %#*���+  �#�(�!#3#  *#2%�5,!!&  

!�  !,*��+!�  *#2%�5,!!&  �  -#/��  �  *#!(  @%���7,!� . 

��&  �%()-����  )"$,%�#!���  Cu6PS5Br 2"�#  $%#�,+,!#  ab initio %#*%�'"!�(  

,�,�-%#!!('  )$,�-%��  %�*!('  4#+,�1!('  )-%"�-"%. �#*%�'"!�(  $#��*"7-1 , ;#  

*4�!�  $#�#5,!1  �#!��  Cu * $#*(��<  (0.865, 0.378, 0.378) +# (0.976, 0.523, 0.523) 

$%(�#+(-1 +# *4�!(  6(%(!(  *�2#%#!,!#< *#!(  ��+  0.39 , V +# 1.31 , V. 9(%(!�  

*�2#%#!,!#< *#!( , %#*%�'#��!�  +�& %,��1!#< )-%"�-"%( , )-�!#�(-1  0.19-0.59 , V, �  

,�)$,%(4,!-��1!,  *!�/,!!&  0.3-0.4 , V. 

	'5,)1&  $')1 : 4#+,�1  *� ’&*�#�#< ���,!-!#)-� , $�%�4,-%(  *� ’&*�#�#< 

���,!-!#)-� , �#�(�!,  *#2%�5,!!& , �#!#!!(  )$,�-% , �%3�%#+(-, )"$,%�#!�� , 

$�%#'�#%, ���*��"�,%(-( , )�$��% , 2#%!(  �!3�+%(+. 

 

ABSTRACT 

Shteyfan A.Ya. Description of stability of the crystal structures of the 

complex crystals and model calculations of the dispersions of their phonon 

spectra. – Manuscript.  

Thesis for the scientific degree of candidate of physical and mathematical 

sciences, specialty 01.04.10 – «Physics of semiconductors and dielectrics». – 

Uzhhorod National University, Ministry of Education and Science of Ukraine, 

Uzhhorod, 2019. 

The thesis is devoted to the investigation of the stability parameters of the crystal 

structures within the framework of the bond valence model (BVM), and also to the 

model calculations of the dispersions of the phonons for the superionic materials 

Cu6PS5Br, sapphire =-Al 2O3, quasifullerites � 30 and � 42, pyrochlores of the � 2� 2> 6Y 

stoichiometry, and boric anhydrides � 2	 3. For the first time, the two BVM-based 

calculation schemes have been developed for predicting the structures of the ideal 

A2B2X6Y oxide pyrochlores. 
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In order to analyze the stability of the investigated crystal structures within the 

framework of the BVM, the bond valence (BV) parameters (r0; b) have been calculated 

for the ion pairs Al3+/O2– (r0 = 1.62 Å; b = 0.42 Å), B3+/O2– (r0 = 1.37 Å; b = 0.35 Å), 

and P5+/S2– (r0 = 2.125 Å; b = 0.37 Å). The bond valence sums ?sAX (the BVS values) 

measured in valence units (v.u.) have been calculated: (a) for the atoms of corundum: 

Al (?sAX = 3.015 v.u.), O (?sAX = 2.010 v.u.); (b) for the atoms of boric anhydride 

B2O3-I: B (?sAX = 3.018 v.u.), O1 (?sAX = 1.980 v.u.), O2 (?sAX = 2.07 v.u.); (c) for the 

atoms of boric anhydride B2O3-I�: B (?sAX = 3.012 v.u.), O1 (?sAX = 1.982 v.u.), O2 

(?sAX = 2.021 v.u.); (d) for the atoms of argyrodite Cu6PS5Cl: P (?sAX = 4.884 v.u.); (e) 

for the atoms of argyrodite Cu6PS5Br: P (?sAX = 4.912 v.u.); (f) for the atoms of 

argyrodite Cu6PS5I: P (?sAX = 4.808 v.u.). The departures of the obtained BVS values 

from the ideal ones are 1-4% and lie within the experimental error of structure 

determinations. The above results indicate that the considered structures of a-Al2O3, 

B2O3-I, B2O3-II and Cu6PS5X (X – Cl, Br, I) are stable and their structural models have 

been determined with a high level of accuracy. 

The structures examined for stability were then used as a basis for the models in 

calculations of their single-particle spectra. The calculations of the dispersion 

dependences of phonons of these structures were carried out within the framework of 

the superspace symmetry concept which has been used for building of their (3+d)-

dimension models, based on the protocrystal metrics complicated by perturbations of 

different types. As a first step, the mass perturbation has been determined, providing 

the adequate distribution of the mass parameters; the obtained force field of interatomic 

interaction was taken to be dependent solely on the distance r0.  

The description of the models of all the structures was reduced to the 

construction of the proper sets of modulation vectors, the definition of the mass 

modulation function �
=

D-=D
S

j

nni
jjj

jjennM
1

)(*
*

),(),( bqbq4 , the construction of the 

generalized dynamic matrix )( iD qk +ab
 taken as the superposition of the dynamic 

matrixes of single-atom structures; the eigenvalues of the dispersion dependences of 
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the single-particle perturbations were obtained for the high-symmetry directions of the 

Brillouin zone. 

The developed software allowed one to calculate the phonon spectra for the 

considered crystals. The reliability of the calculated results was ensured by the use of 

fitting the experimental values of the phonon frequencies at the G point of the Brillouin 

zone, adjusting the proper values of the force constants. The dynamic matrices 

D�� (k+qi) of the protocrystal were calculated taking into account a certain number of 

force constants of the influential coordination groups. Thus, for the In2Mn2O7 

pyrochlore =1=3400 N/m, =2=850 N/m; for the superionic materials Cu6PS5Br =1=114 

N/m, =2=2.4 N/m, =3=0.8 N/m, =4=0.6 N/m, =5=0.5 N/m, =6=0.6 N/m; for the 

quasifullerites � 30 and � 42 =1=1200 N/m, =2=690 N/m, =3=533 N/m, =4=480 N/m; for 

sapphire a-Al 2O3 =1=125 N/m, =2=163 N/m, =3=273 N/m, and =4=239 N/m. 

Comparison of the calculated dispersion curves with those theoretically derived and 

with the experimental data from other authors shows their good agreement with each 

other. Thus, for Cu6PS5Br, theory/experiment/our data: F2 – 74.2 cm-1/74 cm-1/ 

78.3 cm-1, F1 – 80.8 cm-1/78 cm-1/79.3 cm-1, F2 – 211.0 cm-1/245 cm-1/126.8 cm-1; for 

a-Al 2O3, experiment/our data: A1g – 19.35 THz /20.432 THz, A2u – 26.13 THz / 

25.681 THz, Eu – 11.55 THz /11.439 THz. 

For all the investigated structures, the vibrational representations have been 

decomposed into the irreducible representations at the G point of the Brillouin zone. 

For the superionic Cu6PS5Br crystals, ab initio calculations of electronic spectra 

of different model structures have been performed. The calculations show that the 

change in the positions of the Cu ions from the position (0.865, 0.378, 0.378) to (0.976, 

0.523, 0.523) leads to a change in the bandgap width from 0.39 eV to 1.31 eV. The 

bandgap width calculated for the real structure is 0.19-0.59 eV, while the 

corresponding experimental value is 0.3-0.4 eV. 

Keywords: bond valence model, bond valence parameters, vibrational 

representation, phonon spectrum, argyrodite, superionic, pyrochlore, quasifullerites, 

sapphire, boric anhydride. 
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���������  

����� !  � .� . �"#$ !#�  $� %#'(!)$�#  *+#$� ''#,�$*)�  $�+.*�.+6  

$')7!60  *+#$� '')1  # 2)/�'(!6�  + $,��6  /#$"�+$##  #0 �)!)!!60  

$"�*�+)1 . – �"�#$()1 . 

�()),%-��(&  !�  )#()��!(,  "/,!#  )-,$,!(  ��!+(+�-�  �(*(�# -

4�-,4�-(/,)�('  !�"�  $# )$,�(��1!#)-(  01.04.10 – «:(*(��  $#�"$%#�#+!(�#�  (  

+(A�,�-%(�#� » – ����  "�53#%#+)�(  !��(#!��1!B  "!(�,%)(-,- " 

�(!()-,%)-��  #2%�*#��!(&  (  !�"�(  ��%�(!B , �53#%#+, 2019. 

�()),%-��(#!!�&  %�2#-� $#)�&;,!�  ())�,+#��!(7  $�%�4,-%#� 

")-# /(�#)-(  )-%"�-"%B �  %�4��'  4#+,�(  )�&*,�#  ���,!-!#)-(  (��� ), �  -��5,  

4#+,�1!B4  %�)/,-�4  +()$,%)((  �#!#!#� : )"$,%(#!(��  Cu6PS5Br, )�$�(%�  

(�#%"!+� ) =-Al 2O3, ���*(�"��,%(-#�  � 30 (  � 42, $(%#'�#%#� )# )-,'(#4,-%(,  

� 2� 2> 6Y (  2#%!B' �!3(+%(+#�  � 2	 3. �$,%�B,  %�*%�2#-�!B +�,  %�)/,-!B,  )',4B  

!�  2�*,  ���  +�& $%#3!#*(%#��!(& (+,��1!B'  #�)(+!B'  $(%#'�#%!B'  )-%"�-"% 

-($�  A2B2X6Y. 

��&  �!��(*�  ")-# /(�#)-(  �%()-���(/,)�('  )-%"�-"% �  %�4��'  4#+,�(  

)�&*,�#  ���,!-!#)-(  (��� ), #�,!,!B  *!�/,!(&  $�%�4,-%#� )�&*,�#  

���,!-!#)-(  (�� ) (r0; b) +�& (#!!B'  $�% Al3+/O2– (r0 = 1.62 Å; b = 0.42 Å), B3+/O2– 

(r0 = 1.37 Å; b = 0.35 Å), P5+/S2– (r0 = 2.125 Å; b = 0.37 Å). .%#�!��(*(%#��!B  

)"44B  ��  (?sAX): � ) +�& �-#4#�  �#%"!+� : Al (?sAX = 3.015 � ., . [���,!-!B'  

,+(!(� ]), O (?sAX = 2.010 � ., .); 2) +�& �-#4#�  2#%!#3# �!3(+%(+�  B2O3-I: B (?sAX = 

3.018 � ., .), O1 (?sAX = 1.980 � ., .), O2 (?sAX = 2.07 � ., .); � ) +�& �-#4#�  2#%!#3# 

�!3(+%(+�  B2O3-I�: B (?sAX = 3.012 � ., .), O1 (?sAX = 1.982 � ., .), O2 (?sAX = 

2.021 � ., .); 3) +�& �-#4#�  �%3(%#+(-� Cu6PS5Cl: P (?sAX = 4.884 � ., .); +) +�& �-#4#�  

�%3(%#+(-� Cu6PS5Br: P (?sAX = 4.912 � ., .); , ) +�& �-#4#�  �%3(%#+(-� Cu6PS5I:  

P (?sAX = 4.808 � ., .). 	-��#!,!(&  )"44  ��  #- (+,��1!('  �,�(/(!  )#)-���&7-   

1-4% (  �,5�-  �  $%,+,��'  A�)$,%(4,!-��1!#  $#3%,6!#)-(  )-%"�-"%!B'  

())�,+#��!( . �)-�!#��,!# , /-#  %�))4�-%(��,4B,  )-%"�-"%B a-Al2O3, B2O3-I, 

B2O3-II (  Cu6PS5X (X – Cl, Br, I) &��&7-)&  ")-# /(�B4( , �  ('  )-%"�-"%!B,  4#+,�(  

#$%,+,�,!B  )  �B)#�#  !�+,5!#)-17 . 
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.%#�!��(*(%#��!!B,  !�  ")-# /(�#)-1  �%()-���(/,)�(,  )-%"�-"%B 2B�(  

$#�#5,!B  �  #)!#�"  $#)-%#,!(& 4#+,�,  +�& %�)/,-�  ('  #+!#A�,4,!-!B'  

)$,�-%#� . ��)/,-  +()$,%)(#!!B'  *��()(4#)-,  �#!#!#�  A-('  )-%"�-"% 2B�  

$%#�,+,!  �  �#!�,$�((  )�,%'$%#)-%�!)-�,!!#  )(44,-%(( , �#-#%�& 

()$#�1*#����)1  +�& $#)-%#,!(& ('  (3+d)-4,%!B'  4#+,�, , #)!#�B��&)1  !�  

4,-%(�,  $%#-#�%()-���� , �#-#%�& ")�#5!&��)1  �#*4";,!(&4(  %�*!#3# -($� . ��  

$,%�#4 A-�$,  #$%,+,�&�#)1 4�))#�#,  �#*4";,!(, , #2,)$,/(��7;,,  �+,���-!#,  

%�)$%,+,�,!(,  4�))#�B'  '�%��-,%()-(� , $%( A-#4 #2%�*#��!!#,  )(�#�#,  $#�,  

4,5�-#4!#3#  �*�(4#+, )-�(&  2B�#  *��()(4B4  #- #+!#3# $�%�4,-%�  – r0.  

	$()�!(,  4#+,�,  �),'  )-%"�-"% )�#+(�#)1  �  $#)-%#,!(7  )#�#�"$!#)-,  

�,�-#%#�  4#+"�&�(( , #$%,+,�,!(7  4�))#�B'  4#+"�&�(#!!B'  �"!��(  

�
=

D-=D
s

j

nni
jjj

jjennM
1

)(*
*

),(),( bqbq4 , �#%4(%#��!(7  #2#2;C!!#  +(!�4(/,)�#  

4�-%(�B  )( iD qk +ab
, ���  )"$,%$#*(�((  +(!�4(/,)�('  4�-%(�  #+!#�-#4!B'  

)-%"�-"%, �  )#2)-�,!!B,  *!�/,!(&  +()$,%)(#!!B'  *��()(4#)-,  

#+!#A�,4,!-!B'  �#*4";,!(  $#�"/,!B  !�  �B)#�#)(44,-%(/!B'  !�$%���,!(&'  

*#!B  @%(��7A!� . 

��*%�2#-�!!#,  $%#3%�44!#, #2,)$,/,!(,  $#*�#�(�#  %�))/(-�-1  �#!#!!B,  

)$,�-%B  +�& %�))4�-%(��,4B'  �%()-���#� . �#)-#�,%!#)-1  %,*"�1-�-#�  %�)/,-�  

#2,)$,/(����)1  ()$#�1*#��!(,4  $#+3#!�(  A�)$,%(4,!-��1!B'  *!�/,!(  

�#!#!!B'  /�)-#-  �  -#/�,  �  *#!B  @%(��7A!� , $"-,4  $#+2#%� )##-�,-)-�,!!B'  

�,�(/(!  )(�#�B'  $#)-#&!!B' . �(!�4(/,)�(,  4�-%(�B  $%#-#�%()-����  D�� (k+qi) 

%�))/(-B���()1  )  "/,-#4  #$%,+,�,!!#3#  �#�(/,)-��  )(�#�B'  �#!)-�!-  

��(&-,�1!B'  �##%+(!��(#!!B'  3%"$$; -�� : +�& $(%#'�#%� In2Mn2O7 =1=3400 � /4, 

=2=850 � /4; +�& )"$,%(#!(��  Cu6PS5Br =1=114 � /4, =2=2.4 � /4, =3=0.8 � /4, 

=4=0.6 � /4, =5=0.5 � /4, =6=0.6 � /4; +�& ���*(�"��,%(-#�  � 30 (  � 42 =1=1200 � /4, 

=2=690 � /4, =3=533 � /4 (  =4=480 � /4; +�& )�$�(%�  =-Al 2O3 =1=125 � /4, 

=2=163 � /4, =3=273 � /4 (  =4=239 � /4. �%��!,!(,  %�))/(-�!!B'  +()$,%)(#!!B'  

�%(�B'  )  $#�"/,!!B4(  -,#%,-(/,)�(  (  )  A�)$,%(4,!-��1!B4(  +�!!B4(  +%"3(' 

��-#%#�  "��*B��,-  !�  ('  '#%#6,,  )#3��)(,  4,5+"  )#2# , �  (4,!!# , +�& Cu6PS5Br 
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-,#%(&/A�)$,%(4,!- /!�6(  +�!!B, : F2 – 74.2 )4 -1/74 )4 -1/78.3 )4 -1, F1 – 80.8 )4 -1/ 

78 )4 -1/79.3 )4 -1, F2 – 211.0 )4 -1/245 )4 -1/126.8 )4 -1, +�& =-Al 2O3 A�)$,%(4,!- /!�6(  

+�!!B, : A1g – 19.35 ���  /20.432 ��� , A2u – 26.13 ���  /25.681 ��� , Eu – 11.55 ���  

/11.439 ��� . 

��&  �),'  ())�,+#��!!B'  )-%"�-"% $#�"/,!#  %�*�#5,!(,  �#�,2�-,�1!#3#  

$%,+)-���,!(&  !�  !,$%(�#+(4B,  $%,+)-���,!(&  �  -#/�,  �  *#!B  @%(��7A!� . 

��&  �%()-���#�  )"$,%(#!(��  Cu6PS5Br 2B�(  $%#�,+,!B  ab initio %�)/,-B  

A�,�-%#!!B'  )$,�-%#�  %�*!B'  4#+,�1!B'  )-%"�-"%. ��� , %�)/,-B  "��*B��7- , /-#  

(*4,!,!(,  $#�#5,!(  (#!#�  Cu (*  $#*(�((  (0.865, 0.378, 0.378) �  (0.976, 0.523, 

0.523) $%(�#+(-  �  (*4,!,!(7  6(%(!B  *�$%,-!#  *#!B  #- 0.39 , V �  1.31 , V. 

9(%(!�  *�$%,-!#  *#!B , %�))/(-�!!�&  +�& %,��1!#  )-%"�-"%B, )#)-���&,-  0.19-

0.59 , V, �  A�)$,%(4,!-��1!B,  *!�/,!(&  0.3-0.4 , V. 

	'5,�16�  $')1 : 4#+,�1  )�&*,�#  ���,!-!#)-( , $�%�4,-%B )�&*,�#  

���,!-!#)-( , �#�,2�-,�1!#,  $%,+)-���,!(, , �#!#!!B  )$,�-% , �%3(%#+(-, 

)"$,%(#!(� , $(%#'�#%, ���*(�"��,%(- , )�$�(% , 2#%!B  �!3(+%(+ . 
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��  )1#3#+!� �)!"0  6(%#�(  )$,�-%  !#�('  "*�3��1!,!1  )(4,-%�<, &�� 

�(�#%()-#�"7-1)&  $%( #$()�  )-%"�-"%(  �%()-���� , $%#-, $(-�!!&  $%# 

*�)-#)"��!!&  #)-�!!�'  +# +#)��+5,!1  )$,�-%��  ,�,4,!-�%!('  *2"+5,!1  �%()-����  

�),  ;,  *��(6�0-1)&  ��+�%(-(4 . �%#)-�0 �!-,%,)  +# )���+!('  ��*(/!('  #2’0�-��  -�  

4,-#+��  <' +#)��+5,!!& , -#4"  "*�3��1!,!!&  -�  #$,%"��!!&  $%#)-(4(  $#!&--&4(  0 

��-"��1!(4  *��+�!!&4  -,#%�< )���+!('  #2’0�-�� . �����(4(  +�& $%��-(/!#3#  

*�)-#)"��!!&  0 )���+!�  2�3�-#�#4$#!,!-!�  �%()-���/!�  )-%"�-"%(  �  &�('  

$%#&��&0-1)& $#0+!�!!&  %�*!('  ��*(/!('  ���)-(�#)-,  �(��(��!('  

,�,�-%#!!(4( , �#!#!!(4( , -"!,�1!(4(  -�  �!6(4(  ���)-(�#)-&4( , #$()  � 

$%#3!#*"��!!&  &�('  2�*"0-1)& !�  �-#4!�  2"+#��  �%()-���� , &��  #$()"0  )(4,-%�7  

�%()-���/!#<  F%�-�(. ��5�(�#7  "4#�#7  �#%,�-!#)-�  �()!#����  � $%#3!#*�� 0 

!�+� !�)-1  ,�)$,%(4,!-��1!#  �)-�!#��,!('  $�%�4,-%��  �%()-���/!('  )-%"�-"%. 

�  )�#7  /,%3", 4#5�(��)-1  $%��-(/!#3#  *�)-#)"��!!&  �%()-���/!('  4�-,%�����  "  

)"/�)!�  -,'!���  �%(-(/!#  *��,5(-1  ��+  <'!1#< )-� �#)-�  �  "4#��'  ,�)$�"�-���< . 

�  #3�&+" !�  �(;,)��*�!, , +#)��+5,!!&  � $%#3!#*"��!!&  ���)-(�#)-,  

)���+!('  �%()-���/!('  "-�#%,!1  �  %�4��'  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�<, �  

-��#5  %#*%#2�� !�+� !#<  )',4(  �)-�!#��,!!&  �#%,�-!#)-�    )-�2��1!#)-�  

�%()-���/!('  )-%"�-"% �  %�4��'  ,4$�%(/!#<  4#+,��  *� ’&*�#�#< ���,!-!#)-�  (��� ) 

0 ��-"��1!(4(  &� * -,#%,-(/!#< , -��  � * $%��-(/!#<  -#/�(  *#%". ��4,  %#*�’&*�!!7  

�('  *�+�/  � $%()�&/,!�  $%,+)-���,!�  +(),%-��� !�  %#2#-�. 

�1 ’ :3)*  +)%)�#  3 ! .*)1#2#  "+);+ 2 2# , "' ! 2# , ��2 2# . 

��!�  %#2#-� �(�#!�!�  �  ��2#%�-#%�&' ���,+%(  ��*(�(  !�$��$%#��+!(��� , 

���,+%(  $%(���+!#<  ��*(�(  -�  �  ���  ��*(�(  � '�4�<  -�,%+#3# -���  �53#%#+)1�#3# 

!���#!��1!#3#  "!��,%)(-,-"  "  ��+$#��+!#)-�  +# !�"�#�# -+#)��+!('  %#2�-: 

«�*�3��1!,!�  )(4,-%� !# --#$#�#3�/!�  �)$,�-(  %,���*���<  � $,%,2"+#�(  �  !�)��+#�  

�$�(�"  *#�!�6!�'  ���-#%��  � +#4�6#�  )���+!('  �%()-���/!('  "-�#%,!1  -�  
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#)#2�(�#)-�  <' #+!#/�)-(!�#�('  )$,�-%�� » ��  – 0103U001680, «�(4,-%� !# -

-#$#�#3�/!�  $,%,+"4#�(  2"+#�(  �%()-���/!('  )$#�"�  *4�!!#3#  )���+"  -�  <'!�'  

#+!#/�)-(!�#�('  )$,�-%�� » ��  – 0105U009078, «�*�3��1!,!�  )(4,-%�< -�  

,�#�7��&  )$,�-%��  ,�,4,!-�%!('  *2"+5,!1  "  )���+!('  �%()-���/!('  "-�#%,!!&'  

� !�!#)-%"�-"%�' » ��  – 0109U000859, «�$�(�  ,�,�-%#!!# -�#!#!!#<  �*�04#+�<, 

�!3�%4#!�*4"  -�  ,�,�-��  $%#)-#%#�(' #24,5,!1  !�  #+!#/�)-(!�#��  *2"+5,!!&  

)���+!('  �%()-���/!('  "-�#%,!1 » ��  – 0112U001557, «.��*4#!!�  ,�,�-(  -�  

�!�*#-%#$�& �#-#-,�"/#)-�  �  !�!#)-%"�-"%#��!('  �4#%�!('  )()-,4�'  Ag(Au)-

As-S(Se)» ��  – 0113U002365, «�$�(�  ��-�#!!#3#  *�4�;,!!&  -�  $%#�,)(  

%#*"$#%&+�"��!!& �  !#�('  �%()-���/!(' , �#4$#*(-!('  -�  �4#%�!('  )"$,%�#!!('  

$%#��+!(��' » ��  – 0116U004787, «�#��  �#4$#*(-!�  -�  �,%�4�/!�  )"$,%�#!!�  

$%#��+!(�(  !�  #)!#��  )$#�"�  *� )-%"�-"%#7  �%3�%#+(-�: �(3#-#��,!!& , 

+#)��+5,!!&  -�  *�)-#)"��!!& » ��  – 0119U100233. 

���  & 3 1/ !!:  /)$'&/7�!!: . 

�,-#7  +�!#< %#2#-( 0 �)-�!#��,!!&  �*�04#*��,5!#)-�  )-%"�-"%( , )(4,-%�< 

-�  '�4�/!#3#  *� ’&*�"  )���+!('  �%()-����  &� �#4$#*(�� !#  4#+"�1#��!('  

!�+F%�-#� , �  -��#5  �%�'"��!!&  %�*!('  4,'�!�*4��  �#4$#*(�� !#3#  �$#%&+�"��!!&  

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

*2"+5,!1  �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�<.  

���#5  !�  4,-�  2"�#  $%#�,)-( , *�  +#$#4#3#7 ��� , �%()-��#'�4�/!(  �!���*  

)-%"�-"% )�$��%"  Al2O3, +�#'  $#��4#%�!('  4#+(������  B2O3, $�%#'�#%�� * 

)-,'�#4,-%�07  � 2� 2> 6Y -�  �%3�%#+(-�� Cu6PS5X (X – Cl, Br, I). 

��&  +#)&3!,!!&  $#)-���,!#<  4,-( , 2"�(  $#)-���,!�  !�)-"$!�  *��+�!!& : 

1- $%#�,)-(  �%()-��#'�4�/!(  �!���*  �%3�%#+(-��, )�$��%� , 2#%!#3# 

�!3�+%(+"  -�  $�%#'�#%" * �(�#%()-�!!&4  ���  * 4,-#7  #��!�(  �%()-��#3%���/!#<  

)-� �#)-�  �('  �%()-���/!('  )-%"�-"%; 

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

(�� ) +�& �#%,�-!#<  �$%#�)(4���<  �#%,�&�� !('  *��,5!#)-,  4�5  +#�5(!#7  

'�4�/!#3#  *� ’&*�"  -�  �,�(/(!�4(  �� ; 
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3- %#*%#2(-( $%#3%�4!, *�2,*$,/,!!&  +�& $#2"+#�(  �#!#!!('  )$,�-%��  

)"$,%�#!����  -($"  Cu6PS5Br, $�%#'�#%�� In2Mn2O7, ���*��"�,%(-��  � 30 � � 42 -�  

)�$��%�  =-Al2O3, -�  $#%��!&-(  #-%(4�!�  %,*"�1-�-(  �* ,4$�%(/!(4(  +�!(4( ; 

4- #-%(4�-(  �#�(�!�  *#2%�5,!!&  +#)��+5"��!('  !�4(  )-%"�-"% &� �  

���)(/!#4" , -��  � �  !�+$%#)-#%#�#4" $�+'#+�' . 

�� ’ ���  ���	
���

�  – #)#2�(�#)-�  )-%"�-"%(  -�  �#!#!!�  )$,�-%(  

�%()-����  )"$,%�#!���  Cu6PS5Br, )�$��%"  =-Al 2O3, ���*��"�,%(-��  � 30 � � 42, 

$�%#'�#%�� * )-,'�#4,-%�07  � 2� 2> 6Y -�  2#%!('  �!3�+%(+��  � 2	 3; '�4�/!(  *� ’&*#�. 

�������  ���	
���

�  – �#%,�&�� !�  *��,5!#)-�  4�5  +#�5(!#7  '�4�/!#3#  

*� ’&*�"  -�  �,�(/(!�4(  ��  +�& �#!!('  $�% Al3+/O2–, B3+/O2–, P5+/S2– -�  +(!�4���  

F%�-�( )���+!('  �%()-����  &� �#4$#*(�� !#  4#+"�1#��!('  )-%"�-"%, ;#  

+#)��+5"����)&  !�  $%(���+�  �%()-����  )"$,%�#!����  -($"  Cu6PS5Br, )�$��%"  =-

Al 2O3, ���*��"�,%(-��  � 30 � � 42, $�%#'�#%�� *� )-,'�#4,-%�07  � 2� 2> 6Y -�  2#%!('  

�!3�+%(+��  � 2	 3. 

���)/#  /)$'&/7�!( . 

�  +(),%-��� !�  %#2#-� +�& #��!�(  !�+� !#)-�    )-�2��1!#)-�  4#+,�,  

�%()-���/!('  )-%"�-"% �(2%�!#  4,-#+  *� ’&*�#�#< ���,!-!#)-� . 

�,%,+  ,������,!-!('  "*�3��1!,!1  )(4,-%�< �  +(),%-��� !�  %#2#-� 

��++�0-1)& $,%,��3�  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�<, &��  +#*�#�&0 $#)��+#�!#  

%#*3�&+�-( )���+!�  �%()-��(  &� (3+d)-4�%!� "-�#%,!!&  )-%"�-"%( , �*#4#%�!�  <4 

$# )(4,-%�<. 

	$()  4#+,�,  �)�'  )-%"�-"% *�#+(�)&  +# �#%4"��!!&  )"�"$!#)-,  �,�-#%��  

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

�
=

D-=D
s

j

nni
jjj

jjennM
1

)(*
*

),(),( bqbq4 , �#%4"��!!&  "*�3��1!,!#<  +(!�4�/!#<  

4�-%(��  )( iD qk +ab
, &� )"$,%$#*(��<  +(!�4�/!('  4�-%(�1  #+!#�-#4!('  )-%"�-"%, 

�  ���)!�  *!�/,!!&  +()$,%)� !('  *��,5!#)-,  #+!#/�)-(!�#�('  *2"%,!1 #-%(4�!�  

!�  �()#�#)(4,-%(/!('  !�$%&4��'  *#!(  @%���7,!� . 

�#)-#��%!�)-1  #-%(4�!('  %,*"�1-�-��  *�2,*$,/"0-1)&  6�&'#4  �$%#�)(4���<  

,�)$,%(4,!-��1!('  *!�/,!1  �#!#!!('  /�)-#-  �  -#/��  �  *#!(  @%���7,!�  6�&'#4  
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$�+2#%" *!�/,!1  )(�#�('  $#)-� !('  �  -,#%,-(/!('  %#*%�'"!��' . 	-%(4�!�  

%#*%�'#��!�  +()$,%)� !�  *��,5!#)-�  )$��)-���&�()&  * ,�)$,%(4,!-��1!(4(  

+�!(4(  �!6('  ��-#%�� , $%( �1#4"  )$#)-,%�3���)1  *�+#���1!�  �#%,�&��& 

%#*%�'"!�#�('  +�!('  * ��+#4(4(  ��-,%�-"%!(4( . 

�#)-#��%!�)-1  #-%(4�!('  $�%�4,-%��  *� ’&*�#�#< ���,!-!#)-�  $%#�#+(-1)& 

)$��)-���,!!&4  )"4  �� , %#*%�'#��!('  +�& �,!-%��1!('  �-#4��  (�#!�� ) A 

�##%+(!��� !('  )�,%  [AXn] !�+� !#  �(*!�/,!('  )-� �('  )-,'�#4,-%(/!('  

)-%"�-"%, * �,�(/(!�4(  �-#4!#<  ���,!-!#)-�  VA �('  �#!�� . �"4(  �� , %#*%�'#��!�  

+�& -��('  �##%+(!��� !('  )�,%  * +#)-#��%!('  $�%�4,-%��  �� , 0 %��!(4(  �2# 5  

4��)(4��1!#  2�(*1�(4(  +# #/��"��!('  �,�(/(!  VA. 

� .*)1  !)1#3!  )/�+7 !#0  +�3.'(� �&1 .  

�  +�!�  %#2#-� �$,%6,  $%#�#+(�()1  +#)��+5,!!&  )���+!('  �%()-����  

)"$,%�#!����  -($"  Cu6PS5Br, )�$��%�  =-Al 2O3, ���*��"�,%(-��  � 30 � � 42, $�%#'�#%�� 

*� )-,'�#4,-%�07  � 2� 2> 6Y -�  2#%!('  �!3�+%(+��  � 2	 3 �  �#!�,$��<  !�+$%#)-#%#�#< 

)(4,-%�<. 

1. �$,%6,  %#*%#2�,!" �!���-(/!"  )',4"  %#*%�'"!�"  )-%"�-"%!('  $�%�4,-%��  ��  

(r0; b), 2"�#  �(�#%()-�!#  +�& �(*!�/,!!&  !�+� !('  $�%�4,-%��  ��  +�& �#!!('  

$�% Al3+/O2– (r0 = 1.62 Å; b = 0.42 Å) � B3+/O2– (r0 = 1.37 Å; b = 0.35 Å). �  

�(�#%()-�!!&4  ���)#��!#<  �,�(/(!(  b = 0.37 Å, %#*%�'#��!#  !�+� !�  

$�%�4,-%(  ��  +�& �#!!#<  $�%( P5+/S2– (r0 = 2.125 Å; b = 0.37 Å). �  

�(�#%()-�!!&4  #+,%5�!('  $�%�4,-%��  �� , �)-�!#��,!# , ;#  %#*3�&+"��!�  �  

��  %#2#-� )-%"�-"%(  a-Al2O3, B2O3-I, B2O3-II � Cu6PS5X (X – Cl, Br, I) 0 

)-� �(4( , �  <' )-%"�-"%!�  4#+,��  �)-�!#��,!#  * �()#�#7  +#)-#��%!�)-7 . �  

#-5, , �)-�!#��,!#  +#)-#��%!�  )-%"�-"%!�  4#+,��  ���*�!('  �%()-���� . 

2. �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�< $%#�,+,!#  (3+d)-4�%!(  #$()  �%()-����  

$�%#'�#%" In2Mn2O7, )"$,%�#!���  Cu6PS5Br, ���*��"�,%(-��  � 30 � � 42 -�  )�$��%�  

=-Al 2O3. ��,4,!-�%!�  �#4�%��  $�%#'�#%� -�  )"$,%�#!���  #$()�!�  �('#+&/(  * 

2�*()"  3%�!,�,!-%#��!�  �"2�/!�  F%�-�� (��
 ) &� (4� ´ 4� ´ 0)-!�+F%�-�� . 

�)-�!#��,!# , ;#  $#�!(  !�2�% �,�-#%��  4#+"�&��  -�  $#*(��  �-#4��  +�& !('  

)-�!#�(-1  32, &�� %#*2(��7-1)&  !�  10 *�%#� -�  #%2�- ��+$#��+!# . 
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��*��"�,%(-(  � 30 � � 42 #$()"7-1)&  &� #2’04#�,!-%#��!�  �"2�/!�  F%�-�� 

(	�
 ) * (8� ´ 8� ´ 8� )-!�+F%�-�#7 , ;#  4�)-&-1 $# 512 �,�-#%��  4#+"�&��<  -�  

$#*(��  �-#4�� . 
#4�%�"  )�$��%�  #$()�!#  �  3,�)�3#!��1!�  ")-�!#���  * 

$%(%#+!#7 (3� ´ 3� ´ 12� )-!�+F%�-�#7  -�  �  %#42#,+%(/!�  ")-�!#���  * 

(3� ´ 3� ´ 4� )-!�+F%�-�#7 . �  3,�)�3#!��1!�  ")-�!#���  �#!�  4�)-(-1  $# 108 

�,�-#%��  4#+"�&��<  -�  $#*(��  �-#4�� , �  �  %#42#,+%(/!�  ")-�!#���  – $# 36. 

3. �#*%#2�,!#  $%#3%�4!, *�2,*$,/,!!&  +�& %#*%�'"!�"  �#!#!!('  )$,�-%��  

�%()-����  $�%#'�#%� In2Mn2O7, �%3�%#+(-� Cu6PS5Br, ���*��"�,%(-��  � 30 � � 42 

-�  )�$��%�  =-Al2O3 !�  2�*�  4�-,4�-(/!#3#  $��,-"  Maple. �(!�4�/!�  4�-%(��  

$%#-#�%()-���  D�� (k+qi) %#*%�'#�"���()1 , * �%�'"��!!&4  �(6,  2�(5!�'  

�$�(�#�('  �##%+(!��� !('  3%"$ � )(�#�('  $#)-� !('  <'!1#< �*�04#+�<: +�& 

$�%#'�#%� In2Mn2O7 =1=3400 � /4, =2=850 � /4; +�& )"$,%�#!���  Cu6PS5Br 

=1=114 � /4, =2=2.4 � /4, =3=0.8 � /4, =4=0.6 � /4, =5=0.5 � /4, =6=0.6 � /4; +�& 

���*��"�,%(-��  � 30 � � 42 =1=1200 � /4, =2=690 � /4, =3=533 � /4 -�  =4=480 � /4; 

+�& )�$��%�  =-Al2O3 =1=125 � /4, =2=163 � /4, =3=273 � /4 -�  =4=239 � /4. 

.#%��!&!!&  %#*%�'#��!('  +()$,%)!('  �%(�('  �* -,#%,-(/!(4(  -�  

,�)$,%(4,!-��1!(4(  +�!(4(  �!6('  ��-#%��  ���*"0  !�  +#2%, "*3#+5,!!& , �  

)�4, , +�& Cu6PS5Br -,#%�&/,�)$,%(4,!- /!�6�  +�!� : F2 – 74.2 )4 -1/74 )4 -1/ 

78.3 )4 -1, F1 – 80.8 )4 -1/78 )4 -1/79.3 )4 -1, F2 – 211.0 )4 -1/245 )4 -1/126.8 )4 -1, +�& 

=-Al 2O3 ,�)$,%(4,!- /!�6�  +�!� : A1g – 19.35 ���  /20.432 ��� , A2u – 26.13 ���  

/25.681 ��� , Eu – 11.55 ���  /11.439 ��� . 

4. .#2"+#��!#  +()$,%)�7  �#!#!��  $,�!('  4#+,�,  �#4$#*(�� !('  )-%"�-"%!('  

"-�#%,!1  �%()-��"  Cu6PS5Br, 6�&'#4  *�!"�,!!&  +,&�('  4�)#�('  

'�%��-,%()-(� : a) – MBr=0; b) – MBr=0, MCu=0; c) – MBr =0,MCu=0, MS(1)=0. 

5. ��&  �)�'  +#)��+5"��!('  )-%"�-"% #+,%5�!#  %#*���+  �#�(�!#3#  *#2%�5,!!&  

!�  !,*��+!�  *#2%�5,!!&  �  -#/��  �  *#!(  @%���7,!� . �#  )-#)"0-1)&  �%3�%#+(-� 

Cu6PS5Br, !�+$%#)-#%#�(  $�+'�+  +#*�#�(�  #��!(-(  ����+  �#5!#3#  �-#4�  �  

�#�(��!!&  �%()-���/!#<  F%�-�( -�  #-%(4�-(  !,*��+!,  *#2%�5,!!&  +�& $%���*(  

)-%"�-"%(  Cu6PS5Br �  -#/��'  � , X, L, W, Z, J , K, ?, k3, k2, k1 �  +#+�-#�  +# 

���)(/!#3#  $�+'#+" . 
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6. .%#�,+,!#  ab initio %#*%�'"!�(  ,�,�-%#!!('  )$,�-%��  $,�!('  4#+,�1!('  

)-%"�-"% �%()-����  Cu6PS5Br, &�� ��+%�*!&�()&  %�*!(4(  �#!��3"%���&4(  �-#4��  

S � $#�#5,!1  �#!��  Cu, ;#  *�2,*$,/"7-1  �()#�"  �#!!"  $%#��+!�)-1. .%#�,+,!�  

%#*%�'"!�(  ���*"7-1  !�  �)-#-!"  *4�!"  �,�(/(!(  *�2#%#!,!#< *#!(  �  

*��,5!#)-�  ��+  $#*(�� !#3#  �$#%&+�"��!!&  �%()-���/!#<  F%�-�( �%3�%#+(-��. 

���  %#*%�'"!�(  $#��*"7-1 , ;#  *4�!�  $#�#5,!1  �#!��  Cu * $#*(��<  (0.865, 

0.378, 0.378) +# (0.976, 0.523, 0.523) $%(�#+(-1 +# *4�!(  6(%(!(  *�2#%#!,!#< 

*#!(  ��+  0.39 , V +# 1.31 , V. 9(%(!�  *�2#%#!,!#< *#!( , %#*%�'#��!�  +�& 

%,��1!#< )-%"�-"%( , )-�!#�(-1  0.19 – 0.59 , V, �  ,�)$,%(4,!-��1!,  *!�/,!!&  

0.3-0.4 , V. 

�+ *�#,!�  3! ,�!!:  )/�+7 !#0  +�3.'(� �&1 . 

1. ��  2�*�  $%(%#+!(' !�+F%�-#� , !�+$%#)-#%#�(  $�+'�+ , * �(�#%()-�!!&4  

(3+d)-4�%!#3# 2�*()" , +#*�#�&0 +#)��+5"��-(  )���+!�  �%()-��(  * 0+(!#< 

-#/�(  *#%". ��+$%#)-#%#��  #)#2�(�#)-�  )-%"�-"%(  4#5"-1  2"-(  �(�#%()-�!�  

&� +�& �!���*"  +(!�4��(  F%�-�(, -��  � +�& #$()"  ��*#�('  $,%,'#+��  %�*!#3# 

%#+", ;#  /�)-#  *")-%�/�7-1)&  �  )���+!('  �%()-���' . 

2. ���(  4,-#+  %#*%�'"!�"  +#���1!#  �(�#%()-#�"��-(  $%( %#*%�'"!��'  

+()$,%)� !('  *��,5!#)-,  �%()-����  * �,�(�#7  ���1��)-7  �-#4��  �  

$%(4�-(�!�  �#4�%�� , �  -��#5  +�& 4#+,�7��!!&  $%#�,)��  *�$#�!,!!&  $#*(��  

�-#4!('  $�+F%�-#� +#���1!(4(  �#!�4(  * �(�#%()-�!!&4  %�*!('  4#+,�,  

)(�#�('  $#)-� !('  "  )()-,4�'  -�,%+('  %#*/(!��  �%()-���� . 

3. �)-�!#��,!�  )$����+!#6,!!&  �  $#2"+#��  �#!#!!#3#  )$,�-%"  )-%"�-"%!('  

-($��  Cu6PS5Br, In2Mn2O7, =-Al 2O3, � 30 � � 42 �,3�#  "*�3��1!77-1)&  !�  

�($�+#�  +#���1!('  �%()-���/!('  )-%"�-"% * ��+$#��+!(4  -($#4  )(4,-%�<, 

,���+()-�!-!(4  %#*-�6"��!!&4  �-#4��  -�  %�*!(4  '�%��-,%#4  �*�04#+�<. 

4. �,-#+(��  $#2"+#�(  �#�(�!#3#  *#2%�5,!!&  +#)��+5"��!('  !�4(  �%()-����  

�2)#�7-!#  $%(+�-!�  +�& ��+$#��+!('  %#*%�'"!���  �)�'  �%()-���/!('  

)-%"�-"%. 

5. �,*"�1-�-(  +(),%-���<  )$%(&-(4"-1  %#*�’&*�!!7  *�3��1!#<  *�+�/�  %#*%�'"!�"  
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)���+!#<  )-%"�-"%( , �(*!�/,!#<  !�  +,�#%4#��!#4"  2�*()� , �  -��#5  

�)-�!#��,!!7  !�+$%#)-#%#�('  *��#!#4�%!#)-,  )���+!('  4#�,�"�&%!('  -�  

2�#�#3�/!('  )-%"�-"% $#*�  4,5�4(  ��*(�(  -�,%+#3# -��� . 

6. �#*%#2�,!�  �!���-(/!�  )',4�  %#*%�'"!�"  !�+� !('  $�%�4,-%��  ��  (r0; b) 

4#5,  2"-(  �(�#%()-�!�  +�& !(*�(  �!6('  �#!!('  $�%, +�& &�('  !�+� !�)-1  

�$%#�)(4���<  �#%,�&�� !#<  �%(�#< «+#�5(!�  – �� » �(��(��0  )"4!��( . 

	+,%5�!�  !�4(  !�+� !�  $�%�4,-%(  ��  +�& �#!!('  $�% Al3+/O2– (r0 = 1.62 Å; 

b = 0.42 Å) � B3+/O2– (r0 = 1.37 Å; b = 0.35 Å) � P5+/S2– (r0 = 2.125 Å; b = 0.37 Å) 

4#5"-1  2"-(  *�)-#)#��!�  "  �)�'  2,*  �(!&-�"  �%()-��#3%���/!('  

+#)��+5,!!&'  #2’0�-�� , ;#  '�%��-,%(*"7-1)&  !�&�!�)-7  ��+$#��+!#3#  -($"  

'�4�/!#3#  *� ’&*�" . 

7. �$��$�+�!!&  ,�)$,%(4,!-��1!#  #+,%5�!('  )-%"�-"%!('  $�%�4,-%��  

$�%#'�#%!('  )-%"�-"% � %#*%�'#��!('  * �(�#%()-�!!&4  *�$%#$#!#��!('  

!�4(  )',4  4#5,  )�"5(-(  +#+�-�#�(4  �!)-%"4,!-#4  �,%(������<  )-� �#)-�    

!�+� !#)-�  %#*3�&+"��!('  $�%#'�#%!('  )-%"�-"%. 

�#)-#��%!�)-1  #+,%5�!('  %,*"�1-�-��  $�+-�,%+5"0-1)& %,*"�1-�-�4(  

$%#�,+,!('  +#)��+5,!1 , <' ��+-�#%7��!�)-7  � 2�3�-#%�%�-!�)-7  �(4�%�� . 

�$)%#$�#�  1!�$)*  3/)%.1 , . 

�(2�%  !�$%&4�"  -�  $#)-�!#���  #)!#�!('  *�+�/  +(),%-��� !('  +#)��+5,!1  

!��,5(-1  !�"�#�#4"  �,%��!(�" , +#�-#%" ��*(�# -4�-,4�-(/!('  !�"� , *���+"��/"  

���,+%(  $%(���+!#<  ��*(�(  �5�� , $%#�,)#%" �,2#��  � .� . 

�(),%-�!-#4  *�$%#$#!#��!�  �+,& �#3�/!#<  $#2"+#�(  �#!#!!('  )$,�-%��  +�& 

3,�)�3#!��1!#<  -�  %#42#,+%(/!#< �#4�%#� �%()-����  -($"  =-Al 2O3 -�  $%#)-#< 

�"2�/!#<  %,6�-�(  (.
� ) ���*��"�,%(-��  � 30 -�  � 42 �  %�4��'  !�+$%#)-#%#�#3# 

$�+'#+" . 

�  %&+� %#2�- ��-#%#4 *%#2�,!(  #$()  -�  �!���*  +(!�4��(  F%�-�( )-%"�-"% 

)"$,%�#!����  -($"  Cu6PS5Br, )�$��%"  = -Al2O3, ���*��"�,%(-��  � 30 � � 42 -�  

$�%#'�#%�� In2Mn2O7 �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�<.  

�(),%-�!-  $%( 4���  2,*$#),%,+!7  "/�)-1  "  %#*%#2�� $%,+)-���,!#<  �  ��  

%#2#-� �!���-(/!#<  )',4(  �(*!�/,!!&  !�+� !('  $�%�4,-%��  �� ; *+� )!,!#  
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%#*%�'"!�(  �  %�4��'  ���  * 4,-#7  �(*!�/,!!&  !�+� !#)-�  %#*3�&+"��!('  

)-%"�-"%!('  4#+,�, ; �*&-# "/�)-1  "  %#*%#2�� )',4  $%#3!#*"��!!&  $�%#'�#%!('  

)-%"�-"% -($"  � 2� 2> 6Y. 

�)�  %#*%�'"!�(  +()$,%)�< �#!#!�� , $%,+)-���,!�  �  +(),%-��� !�  %#2#-�, 

�(�#!�!�  * �(�#%()-�!!&4  ��-#%)1�('  $%#3%�4, � $%#�#+(�()1  *+#2"��/,4  

#)#2()-#  �  %�4��'  )()-,4(  �#4$ ’7-,%!#< 4�-,4�-(�(  Maple.  

�(),%-�!-  2%�� 2,*$#),%,+!7  "/�)-1  &� "  $#)-�!#���  *�+�/ , -��  � "  

#-%(4�!!�  -�  �!-,%$%,-���<  %,*"�1-�-��  ")�'  #$"2���#��!('  %#2�-. 

�"+)% 9&:  +�3.'(� �&1  /#$�+� 9&- . 

�(),%-��� !�  %#2#-� 0 $�+)"4�#4  +#)��+5,!1  +(),%-�!-�  )���+!('  

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

4,-#+"  *� ’&*�#�#< ���,!-!#)-� . 	)!#�!�  %,*"�1-�-(  %#2#-( +#$#��+��()&  !�  

;#%�/!('  $�+)"4�#�('  !�"�#�('  �#!�,%,!��&'  �(���+�/��  -�  !�"�#�('  

)$��%#2�-!(���  ��*(/!#3#  ���"�1-,-"  �53#%#+)1�#3# !���#!��1!#3#  

"!��,%)(-,-"  �  2002-2018 %%. �  -��#5  +#$#��+��()&  !� : International meeting 

"Clusters and nanostructured materials" (CNM’5), (Uzhgorod, 2018); VIII ��%�<!)1��  

!�"�#��  �#!�,%,!��&  * ��*(�(  !�$��$%#��+!(���  (��
:�  – 8), (�53#%#+, 2018); 

XIII International Conference "Electronics and Applied Physics", (Kyiv, October 24-

27, 2017); 6-  �,4�!�%  "���)-(�#)-�  ),3!,-#,�,�-%(/!('  � )"$,%�#!!('  )()-,4 ", 

(�53#%#+, 2016); International Meeting "Clusters and nanostructured materials" 

(CNM-4), (Uzhhorod, 2015); 5-  �,4�!�%  "���)-(�#)-�  ),3!,-#,�,�-%(/!('  � 

)"$,%�#!!('  )()-,4 ", (�53#%#+, 2015); XII International Conference on Crystal 

Chemistry of Intermetallic Compounds, (L'viv, September 22-26, 2013);  

4th SEMINAR Properties of ferroelectric and superionic systems, (Uzhgorod, Ukraine, 

28.X. 2013); XIV !�"�#��  �#!�,%,!��&  "�1���)1��  '�4�/!�  /(-�!!&  – 2013", (�1��� , 

26-29 -%��!& , 2013); International Meeting on Clusters and Nanostructured Materials 

(CNM-3), (Uzhgorod, 2012); Mediterranean-East-Europe meeting “Multifunctional 

nanomaterials”, (Uzhgorod, Ukraine, 12 – 14.05.2011); �%(!�+�&-�  !�"�#��  

�#!�,%,!��&  "�1���)1��  '�4�/!�  /(-�!!&  – 2011", (�1��� , 28 -%��!&  – 1 /,%�!&  

2011 %.); 3rd seminar "Properties of ferroelectric and superionic systems", (Uzhgorod, 
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Ukraine, 26 – 27.XI.2010); International meeting " Clusters and Nanostructured 

Materials" (CNM-2), (Uzhgorod, 2009); International meeting "Nanostructured 

systems: Clusters technology – structure – properties - applications" (NSS - 2008), 

(Uzhgorod, 2008); 	+(!�+�&-�  !�"�#��  �#!�,%,!��&  "�1���)1��  '�4�/!�  /(-�!!&  - 

2007", (�1��� , 30 -%��!& –1 /,%�!&  2007 %.); International meeting "Clusters and 

nanostructured materials" (CNM’2006), (Uzhgorod, 2006); VI Ukrainian-Polish and II 

East-European Meeting on Ferroelectrics Physics, (Uzhgorod-Sinjak, 2002). 
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1.1. � ; '(!&  ")')7�!!:  

 

����	
  �� ’ 
������  ��	��������  (��� , �  �!3�#4#�!�  ��-,%�-"%�  – the bond 

valence model) [1-3], *�$#/�-�#��!�  � . .#��!3#4  � %#*�(!"-�  +# )"/�)!#3#  )-�!"  

� .� . @%�"!#4, !�2"��  $%#-&3#4 #)-�!!�'  %#��� *�3��1!#3#  �(*!�!!&  "  ��*(��  

-�,%+#3# -���  -�  �%()-��#'�4�<  &� $#-"5!�  ,4$�%(/!�  4#+,�1  4�5�-#4!#<  

(4�5�#!!#< ) �*�04#+�<. �� 2��16  6(%#�#  *�)-#)#�"0-1)&  ���  +�& $,%,��%�(  

�#%,�-!#)-�  �(*!�/,!('  �%()-���/!('  )-%"�-"%, +�& $,%,+2�/,!!&  4�5�-#4!('  

��+)-�!,  "  )-%"�-"%�'  * ��+#4(4  '�4�/!(4  )���+#4  -�  ��+#4#7  

�%()-��#'�4�/!#7  -#$#�#3�07 (-#2-# * ��+#4(4  ��%��)#4  '�4�/!('  *� ’&*��� , 

"-�#%,!('  ��+#4(4(  �-#4�4( ), �  -��#5  +�& #��!�(  )-� �#)-�  �%()-���/!('  

)-%"�-"% [2, 3]. ���  4#5,  �(�#%()-#�"��-()1  +�& �%()-��#'�4�/!#3#  �!���*"  �)�'  

)$#�"� , "  )-%"�-"%�'  &�('  (i) �#5,!  * �-#4��  �#%4��1!#  �(*!�/�0-1)&  &� "��-�#! " 

/(  "�!�#! " � (ii) ��+)"-!�  '�4�/!�  *� ’&*�(  "��-�#! –��-�#! " -�  "�!�#! –�!�#! " [4-10]. 

���(4  /(!#4 , +# #2’0�-�� , $%(+�-!('  +# *�)-#)"��!!&  ��� , !��,5(-1  2��16�)-1  

�%()-����  !,#%3�!�/!('  )$#�"�  -�  4�!,%���� . 

�� ’ 
�����  ��	�������
  (�� ) sAX �(*!�/�0-1)&  &� /�)-(!�  "���)(/!#< " 

���,!-!#)-�  (-#2-# /�)-(!�  �* *�3��1!#<  ���1�#)-�  ,�,�-%#!�� , ��++�!('  �-#4#4  !�  

)-�#%,!!&  '�4�/!('  *� ’&*��� ), ;#  $%($�+�0 !�  �#5,!  �#!�%,-!(  *� ’&*#� 4�5  

�,!-%��1!(4  �-#4#4  (�#!#4 ) A �##%+(!��� !#<  )�,%(  [AXn] -�  ��F�!+#4  X ��0< 

)�,%( . �3�+!#  �����	�  ���  �� ’ 
������  ��	��������� , )"4�  ��  !���#�#  �#5!#3#  �* 

)(4,-%(/!#  !,*��,5!('  �-#4��  (�#!�� ) A )-%"�-"%(  %��!�   #3# �-#4!�  

���,!-!#)-�  ()-"$,!7  #�()!,!!& ) VA: 

 

�
n

sAX = VA       (1.1) 

��&  %#*3�&+"��!#3# '�4�/!#3#  *� ’&*�"  4�5  �-#4�4(  A -�  X �##%+(!��� !#<  

)�,%(  [AXn], /()�#�,  *!�/,!!&  ��  (sAX), �(%�5,!,  "  - .*. ���,!-!('  #+(!(�&'  (� .#.), 
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%#*%�'#�"0-1)& *�  �#%4"�#7  (1.2), +, rAX – 4�5�-#4!�  ��+)-�!1 , r0 -�  b – 

,4$�%(/!#  �)-�!#��,!�  +�& �#!!#<  $�%( A/X �#!)-�!-(  (r0 ��+$#��+�0  �+,���*#��!�  

4�5�-#4!�  ��+)-�!�  A–X * #+(!�%!(4  *� ’&*�#4; b /�)-#  %#*3�&+�0-1)& &� 

""!��,%)��1!�  �#!)-�!-� ", %��!�  0.37 Å). �!6(4(  )�#��4( , �  %�4��'  ���  

�,�(/(!�  sAX %#*3�&+�0-1)& �(!&-�#�#  &� �"!���&  +#�5(!(  '�4�/!#3#  *� ’&*�"  rAX 

[11]. 

 

sAX = exp[(r0 – rAX)/b]      (1.2) 

 

��2�%  $�%�4,-%��  (r0; b) +�& �#!�%,-!#<  �#!!#<  $�%( A/X $�+2(%�7-1)& 

-��(4  /(!#4 , ;#2  )"4(  �� , %#*%�'#��!�  +�& �,!-%��1!('  �-#4��  (�#!�� ) A 

�##%+(!��� !('  )�,%  [AXn], 2"�(  %��!(4(  �2# 4��)(4��1!#  2�(*1�(4(  +# 

#/��"��!#<  �-#4!#<  ���,!-!#)-�  VA ()-"$,!&  #�()!,!!& ) �1#3# �#!� . �  +�#'  

2�*#�('  %#2#-�' ���  [12, 13] �#!)-�!-(  r0 -�  b (�2# $�%�4,-%(  �� ) 2"�(  

�(*!�/,!�  +�& 2�(*1�#  -()&/�  $�% �-#4�� , $%(/#4"  �  #2#'  %#2#-�' 2"�#  

�(�#%()-�!#  ""!��,%)��1!"  �#!)-�!-" " b = 0.37 Å. 

��  "4#�(  �(�#%()-�!!&  �����������  �,�(/(!  $�%�4,-%��  �� , �  !�+� !#  

�(*!�/,!('  )-� �('  )-%"�-"%�'  %�*!(�&  %#*%�'#��!('  )"4  ��  � #/��"��!('  

)-"$,!��  #�()!,!!&  VA, &� $%��(�# , !,  $,%,�(;"0  10%. 8�;#  5  ��+'(�,!!&  )"4  

��  )"--0�#  2��16� , �,  ���-  4#5,  #*!�/�-(  �2# !,*�+#���1!#  �(*!�/,!"  

)-%"�-"%!"  4#+,�1 , �2# 5  !,)-� ��)-1  %#*3�&+"��!#< )-%"�-"%( . 

.��!"7/(  !�6,  !�"�#�,  +#)��+5,!!& , 4(  #2%��(  ���  &� *%"/!(  � 

4,-#+#�#3�/!#  !,*��,5!(  ,4$�%(/!(  4,-#+  +�& #��!�(  !�+� !#)-�    

)-�2��1!#)-�  )-%"�-"%!('  4#+,�, , ;#  �&3�(  �  #)!#�"  -,#%,-(/!('  %#*%�'"!���  

(Al 2O3, B2O3 -�  �! .). �!6(4(  )�#��4( , *�)-#)"��!!&  ���  2"�#  *�$��!#��!,  &� 

)�#3# %#+" "���1-% " +�& !,!�+� !#  �(*!�/,!('  � !,)-� �('  )-%"�-"%, +#)��+5,!!&  

&�('  "  %�4��'  !�6#<  %#2#-( 2"�#  !,�($%��+�!(4 . 

	+!�� , "  $%#�,)�  +#)��+5,!!&  2"�#  �(&��,!#  ���1��  )"--0�('  

4,-#+#�#3�/!('  !,+#�����  -%�+(�� !#<  )',4(  %#*%�'"!�"  $�%�4,-%��  �� , 

%,*"�1-�-#4  &�('  )-���  !,!�+� !�)-1  /�)-(!(  * #$"2���#��!('  �  %#2#-�' [12, 13] 

$�%�4,-%��  (r0; b). 	�%�4  !,!�+� !('  $�%�4,-%��  �� , ;#  &�!#  )-��(  !�)��+�#4  
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�(;,*�*!�/,!('  !,+#�����  -%�+(�� !#<  )',4(  %#*%�'"!�" , 2"�#  �(&��,!#  

!,�()#�"  !�+� !�)-1  +,&�('  $�%�4,-%��  (*#�%,4� , $�%�4,-%�� , #$"2���#��!('  +�& 

�#!!#<  $�%( P5+/S2– [12, 13]), +�& &�('  ��  !,+#���(  !,  $#�(!!�  2"�(  ��+�3%���-(  

)"--0�#<  %#�� /,%,*  +"5,  �"*1�(  +��$�*#!  )$#)-,%,5"��!('  �,�(/(!  sAX � rAX. �  

�1#4"  �($�+�"  4#5!�  $%($")-(-( , ;#  !,�()#��  !�+� !�)-1  $�%�4,-%��  (r0; b) 

�(��(��!� , 3#�#�!(4  /(!#4 , !,�()#�#7  +#)-#��%!�)-7  )-%"�-"%!('  4#+,�, , 

�(�#%()-�!('  +�& �(*!�/,!!&  $�%�4,-%��  ��  �  %#2#-�' [12, 13]. 

�#5�(��)-1  (!���-1  )"-#  -,#%,-(/!� ) �(�#%()-�!!&  !,!�+� !('  

$�%�4,-%��  (r0; b) $%( %#*%�'"!��'  )"4  ��  *!�/!#  ")���+!7����  #+!#*!�/!�)-1  

�()!#����  $%# �#%,�-!�)-1  /(  )-� ��)-1  %#*3�&+"��!('  )-%"�-"%, #)���1�(  �  �1#4"  

�($�+�"  )"--0��  ��+'(�,!!&  )"4  ��  ��+  #/��"��!('  �,�(/(!  VA 4#5"-1  2"-(  

�(��(��!�  !,  �(6,  !,�#%,�-!�)-7  #+,%5�!#< )-%"�-"%!#< 4#+,��  /(  !,)-� ��)-7  

%,��1!#< )-%"�-"%( , ��,    !,!�+� !�)-7  $�%�4,-%��  �� . 

�  #3�&+" !�  �(;,)��*�!, , 2"�#  $#)-���,!#  *��+�!!&  (i) #+,%5�-(  !�+� !�  

$�%�4,-%(  (r0; b) +�& �#!!('  $�% Al3+/O2–, B3+/O2–, P5+/S2– � (ii) * �(�#%()-�!!&4  

#+,%5�!('  !�4(  $�%�4,-%��  ��  $%#�,)-(  �%()-��#'�4�/!(  �!���*  �%()-���/!('  

)-%"�-"% �#%"!+"  Al2O3, +�#'  $#��4#%�!('  4#+(������  B2O3 -�  �%3�%#+(-�� 

Cu6PS5X (X – Cl, Br, I) * 4,-#7  �(*!�/,!!&  <' +#)-#��%!#)-� . 

�$%#2( �(*!�/(-(  !�+� !�  $�%�4,-%(  (r0; b) +�& �#!!('  $�% Al3+/O2– � 

B3+/O2– $%(�,�( , "  )�#7  /,%3", +# %#*%#2�( !#�#< �!���-(/!#<  %#*%�'"!�#�#< 

)',4(  (%#*+�� 1.3), ;#  2�*"0-1)& !�  �(�#%()-�!!�  ����2%"���1!('  -#/#�  (sAX; rAX), 

+�0 !�+� !�  %,*"�1-�-( , !,  �(4�3�0  )"--0�('  %,)"%)�� � 4#5,  2"-(  *�)-#)#��!�  !�  

$%��-(��  +�& !(*�(  �!6('  �#!!('  $�%.  

��5�(�#  ��+4�-(-( , ;#  +# $#/�-�"  !�6#3#  +#)��+5,!!&  (2000-� %#�(), 

�!���-(/!,  �(*!�/,!!&  $�%�4,-%��  ��  * ����2%"���1!('  -#/#�  (sAX; rAX) 5#+!#3# 

%�*" !,  *�)-#)#�"���#)1  "  )��-#��  $%��-(�� , #)���1�(  �(�#%()-�!!&  

""!��,%)��1!#<  �#!)-�!-( " b = 0.37 Å ���5��#)1  �#%,�-!(4  +�& �)�'  2,*  �(!&-�"  

�#!!('  $�% (�  %#2#-�', $%()�&/,!('  �(*!�/,!!7  $�%�4,-%��  ��  � #$"2���#��!('  

"  1991-2005 %%., �(�#%()-�!!&  �,�(/(!(  b = 0.37 Å � -%�+(�� !#<  )',4(  

%#*%�'"!�"  +#)&3��# $%��-(/!#  100%). ��  )1#3#+!� �(�#%()-�!!&  ���)#��!#<  
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�,�(/(!(  b = 0.37 Å +�& �$%#�)(4���<  �#%,�&�� !('  *��,5!#)-,  rAX – sAX, ;#  

�)!"7-1  "  ��+!#)!#  �������  +��$�*#!�'  �,�(/(!  sAX � rAX, )$%��,+�(�#  ���5�0-1)&  

$#4(��#�(4  [3]; -#4"  +�& �#!!('  $�% A/X, ;#  +,4#!)-%"7-1  6(%#�"  

��%��-(�!�)-1  �(;,*3�+�!('  �,�(/(! , $#)-���  $%#2�,4�  #+,%5�!!&  !�+� !('  

!�2#%��  $�%�4,-%��  (r0; b) * !,*����)#��!#7  �,�(/(!#7  b [14-16]. �(%�6,!!&  ��0< 

$%#2�,4(  $%(!�($#�#  4#5�(�,  * �(�#%()-�!!&4  +�#'  4,-#+#�#3�/!#  %�*!('  

$�+'#+�� : �������������  (�#�(  #2(+��  �,�(/(!( , r0 � b, #+!#/�)!#  

#$-(4�*"7-1)&  4,-#+#4  !� 4,!6('  ���+%�-�� , +�7/(  !� 4,!6�  ��+'(�,!!&  )"4  

��  ��+  VA "  ��+�2%�!�  )"�"$!#)-�  �##%+(!��� !('  )�,%  [AXn]) �2# 5  4,!6  

*�-%�-!#3#  ���	��������  (�#�(  $�%�4,-%(  r0 � b �(�#+&-1)&  4�-,4�-(/!#  * 

)()-,4(  !,*��,5!('  %��!&!1, ;#  )-#)"7-1)&  *�+�!('  ����2%"���1!('  -#/#�  /(  

�##%+(!��� !('  )�,% , #2%�!('  �  &�#)-�  )-�!+�%-!(' ) [17]. �  %�4��'  #)-�!!1#3#  

$�+'#+" , &�(  2"�  "*�3��1!,!(  � #$()�!(  �  2010-4"  %#�� "  %#2#-� [17] � 

$%#+,4#!)-%"���  �()#�"  !�+� !�)-1  %,*"�1-�-��  [17-19], �!���-(/!�  

%#*%�'"!�#��  )',4� , ;#  2�*"0-1)& !�  �(�#%()-�!!�  ����2%"���1!('  -#/#�  

(sAX; rAX), 2"��  %#*%#2�,!� *�  "/�)-7  ��-#%�  (�  %�4��'  +#)��+5,!!&  2#%-�()!,�('  

)$#�"�  [20, 21]) � �$,%6,  *�)-#)#��!�  �  2009-4"  %#�� [22-25].  

�#  #2’0�-��  !�6#3#  +#)��+5,!!&  -��#5  �'#+&-1  �"2�/!�  $�%#'�#%( 

A2B2X6Y [26, 27], �#-%� "-�#%77-1  �,�(�,  )�4, )-�#  )-%"�-"% * %�*!(4  '�4�/!(4  

)���+#4  �, ��+$#��+!# , '�%��-,%(*"7-1)&  %�*!#4�!�-!(4(  ��*(/!(4(  

���)-(�#)-&4( . �-%"�-"%(  $�%#'�#%�� 0 *�*�(/�  )-� �(4( , '�%��-,%(*"7-1)&  

�(6,  +�#4�  �%(-(/!#  ��5�(�(4(  )-%"�-"%!(4(  $�%�4,-%�4(  ($�%�4,-%#4 

F%�-�( a -�  ���1!#7  �##%+(!�-#7  �-#4�  X), � /,%,*  �,  !�+� !�)-1  #$"2���#��!('  

+�& $�%#'�#%�� )-%"�-"%!('  +�!(' , &� $%��(�# , !,  �(��(��0  )"4!��" . �%�'#�"7/(  

�(;,*�*!�/,!�  #)#2�(�#)-�  $�%#'�#%!('  ��* , <'!7  �,�(�"  ���1��)-1  � '�4�/!"  

%�*!#4�!�-!�)-1 , !,  2"�#  $%#�#+,!# <' �(/,%$!(  �%()-��#'�4�/!(  �!���*  "  

%�4��'  ��� ; !�-#4�)-1 , !�  2�*�  ���  %#*%#2�,!# +��  )',4(  +�& $%#3!#*"��!!&  

$�%#'�#%!('  )-%"�-"% * $%( !&-!#7  -#/!�)-7  (%#*+�� 1.5). .#%��!&!!&  

,�)$,%(4,!-��1!#  #+,%5�!('  $�%#'�#%!('  )-%"�-"% � %#*%�'#��!('  * 
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�(�#%()-�!!&4  %#*%#2�,!('  !�4(  )',4  +#*�#�&0 *%#2(-( �()!#��(  $%# )-� ��)-1  

� !�+� !�)-1  %#*3�&+"��!('  $�%#'�#%!('  )-%"�-"%. 

�-%"�-"%(  �"�,%,!��  (�,�,%(-�� ), ;#  -��#5  �'#+&-1  +# /()��  

+#)��+5"��!('  !�4(  #2’0�-�� , !,  4#5"-1  2"-(  $%#�!���*#��!�  * �(�#%()-�!!&4  

���  – /,%,*  )���+!"  �%#4�-(/!"  $%(%#+" '�4�/!#3#  *� ’&*�"  C–C � /,%,*  -, , ;#  

*� ’&*#� "  �('  )-%"�-"%�'  ��+2"��0-1)&  4�5  #+!#-($!(4(  �-#4�4( . 

 

 

1.2. �+ /#9&�!  $0�2  +)3+ 0.!*.  " + 2��+&1  �� , -- !�/)'&*#   

�  2�7& 3 $�)$.1 !!:  

 

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

[13] ���7/�0  !�)-"$!�  ���1��  ,-�$�� : 1) $�+2�% ��+$#��+!('  )-%"�-"%!('  +�!('  * 

��-,%�-"%( ; 2) �(2�% * ��-,%�-"%!('  +�!('  �##%+(!��� !('  )�,%  [AXn] * !� 2��16  

!�+� !#  �(*!�/,!(4(  4�5�-#4!(4(  ��+)-�!&4( ; 3) %#*�’&*�!!&  %��!&!!&  (1.1) 

[-#2-# VA=�
n

sAX] +�& �#5!#<  ��+�2%�!#< �##%+(!��� !#<  )�,%(  *�  +#$#4#3#7 

%��!&!!&  (1.3) [#+,%5�!#3# �#42�!���07  %��!&!1 (1.1) � (1.2) -�  $#+��16(4(  

!,)���+!(4(  4�-,4�-(/!(4(  $,%,-�#%,!!&4( ], +, b – *�+�!�  �#!)-�!-� , *�*�(/�  

%��!�  0.37 Å [12, 13]; 4) %#*%�'"!#�  ),%,+!1#3# *!�/,!!&  r0 +�& +�!#< �#!!#<  $�%( 

* $%#4�5!('  *!�/,!1  r0'. 

  

r0' = bln[VA/�
n

exp(–rAX/b)]     (1.3) 

 
	+,%5�!�  -��(4  /(!#4  *!�/,!!&  r0 � b +�7-1  +�& �,!-%��1!#3#  �#!�  

"),%,+!1#<" �##%+(!��� !#<  )�,%(  [AXn] *!�/,!!&  )"4(  ��  ~VA. 

�!���*  �(;,*3�+�!#<  -%�+(�� !#<  )',4(  %#*%�'"!�"  $�%�4,-%��  ��  

�(&�(� , &� �5,  *�*!�/��#)1  �(;, , !(*�"  << 4,-#+#�#3�/!('  !,+#����� . 

�� -����� , %��!&!!&  (1.3) $#��*"0  �%(-(/!"  *��,5!�)-1  $�%�4,-%" r0 ��+  

*�+�!#<  �,�(/(!(  b; -#2-# %#*%�'#��!�  *�  ��07  �#%4"�#7  +#�5(!�  #+(!�%!#3#  

*� ’&*�"  r0 )-�0  �,�(/(!#7 , ��	����  ��+  �(2#%" b; -#+� &� )�4"  �,�(/(!"  r0 

4#5!�  "  %&+� �($�+���  �(*!�/(-(  ,�)$,%(4,!-��1!#  (!�$%(���+ , &� 4�5�-#4!"  
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��+)-�!1 , )$#)-,%,5"��!"  $%( ,�,�-%#!#3%���/!('  +#)��+5,!!&'  4#�,�"�  "  

3�*#$#+�2!#4"  )-�!� , /(  &� 4�5�-#4!"  ��+)-�!1  4�5  �,!-%��1!(4  �-#4#4  � 

��3�!+#4  �()#�#)(4,-%(/!#<  �##%+(!��� !#<  )�,%(  [AXn], "  �#-%#< 

�##%+(!��� !,  /()�#  %��!,  )-"$,!7  #�()!,!!& , n = VA). 

�� -����� , %#*%�'"!#�  r0 &� ������
��  �,�(/(!(  * $%#4�5!('  *!�/,!1  r0' 

$%(*�#+(-1 (*�  "4#�(  !,�#%,�-!#)-�  #2%�!#< �,�(/(!(  b) +# #$-(4�*���<  !�2#%" 

$�%�4,-%��  (r0; b) +�& �##%+(!��� !('  )�,%  * !� 2��16  /�)-#  )$#)-,%,5"��!(4  

(+#4�!"7/(4  �2# -($#�(4 ) �##%+(!��� !(4  /()�#4  �, &� !�)��+#� , +# 

!,$%(+�-!#)-�  #+,%5�!('  $�%�4,-%��  ��  +�& �!���*"  4,!6  -($#�('  

�##%+(!��� !('  )�,%  �#!!#<  $�%( A/X. 8�  � �#5!,  #�%,4# �*&-,  %��!&!!&  * +�#4�  

!,��+#4(4( , %��!&!!&  (1.3) 4�0  2,*��/  %#*�’&*���  (r0'; b), �  -#4"  /()��    %#*�’&*#� 

+�& b = 0.37 Å. 8�;#  %#*3�&+�7-1)& �(6,  �##%+(!��� !�  )�,%(  [AXn] +�!#< �#!!#<  

$�%( * �����  � -(4  5,  �##%+(!��� !(4  /()�#4  n, -# #+,%5�!�  �,�(/(!(  r0' 2"+"-1  

*4�!7��-()1  "  +,&�#4"  ���
����  +��$�*#!�  /()�#�('  *!�/,!1  – /,%,*  *�3��#4  

!,�,�(�(  +��$�*#!  )$#)-,%,5"��!('  4�5�-#4!('  ��+)-�!,  rAX, '�%��-,%!('  +�& 

)�,%  �1#3# -($" . 8�;#  5  %#*3�&+�-( )�,%(  * �������  �##%+(!��� !(4(  /()��4( , 

-# #+,%5�!�  �,�(/(!(  r0' 4�-(4"-1  2�(*1��  �,�(/(!(  �(6,  "  �($�+�"  �����  

#2%�!#< �,�(/(!(  b, � �(6,  �  �1#4"  �($�+�"  4#5!�  )-�,%+5"��-( , ;#  

�#%,�&�� !�  *��,5!�)-1  rAX – sAX �$%#�)(4#��!�  �������� . .%(  !,��%!#  #2%�!�  

�,�(/(!�  b, *!�/,!!&  r0' )"--0�#  %�*!(-(4"-1)&  +�& %�*!('  �##%+(!��� !('  /(),� ; 

� �  �1#4"  �($�+�"  ),%,+!& �,�(/(!�  r0 �%(-(/!#  *��,5�-(4,  ��+  )$����+!#6,!!&  

���1�#)-�  %#*3�&+"��!('  �##%+(!��� !('  )�,%  * -(4  /(  �!6(4  �##%+(!��� !(4  

/()�#4  n. ���(4  /(!#4 , *�  "4#�(  )-�-()-(/!#3#  +#4�!"��!!&  ������  

�##%+(!��� !#3#  /()�� , $�%�4,-%(  �� , #+,%5�!�  $%( $#4(��#�#4"  *!�/,!!�  b, 

2"+"-1  #$-(4�*#��!�  �(6,  +�& �1#3# /()�� , *��(6�7/()1  !,$%(+�-!(4(  +�& 

�!���*"  �##%+(!��� !('  )�,%  * 4,!6  $#6(%,!#7  �##%+(!���07 . 8�;#  5  �#!!�  

$�%� A/X !,  4�0  +#4�!"7/#<  �##%+(!���< , !,�#%,�-!#  #+,%5�!�  $�%�4,-%(  (r0; b) 

+,4#!)-%"��-(4"-1  '(2!�  *!�/,!!&  )"4  ��  +�& $,%,��5!#<  2��16#)-�  

�##%+(!��� !('  )�,% . 
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8�  $%(���+ , %#*3�&!,4# -%�+(�� !(  %#*%�'"!#�  $�%�4,-%��  ��  +�& 

�#!!#<  $�%( Al3+/O2–, �#-%� 0 !�+��5�(�#7  �  4�!,%��#3�<   4�-,%���#*!��)-�� . �  

�%()-���'  �& �#!!�  $�%� "-�#%70 +��  !� $#6(%,!�6�  -($(  �##%+(!��� !('  

$#��,+%��  – -,-%�,+%( [AlO4] -�  #�-�,+%(  [AlO6], * -($#�(4(  4�5�-#4!(4(  

��+)-�!&4(  ~1.74 Å -�  ~1.91 Å ��+$#��+!#  [28]. �#*� ’&*#� %��!&!!&  (1.3) +�& 

-($#�#< �##%+(!��� !#<  )�,%(  [AlO4] $%( b = 0.37 Å +�0 �,�(/(!"  r0' = 1.634 Å, 

-#+� &� +�& [AlO6] #+,%5"0-1)& �,�(/(!�  r0' = 1.654 Å. ��2�%  $�%�4,-%��  (r0'; b), 

#+,%5�!('  * [AlO4], $#��*"0  ),% #*!(  +,���(-  )"4(  ��  +�& [AlO6], �#-%� 

)-�!#�(-1  2.85 � .#. �  )�#7  /,%3", !�2�% (r0'; b), #+,%5�!(  * [AlO6], $#��*"0  +�& 

[AlO4] 3.17 � .#., -#2-# ),% #*!(  !�+�(6#�  )"4(  �� . 	-5, , �  *��,5!#)-�  ��+  /()��  

%#*3�&+"��!('  �+,���*#��!('  �##%+(!��� !('  )�,%  [AlO4] -�  [AlO6], ),%,+!& 

�,�(/(!�  r0 ($%( b = 0.37 Å) 4#5,  *4�!7��-()1  �  +��$�*#!�  1.634̧ 1.654 Å (1.644 Å 

$%( )$����+!#6,!!�  1 : 1), #+!��  "  2"+1-&�#4"  �($�+�"  #+,%5�!�  �,�(/(!�  !,  

2"+,  �#%,�-!#7 . 
#%,�-!(  !�2�% $�%�4,-%��  ��  (r0; b) $#�(!,!  2"-(  $%(+�-!(4  

+# *�)-#)"��!!&  ���������  +�& #2#'  -($#�('  �##%+(!��� !('  )�,% , "-�#%7��!('  

�#!!#7  $�%#7 Al3+/O2–, -#2-# [AlO4] -�  [AlO6]. 

��&  ��7)-%���<  !,�#%,�-!#)-�  �('  %#*%�'"!��� , *%"/!#  )�#%()-�-()1  

3%���/!#7  )',4#7 , *#2%�5,!#7  !�  %(). 1.1. 

.%#�#3�%(�4"���6(  %��!&!!&  (1.2), #+,%5"04# %��!&!!&  (1.4), �#-%, 0 

	�������  �  �##%+(!�-�'  ln(sAX) – rAX � $#*!�/�0  $%&4" ��!�7 , ;#  '�%��-,%(*"0-1)&  

!�'(�#4  –b � ��+-(!�0  ��+%�*#� r0 !�  #)� #%+(!�- . �#/��  p !�  %(). 1.1 ��+$#��+�0  

�##%+(!��� !�  )�,%�  [AlO4] (3/4 � .#.; 1.74 Å), -#/��  o – )�,%�  [AlO6] 

(3/6 � .#.; 1.91 Å). �(;,*3�+�!�  -#/�(  0 �  !�6#4"  $%(���+�  ��	�!����	
����  (�2# 

5  )-�!+�%-!(4( ). 

 

rAX = r0 – bln(sAX)      (1.4) 

 

�%���/!�  )',4�  !�  %(). 1.1 +�0 *4#3" *%#*"4�-(    �!-,%$%,-"��-(  

-%�+(�� !"  )',4"  %#*%�'"!�"  $�%�4,-%��  ��  &� !�4�3�!!&  �$%#�)(4"��-(  $%&4", 

;#  *’0+!"0 -#/�(  p � o, $%&4#7 ��!�07  * "���������  !�'(�#4 . ��  "4#�(  b = 0.37 Å, 
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�& $%&4� 4#5,  2"-(  �(6,  ����	�	
��  +# $"!�-(%!('  ��!�  �, �  *��,5!#)-�  ��+  

���1�#)-�  %#*3�&+"��!('  �##%+(!��� !('  )�,%  [AlO4] -�  [AlO6], *)"��-()1  �  2��  p 

�2# o; #+!��  $%( !��
 -
����  *!�/,!!�  r0 #+,%5�!�  -��(4  /(!#4  $%&4� !,  0 

�#%,�-!#7  �$%#�)(4���07  -#/#�  p � o. 
#%,�-!#7  $%&4#7 �$%#�)(4���<  0 

��#�	
��  $%&4� ��!�& , *#2%�5,!�  !�  %(). 1.1, ;#  *’0+!"0 ����2%"���1!�  -#/�(  p � o; 

/()�#��  *!�/,!!&  !�'(�"  ��0< $%&4#< � ��+%�*�"  !�  #)� #%+(!�- , ;#  ��+-(!�0-1)&  

��07  $%&4#7, 0 6"��!(4(  �#%,�-!(4(  *!�/,!!&4(  $�%�4,-%��  ��  +�& �#!!#<  

$�%( Al3+/O2– (r0 = 1.62 Å; b = 0.42 Å) [29]. 

 

���� ���� ���� ���� ����

	���

	��


	�
�

	�
�

	���

�

rAX (
 )

ln(sAX)

�� �� �� ��

�

 

�() . 1.1. �%���/!,  $%,+)-���,!!&  -%�+(�� !#<  )',4(  %#*%�'"!�"  

$�%�4,-%��  ��  !�  $%(���+�  �#!!#<  $�%( Al3+/O2– ($"!�-(%!�  ��!�<  $#*!�/�7-1  

$%&4� rAX = r0 – bln(sAX) +�& b = 0.37 Å; )"���1!�  ��!�&  $#*!�/�0  �#%,�-!"  $%&4" * 

b = 0.42 Å -�  r0 = 1.62 Å. 

 

�,*��5�7/(  !�  #$()�!�  !,+#���( , -%�+(�� !�  )',4�  %#*%�'"!�"  

$�%�4,-%��  (r0; b), "  ���#4"  %&+� �($�+���  $%(*�#+(-1 +# $%( !&-!('  %,*"�1-�-�� . 

��� , +�& �$%#�)(4���<  �#%,�&�� !('  *��,5!#)-,  rAX – sAX [/(  ln(sAX) – rAX], ;#  

�)!"7-1  (� ) "  ��+!#)!#  ���
���  +��$�*#!�'  /(),�1!('  �,�(/(!  +��,�#  ��+  
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#+(!�%!('  *� ’&*���  A–X (;#  �  -��('  �($�+��'  !��#�(  !,  )$#)-,%�3�7-1)& ) �/�2# 

(2) '�%��-,%(*"7-1)&  b » 0.37 Å, -%�+(�� !�  )',4�  %#*%�'"!�"  $�%�4,-%��  ��  0 

����#4  $%( !&-!#7  � +�0 $%(+�-!�  +�& $%��-(/!#3#  *�)-#)"��!!&  �,�(/(!(  

(r0; b). ��4,  �, , !�  !�6"  +"4�" , $#&)!70  -#  ���- , ;#  !,+#���(  �(;,*3�+�!#<  

-%�+(�� !#<  )',4(  *��(6��()1  �  !�"�#��  ��-,%�-"%�  !,$#4�/,!(4(  $%#-&3#4 

-%1#' +,)&-(%�/1 [12, 13, 17]. 

�(4  !,  4,!6, , +�& �#!!('  $�%, ;#  +,4#!)-%"7-1  ������  +��$�*#!(  

�,�(/(!  rAX � sAX, )��+  *�)-#)#�"��-(  #+!"  �* )',4 , ;#  $,%,+2�/�0  #$-(4�*���7  

�!��  $�%�4,-%��  �� . �#*%#2�,!"  !�4(  )',4"  %#*%�'"!�"  $�%�4,-%��  (r0; b) 2"+,  

%#*3�&!"-# �  !�)-"$!#4"  %#*+���. 

 

 

1.3. 
)3+ 0.!)*  " + 2��+&1  ��  /':  &)!!#0  " +   

Al 3+/O2–, B3+/O2– & P5+/S2– 

 

8�  �5,  *�*!�/��#)1  �(;, , * 4,-#7  #��!�(  )-� �#)-�  �%()-���/!('  

)-%"�-"%, +#)��+5"��!('  "  ��  %#2#-� (Al2O3, B2O3 -�  Cu6PS5X), *+� )!,!#  )$%#2" 

$%#�,)-(  <' �%()-��#'�4�/!(  �!���*  * �(�#%()-�!!&4  ��� . �!���*  )-%"�-"% 

Al 2O3, B2O3 � Cu6PS5X )���+��)&  * !�)-"$!('  ,-�$�� :  

� ) %#*%�'"!�"  $�%�4,-%��  ��  +�& �#!!('  $�% Al3+/O2–, B3+/O2– � P5+/S2–;  

2) %#*%�'"!�"  )"4  ��  +�& �#5!#3#  �%()-��#3%���/!#  !,*��,5!#3#  

�-#4�  �  )-%"�-"%�'  �(;,*3�+�!('  )$#�"�  ("  �($�+�"  )-%"�-"% Cu6PS5X, 

%#*%�'"!#�  )"4  ��  *+� )!7���)&  +�& �-#4��  *� 100%-�(4  *�$#�!,!!&4  $#*(��  

�,!-%��1!#3#  �-#4�  � ��3�!+��  �##%+(!��� !#<  )�,%( , &� �,  �(4�3�0-1)&  �  %�4��'  

��� ). 

�  %#*%�'"!��'  $�%�4,-%��  ��  +�& �#!!('  $�% Al3+/O2– � B3+/O2– *�)-#)#��!#  

�(;,*3�+�!"  ���	������  %#*%�'"!�#�"  )',4" , ;#  2�*"0-1)& !�  �(�#%()-�!!�  

����2%"���1!('  -#/#�  (sAX; rAX). �(2�%  ����2%"���1!('  -#/#�  F%"!-"���)&  !�  

-($#�('  4�5�-#4!('  ��+)-�!&'  rAX, )$#)-,%,5"��!('  +�& -($#�('  )-� �('  
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�##%+(!��� !('  )�,%  [AXn] * !,)"--0�(4  %��!,4  +,�#%4���<  (+�& -��('  )�,%  

�,�(/(!(  sAX �#%,�-!#  %#*%�'#�"0-1)& &� VA/n) [28]. 

��&  �#!!#<  $�%( Al3+/O2– -��(4(  ����2%"���1!(4(  -#/��4(  0 �5,  *3�+�!�  

(3/4 � .#.; 1.74 Å) -�  (3/6 � .#.; 1.91 Å). �#*� ’&*�-(  *�+�/"  $# #+,%5�!!7  $�%�4,-%��  

��  * �('  -#/#�  4#5!�  3%���/!#  – �  �##%+(!�-�'  ln(sAX) – rAX (%(). 1.1), �2# 5  

��3,2%�</!# . 	)���1�(  )"-1  3%���/!#3#  %#*�’&*�"  !�4(  �5,  %#*3�&+���)1 �(;, , 

*"$(!(4#)1  !�  ��3,2%�</!#4"  %#*�’&*�" . 

��#4  ����2%"���1!(4  -#/��4  (s'AX; r'AX) � (s"AX; r" AX) ��+$#��+�0  )()-,4�  

+�#'  %��!&!1 (1.5-1.6) * +�#4�  !,��+#4(4(  – r0 -�  b. 

 

r'AX = r0 – bln(s'AX)      (1.5) 

r" AX = r0 – bln(s"AX)      (1.6) 

 

�  ��0< )()-,4(  %��!&!1, $�%�4,-% b �,3�#  %#*%�'#�"0-1)& *�  �#%4"�#7  

(1.7), +, DrAX � Dln(sAX) – %�*!(��  ��+$#��+!('  �,�(/(!  ����2%"���1!('  -#/#� . 

 

 b = |DrAX| / |Dln(sAX)|      (1.7) 

 

���� , $�+)-��(�6(  "  (1.5) �2# (1.6) %#*%�'#��!"  �,�(/(!"  b, �,3�#  

#+,%5�-(  6"��!"  �,�(/(!"  r0. 

�#*� ’&*#� )()-,4(  %��!&!1 (1.5-1.6), ;#  )-#)"7-1)&  -($#�('  

�##%+(!��� !('  )�,%  [AlO4] -�  [AlO6], +�0 6"��!�  �,�(/(!(  $�%�4,-%��  ��  +�& 

�#!!#<  $�%( Al3+/O2–: r0 = 1.62 Å -�  b = 0.42 Å. 

��&  �#!!#<  $�%( B3+/O2– 4(  �(&�(�(  4#5�(��)-1  �)-�!#�(-(  ���  

����2%"���1!�  -#/�( : (1 � .#.; 1.37 Å), (3/4 � .#.; 1.47 Å) -�  (2/3 � .#.; 1.51 Å). .,%6�  

+��  -#/�(  ��+$#��+�7-1  -($#�(4  �##%+(!��� !(4  -%(�"-!(��4  [BO3] � 

-,-%�,+%�4  [BO4] [28, 30]; #)-�!!&  ��+$#��+�0  $%��(�1!#4"  (�  4,5�'  

,�)$,%(4,!-��1!#<  $#'(2�( ) �##%+(!��� !#4"  -%(�"-!(�"  [OB3], 

)$#)-,%,5"��!#4"  �  )-%"�-"%� ��*(  B2O3-II [31, 32]. 
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	)���1�(  /()�#  ����2%"���1!('  -#/#�  +�& �#!!#<  $�%( B3+/O2– $,%,�(;"0  

���1��)-1  !,��+#4('  $�%�4,-%��  �� , +�& #+,%5�!!&  #$-(4��1!('  �,�(/(!(  (r0; b) 

)��+  )�#%()-�-()1  4,-#+#4  !� 4,!6('  ���+%�-��  (��
 ). �  �##%+(!�-�'  

ln(sAX) – rAX, *�+�/�  "-#/!,!!&  �,�(/(!(  (r0; b) * �(�#%()-�!!&4  ��
  *�#+(-1)&  

+# )-�!+�%-!#3#  ��3#%(-4"  	�������  �������� , ���7/,!#3#  �  2��16�)-1  

�#4$ ’7-,%!('  $%#3%�4 !�"�#�#<  3%����( . �() . 1.2 ��7)-%"0  %,*"�1-�-(  

%#*%�'"!�"  $�%�4,-%��  ��  �#!!#<  $�%( B3+/O2– * �(�#%()-�!!&4  ��!� !#<  %,3%,)�<. 

��� , #$-(4�*#��!�  $%&4� ��!�&  rAX = r0 – bln(sAX) '�%��-,%(*"0-1)&  !�'(�#4  –

0.35 Å (-#2-# b = 0.35 Å) � ��+-(!�0  !�  #)� #%+(!�-  ��+%�*#� +#�5(!#7  1.37 Å 

(r0 = 1.37 Å). 

���� ���� ���� ���	 ���
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rAX (
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ln(sAX) 
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�() . 1.2. 	$-(4�*#��!�  $%&4� ��!�&  rAX = r0 – bln(sAX) +�& �#!!#<  $�%( 

B3+/O2–. 
���2%"���1!�  -#/�(  o, p � q ��+$#��+�7-1  �##%+(!��� !(4  )�,%�4  

[OB3], [BO4] � [BO3]. .�%�4,-%(  �� : r0 = 1.37 Å; b = 0.35 Å. 

 

8�  �5,  *�*!�/��#)1  �(;, , +�& �#!!#<  $�%( P5+/S2– �#%,�&�� !�  �%(��  

rAX – sAX �)!"0  �  +#)(-1  �"*1�('  +��$�*#!�'  �,�(/(!  rAX � sAX, ;#  ��+$#��+�7-1  

�(!&-�#�#  �##%+(!��� !(4  -,-%�,+%�4  [PS4]. ��  �('  "4#�  #+!#/�)!,  "-#/!,!!&  
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#2#'  $�%�4,-%��  ��  2"�#  4,-#+#�#3�/!#  !,�($%��+�!(4  /,%,*  #/��"��!"  )(�1!"  

�*�04!"  �#%,�&��7  �,�(/(!  r0 � b. �  #3�&+" !�  �, , 4(  �(%�6(�(  )�#%()-�-()1  

���)#��!(4  ""!��,%)��1!(4 " $�%�4,-%#4 b = 0.37 Å � $%#�,)-(  "-#/!,!!&  �(6,  

$�%�4,-%" r0. 

	$-(4�*���7  $�%�4,-%��  ��  (r0; b = 0.37 Å) 2"�#  $%#�,+,!#  * 

�(�#%()-�!!&4  %,$%,*,!-�-(�!#<  �(2�%�( , ;#  ���7/���  32 !�+� !#  �(*!�/,!�  

�##%+(!��� !�  -,-%�,+%( [PS4], )�#%4#��!�  �#!!#7  $�%#7 P5+/S2– [33-35]. 

�,�(/(!(  $�%�4,-%��  �� , �)-�!#��,!�  !�4(  +�& �#!!#<  $�%( P5+/S2–, )���+�7-1  

r0 = 2.125 Å � b = 0.37 Å. �() . 1.3 ��7)-%"0  %#*$#+�� )"4  �� , #+,%5�!('  +�& 

�(;,*3�+�!#<  �(2�%�(  �##%+(!��� !('  -,-%�,+%��  [PS4] * �(�#%()-�!!&4  

#$"2���#��!('  +�& �#!!#<  $�%( P5+/S2– !�2#%��  $�%�4,-%��  ��  (r0 = 2.125 Å; 

b = 0.37 Å [33-35]), (r0 = 2.145 Å; b = 0.37 Å [12]) -�  (r0 = 2.11 Å; b =0.37 Å [13]). 
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�() . 1.3. ��)-#3%�4�  %#*$#+��" )"4  �� , %#*%�'#��!('  +�& %,$%,*,!-�-(�!#<  

�(2�%�(  �##%+(!��� !('  -,-%�,+%��  [PS4] * �(�#%()-�!!&4  %�*!('  !�2#%��  

$�%�4,-%��  ��  (r0 = 2.125 Å; b = 0.37 Å [33-35]; "�&  %#2#-�"), (r0 = 2.145 Å; 

b = 0.37 Å [12]; "Brown & Altermatt") � (r0 = 2.11 Å; b = 0.37 Å  [13];  

"Brese & O'Keeffe"). 
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�  %(). 1.3 �,3�#  2�/(-(  )"--0�#  �(;"  !�+� !�)-1  $�%�4,-%��  �� , #+,%5�!('  

+�& �#!!#<  $�%( P5+/S2– �  !�6�  %#2#-�: 4��)(4"4  %#*$#+��" )"4  �� , %#*%�'#��!('  

* !�6('  $�%�4,-%�� , ��+$#��+�0  #/��"��!�  �,�(/(!�  ~5.0 � .#., -#+� &� $�%�4,-%( , 

#+,%5�!�  +�& -�0< 5  �#!!#<  $�%( �  %#2#-�' [12, 13], +�7-1  )"--0��  ��+'(�,!!&  

4��)(4"4��  %#*$#+��" )"4  ��  ��+  #/��"��!#<  �,�(/(!( . 

�  /()�#�#4"  �(3�&+� , !�+� !�)-1  #+,%5�!('  !�4(  $�%�4,-%��  ��  �,3�#  

$%#+,4#!)-%"��-(  /,%,*  ),%,+!�  �,�(/(!(  )"4  �� , %#*%�'#��!�  +�& �5,  *3�+�!#< 

%,$%,*,!-�-(�!#<  �(2�%�(  -,-%�,+%��  [PS4] * �(�#%()-�!!&4  %�*!('  !�2#%��  (r0; b). 

��� , ),%,+!& )"4�  �� , %#*%�'#��!�  * �(�#%()-�!!&4  !�6#3#  !�2#%" 

(r0 = 2.125 Å; b = 0.37 Å), )���+�0  5.01(8) � .#.; -#+� &� ),%,+!�  )"4(  �� , %#*%�'#��!�  

* !�2#%��  (r0 = 2.145 Å; b = 0.37 Å [12]) � (r0 = 2.11 Å; b = 0.37 Å [13]), )���+�7-1  

��+$#��+!#  5.29(8) � .#. � 4.81(7) � .#. 

 

 

1.4. 	+#$� ')0&2&,!#�   ! '&3  $�+.*�.+  *)+.!/.  ($ "�&+. ) a-Al 2O3, B2O3-I, 

B2O3-II & Cu6PS5X (X – Cl, Br, I) 3 1#*)+#$� !!:2  ���  

 

	)!#�!�  $�%�4,-%(  �%()-���/!('  )-%"�-"% ��*  a-Al 2O3 [36], B2O3-I [30] � 

B2O3-II [31], ;#  2"�(  �(�#%()-�!�  !�4(  �  �%()-��#'�4�/!#4"  �!���*�  �('  ��* , 

!��,+,!�  �  -�2�(��  1.1. 
#%#-�(  #$()  �(;,*3�+�!('  )-%"�-"% +�!#  !(5/,  �  

�1#4"  %#*+���, �  <' 2��16  +,-��1!(  #$()  – "  ��+$#��+!('  %#*+���' .  

��$��%  (�#%"!+) a-Al 2O3 �%()-���*"0-1)&  �  -%(3#!��1!�  (%#42#,+%(/!� ) 

$%#)-#%#��  3%"$� (.� ) R-3c [36]. �#3#  �%()-���/!"  )-%"�-"%"  4#5!�  

$%,+)-��(-(  &� ��%��) , "-�#%,!(  �##%+(!��� !(4(  #�-�,+%�4(  [AlO6] (%(). 1.4). 


#5,!  �-#4  ��74�!�7  )-%"�-"%(  )�$��%"  "-�#%70 +��  -($(  (�#%#-6� � +#�6� ) 

*� ’&*��� : -%( ��+)-�!�  Al–O )���+�7-1  1.855 Å � -%( – 1.971 Å. ��+$#��+!# , �#5,!  

�-#4  	�)(F,!"  #-#/,!(  /#-(%4�  �-#4�4(  ��74�!�7 : $# +��  !�  ��+)-�!&'  

1.855 Å � 1.971 Å. 

�(�#%()-�"7/(  $�%�4,-%(  b = 0.42 Å -�  r0 = 1.62 Å [37], $%#�!���*#��!#  

)"4(  ��  +�& �-#4��  )-%"�-"%(  �#%"!+" . 8�  �(+!#  * -�2�(��  1.2, ��+'(�,!!&  )"4  
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��  ��+  �+,��1!('  �,�(/(!  )-"$,!��  #�()!,!!&  (3 +�& Al � 2 +�& O) 4,!6�  ��+  1% � 

�,5�-1  "  4,5�'  ,�)$,%(4,!-��1!#<  $#'(2�(  %,!-3,!#)-%"�-"%!#3#  +#)��+5,!!& , 

�#-%� )���+�0  ~3% [13]. @�(*1��  +# �+,��1!('  �,�(/(!  )"4(  ��  �-#4��  "  )-%"�-"%� 

�#%"!+"  [36] ���*"7-1  !�  #/��"��!"  )-�2��1!�)-1  ��0< �%()-���/!#<  )-%"�-"%( , ;# , 

2,*"4#�!# , ��+$#��+�0  +� )!#)-� . 

 

��2�(�&  1.1. �-%"�-"%!�  $�%�4,-%(  a-Al2O3 [36], B2O3-I [30] � B2O3-II [31]. 

 

a-Al 2O3; .�  – R-3c; $�%�4,-%(  F%�-�(: a = 4.7589(4) Å, c = 12.9919(3) Å; /()�#  
�#%4"�1!('  #+(!(�1  �  ,�,4,!-�%!�  �#4�%��  Z = 6 

��)2  �)3#9&:  	))+/#! �#  

  x y z 
Al 12c 0 0 0.35217(2) 
O 18e 0.30618(8) 0 1/4 

B2O3-I; .�  – P3121; $�%�4,-%(  F%�-�(: a = 4.3358 Å, c = 8.3397 Å; Z = 3 
B 6c 0.3954(19) 0.2299(23) 0.2244(9) 
O1 6c 0.6009(12) 0.1477(10) 0.1282(5) 
O2 3a 0.1607(14) 0 1/3 

B2O3-II; .�  – Ccm21; $�%�4,-%(  F%�-�(: a = 4.613(1) Å, b = 7.803(2) Å, 
c = 4.129(1) Å; Z = 4 

B 8b 0.1606(4) 0.1646(3) 0.4335(9) 
O1 4a 0.2475(3) 0 1/2 
O2 8b 0.3698(3) 0.2911(1) 0.5802(8) 
 

�-%"�-"%�  -%(3#!��1!#<  (.�  – P3121) ��*(  B2O3-I [30] �#%4"0-1)& 

!,)��!/,!!(4  -%(�(4�%!(4  ��%��)#4 , "-�#%,!(4  * �##%+(!��� !('  -%(�"-!(���  

[BO3] (%(). 1.5): �#5,!  �-#4  @#%" #-#/,!(  -%1#4� �-#4�4(  	�)(F,!" , �#-%�, "  

)�#7  /,%3", �##%+(!"7-1)&  +�#4�  �-#4�4(  @#%". 

�-%"�-"%�  #%-#%#42�/!#< (.�  – Ccm21) ��*(  B2O3-II [31] 

'�%��-,%(*"0-1)&  )���+!(4  -%(�(4�%!(4  ��%��)#4 , "-�#%,!(4  * �##%+(!��� !('  

-,-%�,+%��  [BO4] (%(). 1.6). .%(  �1#4"  �-#4(  	�)(F,!"  #+!#3# )#%-" (O1) 

�##%+(!"7-1)&  +�#4�  �-#4�4(  @#%", �  �!6#3#  (O2) – -%1#4�.  
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�() . 1.4. 
%()-���/!�  )-%"�-"%�  )�$��%"  (�#%"!+" ) a-Al 2O3. 

 

��2�(�&  1.2. �!���*  )"4  ��  +�& �-#4��  ��74�!�7  -�  	�)(F,!"   

"  )-%"�-"%� )�$��%"  a-Al 2O3. 

 

��!�+ '(!#�  
 �)2  

�&< !/  
.2  ��  SsAX 

Al O (́ 3) O' (́ 3)  

 rAX = 1.855 Å (́ 3) rAX = 1.971 Å (́ 3)  

 sAX = 0.571 � .#. (́ 3) sAX = 0.434 � .#. (́ 3) 3.015 � .#. (+0.5%) 

O Al (´ 2) Al' (´ 2)  

 rAX = 1.855 Å (́ 2) rAX = 1.971 Å (́ 2)  

 sAX = 0.571 � .#. (́ 2) sAX = 0.434 � .#. (́ 2) 2.010 � .#. (+0.5%) 

 

�  �(�#%()-�!!&4  #+,%5�!('  !�4(  +�& $�%( B3+/O2– $�%�4,-%��  ��  

b = 0.35 Å -�  r0 = 1.37 Å, 4(  $%#�!���*"���(  )"4(  ��  +�& �-#4��  "  )-%"�-"%�'  ��*  

B2O3-I � B2O3-II (-�2�(�&  1.3). 8�  � +�& �(;,*3�+�!#<  )-%"�-"%(  )�$��%" , )"4(  �� , 

%#*%�'#��!�  +�& �-#4��  ��*  B2O3-I � B2O3-II, +#2%, "*3#+5"7-1)&  * �,�(/(!�4(  
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��+$#��+!('  )-"$,!��  #�()!,!!&  (),%,+!0 ��+'(�,!!&  )"4  ��  ��+  )-"$,!��  

#�()!,!!&  *!�'#+(-1)&  �  4,5�'  3%) � $�+-�,%+5"7-1  )-�2��1!�)-1  #2#'  

�%()-���/!('  ��*  @#% #�)(+"  B2O3.  

 

 
�() . 1.5. 
%()-���/!�  )-%"�-"%�  ��*(  B2O3-I. 

 
�() . 1.6. 
%()-���/!�  )-%"�-"%�  ��*(  B2O3-II. 
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��2�(�&  1.3. �"4(  �� , %#*%�'#��!�  +�& �-#4��  @#%" -�  	�)(F,!"  "  )-%"�-"%�'  

��*  B2O3-I [30] � B2O3-II [31]. 

 

��!�+ '(!#�  
 �)2  

�&< !/  
.2  ��  SsAX 

B2O3-I 
B O1 O2  
 rAX = 1.372 Å rAX = 1.357 Å  
 sAX = 0.994 � .#. sAX = 1.038 � .#.  
 O1'   
 rAX = 1.375 Å   
 sAX = 0.986 � .#.  3.018 � .#. (+0.6%) 

O1 B B'  
 rAX = 1.372 Å rAX = 1.375 Å  
 sAX = 0.994 � .#. sAX = 0.986 � .#. 1.980 � .#. (–1.0%) 

O2 B (´ 2)   
 rAX = 1.357 Å (́ 2)   
 sAX = 1.038 � .#. (́ 2)  2.076 � .#. (+3.8%) 

B2O3-II 
B O1 O2  
 rAX = 1.373 Å rAX = 1.506 Å  
 sAX = 0.991 � .#. sAX = 0.678 � .#.  
  O2'  
  rAX = 1.507 Å  
  sAX = 0.676 � .#.  
  O2"  
  rAX = 1.512 Å  
  sAX = 0.667 � .#. 3.012 � .#. (+0.4%) 

O1 B (´ 2)   
 rAX = 1.373 Å (́ 2)   
 sAX = 0.991 � .#. (́ 2)  1.982 � .#. (–0.9%) 

O2 B B'  
 rAX = 1.506 Å rAX = 1.507 Å  
 sAX = 0.678 � .#. sAX = 0.676 � .#.  
  B"  
  rAX = 1.512 Å  
  sAX = 0.667 � .#. 2.021 � .#. (+1.1%) 
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��  ��+4�!"  ��+  2�!�%!('  #)�(+��  a-Al2O3 [36], B2O3-I [30] � B2O3-II [31], 

��*(  Cu6PS5X (X – Cl, Br, I), �#-%� !��,5�-1  +# )-%"�-"%!#3# )�4, )-��  

�%3�%#+(-�� [38, 39], '�%��-,%(*"7-1)&  !�&�!�)-7  !(*�(  �-#4!('  $#*(��  * 

/�)-�#�(4  *�$#�!,!!&4  [39-40], ;#  %#2(-1 *�)-#)"��!!&  ���  +# �('  +#�#��  

)���+!('  )-%"�-"% $%#2�,4�-(/!(4  [2]. @��16 +,-��1!(  %#*3�&+ � #$()  

)-%"�-"% Cu6PS5X (X – Cl, Br, I) !��,+,!#  "  �#*+���  3, $%()�&/,!#4"  �(4  

�%3�%#+(-!(4 )"$,%�#!���4 . �"-  5,  4(  #24,5(4#)1  �(6,  *�"��5,!!&4 , ;#  ���  

2,*  �(!&-�"  )-%"�-"%(  Cu6PS5X (X – Cl, Br, I) 4�)-&-1 �##%+(!��� !�  -,-%�,+%( 

[PS4] *� 100%-4 *�$#�!,!!&4  $#*(��  �-#4��  :#)�#%"  � �"�1�"%" , ;#  +#*�#�&0 

(+# $,�!#<  4�%() #��!(-(  !�+� !�)-1  #$"2���#��!('  �  ��-,%�-"%�  ��+$#��+!('  

)-%"�-"%!('  +�!('  �  %�4��'  ��� . 8�  $%(���+ , %#*4�;,!!&  �##%+(!��� !('  

-,-%�,+%��  "  ,�,4,!-�%!�  �#4�%��  �"2�/!#<  ��*(  Cu6PS5Br [40] *#2%�5,!#  !�  

%(). 1.7 (�!6�  �-#4(  Cu6PS5Br !,  *#2%�5,!� ). 

 

 

 

�() . 1.7. �#*4�;,!!&  �##%+(!��� !('  -,-%�,+%��  �  ,�,4,!-�%!�  �#4�%��  

�"2�/!#<  ��*(  Cu6PS5Br [40]. 
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�  �(�#%()-�!!&4  $�%�4,-%��  b = 0.37 Å -�  r0 = 2.125 Å, #+,%5�!('  !�4(  

+�& �#!!#<  $�%( P5+/S2– [33-35], 2"�(  %#*%�'#��!�  )"4(  ��  +�& �-#4��  :#)�#%"  �  

#$"2���#��!('  �"2�/!('  )-%"�-"%�'  Cu6PS5X (X – Cl, Br, I), +#)��+5,!('  $%( 

��4!�-!�  -,4$,%�-"%�  [39-41] (-�2�(�&  1.4). 8�  �(+!#  * -�2�(�� , %#*%�'#��!�  +�& 

�-#4��  :#)�#%"  )"4(  ��  0 2�(*1�(4(  +# -,#%,-(/!#3#  *!�/,!!&  5, ;#  

$�+-�,%+5"0 *�+#���1!"  &��)-1  #$"2���#��!('  )-%"�-"%!('  4#+,�,  )$#�"�  

Cu6PS5X (X – Cl, Br, I). �-�4 , )��+  #)#2�(�#  !�3#�#)(-( , ;#  %#*%�'"!#�  )"4  ��  

+�& �-#4��  :#)�#%"  "  )-%"�-"%�'  �%3�%#+(-�� Cu6PS5X (X – Cl, Br, I) 0 �(6,  

���$�������  $#��*!(�#4  !�+� !#)-�  �('  )���+!('  )-%"�-"%, � -#4"  �()!#��(  

;#+#  !�+� !#)-�  �#!�%,-!#<  )-%"�-"%!#< 4#+,��  2�5�!#  $�+�%�$�7��-(  ���1�#4�  

!,*��,5!(4(  4,-#+�4( . 

 

��2�(�&  1.4. �"4(  �� , %#*%�'#��!�  +�& �-#4��  :#)�#%"  �  �"2�/!('  )-%"�-"%�'  

Cu6PS5X (X – Cl, Br, I) [39-41], +#)��+5,!('  $%( ��4!�-!('  -,4$,%�-"%�'  

(!"4,%���&  �-#4��  ��+$#��+�0  #%(3�!��1!(4  #$"2���#��!(4  +�!(4 ). 

 

��!�+ '(!#�  

 �)2  

�&< !/  
.2  ��  SsAX 

Cu6PS5Cl [41] 

P S2 (́ 4)  

 rAX = 2.051 Å (́ 4)  

 sAX = 1.221 � .#. (́ 4) 4.884 � .#. (–2.3%) 

Cu6PS5Br [40] 

P1 S3 (́ 4)  

 rAX = 2.049 Å (́ 4)  

 sAX = 1.228 � .#. (́ 4) 4.912 � .#. (–1.8%) 

Cu6PS5I [39] 

P S1 (́ 4)  

 rAX = 2.057 Å (́ 4)  

 sAX = 1.202 � .#. (́ 4) 4.808 � .#. (–3.8%) 
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1.5. �+);!)3.1 !!:  "&+)0')+!#0  $�+.*�.+  1 + 2* 0  ���  

 

�,#%3�!�/!�  )$#�"�( , ;#  !��,5�-1  +# )-%"�-"%!#3# )�4, )-��  $�%#'�#%", 

+,4#!)-%"7-1  6(%#�(  )$,�-%  ��*(/!('  � '�4�/!('  ���)-(�#)-,  � *!� 6�(  

$%��-(/!,  *�)-#)"��!!&  �  )"/�)!�  -,'!���  &� ��-���*�-#%( , ��")-##$-(/!�  

4�-,%���( , �74�!,)�,!-!�  4�-,%���( , �,%#4�3!,-(�( , -�,%+#-��1!�  �#!!�  

$%#��+!(�(  -#;#  [26, 27]. 

�-%"�-"%�  �+,��1!#3#  ()-,'�#4,-%(/!#3#  � �$#%&+�#��!#3#) $�%#'�#%" 

[26, 27] '�%��-,%(*"0-1)&  �"2�/!#7  $%#)-#%#�#7 3%"$#7 Fd-3m (No.227) -�  

)-,'�#4,-%�07  A2B2X6Y, +, A – �%"$!(  ��-�#!  !(*1�#<  ���,!-!#)-� , B – 4,!6(  

*�  %#*4�%�4( ��-�#!  �()#�#<  ���,!-!#)-� , *+�-!(  "-�#%7��-(  �##%+(!��� !�  

#�-�,+%(  [BX6] * �!�#!#4  X. ��*�(/�  �  %#�� �!�#!�  X �()-"$�0  O2–, -#+� &� 

�!�#!#4  Y 4#5,  2"-(  O2–, OH– /(  F–. �()�#  �#%4"�1!('  #+(!(�1  A2B2X6Y �  

,�,4,!-�%!�  �#4�%��  $�%#'�#%" %��!,  �#)14(  (Z = 8). 

�)!"0  ���1��  %�*!('  )$#)#2��  �(2#%" $#/�-�"  �##%+(!�-  +�& 

$%,+)-���,!!&  )-%"�-"%(  �+,��1!#3#  $�%#'�#%" [27]. �  -�2�(��  1.5 $#��*�!�  +��  

!� $#6(%,!�6�  )$#)#2(  $%,+)-���,!!&  �##%+(!�-  �-#4��  )-%"�-"%!#3# -($"  

�+,��1!#3#  $�%#'�#%", �  &�('  $#/�-#�  �##%+(!�-  *2�3�0-1)& * �-#4#4  B (- .*. 

$%,+)-���,!!&  B0) /(  �-#4#4  A ($%,+)-���,!!&  A0). �  ��  %#2#-� 4(  $#)-� !#  

�(�#%()-#�"���(  $%,+)-���,!!&  B0; #+!��  ���1!"  �##%+(!�-"  x $%,+)-���,!!&  A0 

4#5!�  �,3�#  #+,%5�-(  *�  �#%4"�#7  x(A0) = ¾ – x(B0), +, x(A0) � x(B0) – ���1!�  

�##%+(!�-(  x ��+$#��+!('  $%,+)-���,!1 . 

�-%"�-"%"  �+,��1!#3#  $�%#'�#%" �#%4"7-1  +��  �*�04#$%#!(�!�  ��%��)(  

{BX 3} ( /(  {B 2X6}) � {A 2Y} ( %(). 1.8). 
#5,!  $#��,+% [BX6] *’0+!"0-1)& 

�,%6(!�4(  * 6�)-14�  )")�+!�4(  $#��,+%�4(  �1#3# 5  -($" , "-�#%77/(  

-%(�(4�%!(  ��%��)  {BX 3}. .#��,+%(  [BX6] "  *�3��1!#4"  �($�+�"  0 

-%(3#!��1!(4(  �!-($%(*4�4( , -#2-# -%(3#!��1!#  +,�#%4#��!(4(  #�-�,+%�4( , 

#+!��  $%( ���1!�  �##%+(!�-�  x = 0.3125 #�-�,+%(  [BX6] )-�7-1  $%��(�1!(4( ; $%( 

x=1/4=0.25 �-#4(  B -�  X "-�#%77-1  $%��(�1!�  �##%+(!��� !�  �"2(  [BX8]. �-#4(  

Y !,  !��,5�-1  +# �##%+(!��� !#3#  #-#/,!!&  �-#4��  B; * /#-(%4�  )")�+!�4(  
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�-#4�4(  A �#!(  �#%4"7-1  �##%+(!��� !�  -,-%�,+%( [YA 4], �#-%�, *’0+!"7/()1  

�,%6(!�4(  4�5  )#2#7 , "-�#%77-1  ��%��)  {A 2Y}. 

 

a
b

c

 

 

�() . 1.8. �-%"�-"%�  �+,��1!#3#  $�%#'�#%": ��%��)  {BX 3} (#�-�,+%(  /#%!#3# 

�#�1#%") � {A 2Y} ( -,-%�,+%( )�%#3# �#�1#%"). 

 

�#*6(%,!"  �!�#%4���7  ;#+#  $�%#'�#%!('  )-%"�-"% 4#5!�  *!� -(  �  

#3�&+#��  )-�--�  [27] � "  ��+$#��+!#4"  %#*+��� 2 ��0< %#2#-(. 

8�  �5,  *�*!�/��#)1  �(;,  (%#*+�� 1.1), )-%"�-"%(  $�%#'�#%�� 0 *�*�(/�  

)-� �(4( , '�%��-,%(*"7-1)&  �(6,  +�#4�  ��5�(�(4(  )-%"�-"%!(4(  $�%�4,-%�4(  

($�%�4,-%#4 F%�-�( a -�  ���1!#7  �##%+(!�-#7  �-#4�  X), � /,%,*  �,  !�+� !�)-1  

#$"2���#��!('  +�& $�%#'�#%�� )-%"�-"%!('  +�!(' , &� $%��(�# , !,  �(��(��0  

)"4!��" . �%�'#�"7/(  )-%"�-"%!�  #)#2�(�#)-�  $�%#'�#%!('  ��* , <'!7  �,�(�"  

���1��)-1  � '�4�/!"  %�*!#4�!�-!�)-1 , 4(  !,  )-��(  $%#�#+(-(  <' �(/,%$!(  

�%()-��#'�4�/!(  �!���*  "  %�4��'  ��� ; !�-#4�)-1 , !�  2�*�  ���  4(  %#*%#2(�( +��  

)',4(  +�& $%#3!#*"��!!&  )-,'�#4,-%(/!('  #�)(+!('  $�%#'�#%!('  )-%"�-"% * 

$%( !&-!#7  -#/!�)-7 . �#*%#2�,!�  !�4(  )',4(  4#5"-1  2"-(  �#%()!(4(  $%( 

$#%#6�#�('  )-%"�-"%!('  +#)��+5,!!&'  $�%#'�#%!('  ��*  – �#�(  $#/�-�#��  

)-%"�-"%!�  4#+,�1  $#�(!!�  2"-(  4��)(4��1!#  !�2�(5,!#7  +# %,��1!#< ("  

$%#-(�,5!#4"  �($�+�"  4,-#+  !� 4,!6('  ���+%�-��  $%( "-#/!,!!�  )-%"�-"%(  

4#5,  2"-(  !,,�,�-(�!(4 ) [42]. 
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��2�(�&  1.5. .#*(��<  � �##%+(!�-(  �-#4��  )-%"�-"%(  �+,��1!#3#  $�%#'�#%" "  

+�#'  !� $#6(%,!�6('  $%,+)-���,!!&'  (A0 � B0) 

 

��)2  �)3#9&:  x y z �+�/$� 1'�!!: *  

A 16d 1/2 1/2 1/2 B0 

 16c 0 0 0 A0 

B 16c 0 0 0 B0 

 16d 1/2 1/2 1/2 A0 

X 48f x(B0) 1/8 1/8 B0 

 48f x(A0) 1/8 1/8 A0 

Y 8b 3/8 3/8 3/8 B0 

 8a 1/8 1/8 1/8 A0 

* A 0 – $#/�-#�  �##%+(!�-  (0;0;0) *2�3�0-1)& * �-#4#4  A; B0 – $#/�-#�  
�##%+(!�-  (0;0;0) *2�3�0-1)& * �-#4#4  B; x(A0) = ¾ – x(B0). 

 

�  $�%#'�#%!('  )-%"�-"%�'  �)�  6�)-1  ��+)-�!,  B–X � �)�  /#-(%(  ��+)-�!�  

Y–A %��!�  4�5  )#2#7 , � /,%,*  �,  $%#3!#*#��!�  ���,!-!#)-�  �('  *� ’&*��� , sBX � sYA, 

�,3�#  %#*%�'#�"7-1)& &� VB/6 � VY/4 ��+$#��+!#  (+, VB � VY – /()�#��  *!�/,!!&  

���,!-!#)-�  �-#4��  B � Y). �#*%�'"���6(  *!�/,!!&  �� , �#-%� ��+$#��+�7-1  

'�4�/!(4  *� ’&*��4  B–X � Y–A (sBX � sYA), *�  �#%4"�#7  (1.4) 4#5!�  #+,%5�-(  

��+$#��+!�  $%#3!#*#��!�  4�5�-#4!�  ��+)-�!�  rBX � rYA. D+(!#7  "4#�#7  ")$�6!#3#  

%#*%�'"!�"  4�5�-#4!('  ��+)-�!,  rBX � rYA *�  �#%4"�#7  (1.4) 0 ���������
  

$�%�4,-%��  r0 -�  b [-#2-# &��)!�  �$%#�)(4���&  �#!�%,-!#<  �%(�#< "��  – +#�5(!�  

*� ’&*�" " *�  +#$#4#3#7 %��!&!!&  (1.2) * $�%�4,-%�4(  r0 -�  b], #+,%5�!('  +�& 

��+$#��+!#<  $�%( "��-�#! /�!�#! " [17]. 

�(�#%()-#�"7/(  ��+#4�  �#%4"�( , ;#  $%,+)-���&7-1  4�5�-#4!�  ��+)-�!�  

"  $�%#'�#%!('  )-%"�-"%�'  "  �(3�&+�  �"!���<  $�%�4,-%" F%�-�( a   �##%+(!�-!#3#  

$�%�4,-%" x(A0) [43], � *�)-#)"���6(  �#%4"�"  x(A0) = ¾ – x(B0), 4(  #+,%5��(  

!�)-"$!�  �#%4"�(  +�& $%,+)-���,!!&  B0: 
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rYA = a(3/64)1/2      (1.8) 

rBX = a[(x – 1/4)2 + 1/32]1/2.    (1.9) 

 

�* �('  �#%4"�  �,3�#  �(�,)-(  �#%4"�(  �(*!�/,!!&  $�%�4,-%" F%�-�( a �* 

��+#4('  /(  $%#3!#*#��!('  4�5�-#4!('  ��+)-�!, : 

 

a = rYA/(3/64)1/2      (1.10) 

a = rBX/[(x – 1/4)2 + 1/32]1/2.    (1.11) 

 

:#%4"�(  (1.10) � (1.11) 4#5!�  �(�#%()-#�"��-(  +�& $#$,%,+!1#3# 

%#*%�'"!�"  $%#3!#*#��!#3# $�%�4,-%" F%�-�( a $�%#'�#%!('  )-%"�-"%; #+!�� , !�  

��+4�!"  ��+  �#%4"�(  (1.10), "  �#%4"�"  (1.11) �'#+(-1  �##%+(!�-!(  $�%�4,-% x, 

�#-%(  !,  0 $#)-� !#7  /(  !�$,%,+  ��+#4#7  �,�(/(!#7 . ��  !�6"  +"4�" , +�& 

$#$,%,+!1#< #��!�(  $�%�4,-%" F%�-�( a *�  +#$#4#3#7 �#%4"�(  (1.11) 

!� *%"/!�6,  �(�#%()-#�"��-(  �,�(/(!"  x = 0.3125, $%( &��  #�-�,+%(  [BX6] 0 

�����	
����    !� 2��16  )-� �(4(  �  ,!,%3,-(/!#4"  ��+!#6,!!� . .%( !&�6(  "  

�#%4"��  (1.11) x = 0.3125, � )$%#)-(�6(  �#%4"�(  (1.10) � (1.11), #+,%5"04# *%"/!�  

%#2#/� �#%4"�(  +�& %#*%�'"!�"  $�%�4,-%" F%�-�( a $�%#'�#%!('  )-%"�-"% * 

#/��"��!('  (!�  #)!#��  ��� ) 4�5�-#4!('  ��+)-�!, : 

 

a = 4.6188rYA      (1.12) 

a = 5.3333rBX.      (1.13) 

 

�  ����	
����  �($�+�" , %#*%�'#��!�  * (1.12) � (1.13) �,�(/(!(  $�%�4,-%" 

F%�-�( a $#�(!!�  2"-(  %��!(4( , #+!��  �  %,��1!('  $�%#'�#%!('  )-%"�-"%�'  

$�%�4,-% F%�-�( a 0, �#/,�(+1 , )�#3# %#+" "�#4$%#4�)#4" 4�5  +�#4�  -($�4(  

*� ’&*���  (B–X � Y–A) � +�#4�  ��+$#��+!(4(  ��%��)�4(  ({BX 3} � {A 2Y}). ��4,  -#4"  

!�4  �(+�0-1)&  2��16  �#%,�-!(4  "  4,-#+#�#3�/!#4"  ),!)�  #��!7��-(  

�(;,*3�+�!(  $�%�4,-% a &� ������$  *!�/,!!& , #+,%5�!,  * �#%4"�  (1.12) � (1.13).  
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��  ��+)"-!#)-�  ��-,%�-"%!('  +�!(' , %#*%�'#��!�  * %��!&!1 (1.4), (1.12) � 

(1.13) �,�(/(!�  $�%�4,-%" F%�-�( a 3�$#-,-(/!#< /#/��"��!#<  $�%#'�#%!#< 

)-%"�-"%(  4#5,  )�"3"��-(  �!)-%"4,!-#4  %,!-3,!#3%���/!#<  ������"���#��  

��+$#��+!#<  ��*(  [44]. �+,!-(���"���6(  $�%#'�#%!" ��*"  !�  ,�)$,%(4,!-��1!�  

$#%#6�#3%�4�, � %#*%�'"���6(  * ��0< $#%#6�#3%�4( ������������	
��  �,�(/(!"  

$�%�4,-%" F%�-�( a, 4#5!�  )$%#3!#*"��-(    �##%+(!�-!(  $�%�4,-% x 

+#)��+5"��!#<  ��*( , �(�#%()-#�"7/(  %#*%�'#��!"  * �#%4"�(  (1.4) 4�5�-#4!"  

��+)-�!1  rBX � �#%4"�"  (1.14), �(�,+,!"  +�& $%,+)-���,!!&  B0 [27, 43]. 

 

x = 1/4 + [(rBX/a)2 – 1/32]1/2    (1.14) 

 

��&  "-#/!,!!&  )-%"�-"%(  $�%#'�#%!#< ��*(  4,-#+#4  $#%#6�", #+,%5�!"  

* �#%4"�(  (1.14) �##%+(!�-"  x �-#4�  X � ,�)$,%(4,!-��1!#  �(*!�/,!"  �,�(/(!"  

$�%�4,-%" F%�-�( a )��+  ��#+(-(  "  $#/�-�#�"  )-%"�-"%!"  4#+,�1 ; $#+��16,  5  

"-#/!,!!&  )-%"�-"%(  $�%#'�#%!#< ��*(  4,-#+#4  $#%#6�" )��+  $%#�#+(-(  �* 

�(�#%()-�!!&4  � �%�'"��!!&4  !�&�!('  �  ��-,%�-"%�  4,-#+(/!('  %,�#4,!+���  

[42]. 

.%#��7)-%" 4#  4#5�(�#)-�  %#*%#2�,!#< !�4(  4,-#+(�(  $%#3!#*"��!!&  

$�%#'�#%!('  )-%"�-"% !�  $%(���+�  )-%"�-"%(  -,%!�%!#3# #�)(+"  Hg2Sb2O7 �2# 

Hg2Sb2O6O' [a = 10.3525(5) Å; x = 0.323(2); 4�5�-#4!�  ��+)-�!� : rHgO' = 2.2414(1) Å; 

rSbO = 1.980(8) Å] [18]. �-%"�-"%�  Hg2Sb2O7 0 *%"/!(4  ��7)-%�-(�!(4  4�-,%���#4 , 

#)���1�(  !�+� !�)-1  $�%�4,-%��  ��  +�& $�% �#!��  Hg2+/O2– (r0 = 1.942 Å; b = 0.37 Å) 

� Sb5+/O2– (r0 = 1.908 Å; b = 0.409 Å) 2"��  +#�,+,!�    !,  �(��(��0  )"4!��"  [18, 19]. 

�#*%�'#��!�  *�  �#%4"�#7  (1.4) � * �(�#%()-�!!&4  �(;,*3�+�!('  

$�%�4,-%��  ��  #/��"��!�  4�5�-#4!�  ��+)-�!�  O'–Hg � Sb–O )���+�7-1  2.2285 Å � 

1.9826 Å ��+$#��+!# . �* �('  �,�(/(!  *�  �#%4"��4(  (1.12) � (1.13) #+,%5�!#  

$%#3!#*#��!�  �,�(/(!(  $�%�4,-%" F%�-�( a (10.2930 Å � 10.5738 Å ��+$#��+!# ), 

),%,+!0 *!�/,!!&  &�('  )���+�0  10.4334 Å � ��+%�*!&0-1)& ��+  ,�)$,%(4,!-��1!#<  

�,�(/(!(  10.3525 !�  ~0.8%. ��&  )"/�)!('  �%()-��#3%���/!('  +#)��+5,!1  
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$#'(2��  "  ~0.8% 0, 2,*"4#�!# , )"--0�#7 , #+!��  +�& ")$�6!#3#  *+� )!,!!&  �:�  

�& $#'(2��  0 ����#4  $%( !&-!#7 . 

�  �(�#%()-�!!&4  ,�)$,%(4,!-��1!#<  �,�(/(!(  $�%�4,-%" F%�-�( a 

(10.3525 Å) � %#*%�'#��!#< *�  �#%4"�#7  (1.4) 4�5�-#4!#<  ��+)-�!�  Sb–O 

(1.9826 Å), *�  �#%4"�#7  (1.14) #+,%5�!#  $%#3!#*#��!(  �##%+(!�-!(  $�%�4,-% 

x (0.324), �#-%(  ��+%�*!&0-1)& ��+  ,�)$,%(4,!-��1!#<  �,�(/(!(  $�%�4,-%" x 

(0.323) !�  ~0.3% � *!�'#+(-1)&  �  4,5�'  )-�!+�%-!#<  $#'(2�( . 

��1-,%!�-(�!#7  +# �(;,#$()�!#<  %#*%�'"!�#�#< )',4(  4#5,  )�"3"��-(  

)',4� , ;#  2�*"0-1)& !�  *�)-#)"��!!�  -��  *��!#<  DLS (distance least-squares) 

$%#�,+"%( [45, 46] -#2-# #$-(4�*���<  )-%"�-"%!('  $�%�4,-%��  +# #/��"��!('  

($%($()�!(' ) 4�5�-#4!('  ��+)-�!,  [47]. 

���+  ��+4�-(-( , ;#  )-%"�-"%!�  #)#2�(�#)-�  $�%#'�#%!('  ��*  +#*�#�&7-1  

�,3�#  %#*%�'"��-(  ����	
��  (#/��"��!�  �  %�4��'  ���  [2, 3]) �,�(/(!(  ��  +�& 

�#5!#3#  *� ’&*�"  4�5  ��-�#!#4  � �!�#!#4  "  ��+$#��+!�  )-%"�-"%�. ��� , $�%#'�#%!� 

)-%"�-"%(  A2B2X6Y '�%��-,%(*"7-1)&  �##%+(!��� !(4(  )�,%�4(  4-'  -($��  

([BX6], [YA 4], [AX 6Y2] � [XA 2B2]) � �(6,  -%1#4� "!����1!(4(  -($�4(  *� ’&*�"  

��-�#! –�!�#!  (A–X, A–Y � B–X). ��)-#)"���6(  %��!&!!&  (1.1) +# �#5!#3#  * 

�,!-%��1!('  �-#4��  �(;,*3�+�!('  �##%+(!��� !('  )�,% , #+,%5"04# )()-,4"  4-

'  %��!&!1 (6sBX = VB; 4sAY = VY; 2sAX + 2sBX = VX; 6sAX + 2sAY = VA) * -%1#4� 

!,��+#4(4(  (sAX, sAY � sBX), ;#  �,3�#  %#*�’&*"0-1)&. ��2�(�&  1.6 4�)-(-1  

%#*%�'#��!�  #/��"��!�  �,�(/(!(  ��  (s) +�& +�#'  4#5�(�('  -($��  �+,��1!('  

#�)(+!('  $�%#'�#%�� A2B2O6O' – -#2-# +�& -($"  AIIBV (;#  $#0+!"0 +�#���,!-!(  

��-�#!  A � $’&-(���,!-!(  ��-�#!  B) � +�& -($"  AIIIBIV (+, ��-�#!(  A � B 0, 

��+$#��+!# , -%1#'���,!-!(4(  � /#-(%1#'���,!-!(4( ). �  �('  �,�(/(!  �� , �* 

*�)-#)"��!!&4  �#%4"�(  (1.4) � ��+$#��+!('  !�2#%��  ��������  $�%�4,-%��  (r0;b), 

+�& �#5!#3#  �#!�%,-!#3#  -($"  *� ’&*�"  ��-�#! –�!�#!  4#5!�  %#*%�'"��-(  

#/��"��!"  4�5�-#4!"  ��+)-�!1  "  $�%#'�#%!�  ��*� . 
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��2�(�&  1.6. �,�(/(!(  ��  (s), %#*%�'#��!�  +�& %�*!('  -($��  '�4�/!#3#  *� ’&*�"  �  

�+,��1!('  #�)(+!('  $�%#'�#%!('  )-%"�-"%�'  A2B2O6O', � ��+$#��+!�  ��3#��  

�#,����0!-(  (wi), %,�#4,!+#��!�  +�& �('  -($��  *� ’&*�"  �  $%#�,+"%� DLS [47] 

 

�#"  31’ :3*.  AII BV "&+)0')+#  AIII BIV  "&+)0')+#  

s (1.) .) w s (1.) .) w 

A–O 1/6 0.1 1/3 0.1 

A–O' 1/2 0.3 1/2 0.1 

B–O 5/6 0.3 2/3 0.2 

 

��2�(�&  1.7. ��)$,%(4,!-��1!�  (exp.) � $,%,+2�/,!�  *3�+!# *�$%#$#!#��!#<  

$%#�,+"%( DLS (pred.) $�%�4,-%(  F%�-�( a � ���1!�  �##%+(!�-(  x �+,��1!('  

#�)(+!('  $�%#'�#%!('  )-%"�-"% A2B2O6O' [47] 

 


�+.*�.+  a(exp.) [Å] a(pred.) [Å]  x(exp.) x(pred.) 
Bi2Ru2O7 10.293 10.337 0.315 0.328 
Ca2Nb2O7 10.444 10.484 0.321 0.314 
Dy2V2O7 10.039 10.005 0.329 0.332 
Hg2Sb2O7 10.352 10.346 0.323 0.322 
In2Mn2O7 9.708 9.700 0.331 0.337 
In2Si2O7 9.413 9.392 0.323 0.323 
Pr2Te2O7 10.672 10.785 0.334 0.340 
Sc2Mn2O7 9.597 9.571 0.334 0.342 
Sc2Si2O7 9.287 9.274 0.319 0.327 
Tl2Mn2O7 9.893 9.944 0.325 0.328 
Y2Sn2O7 10.372 10.322 0.337 0.343 
Y2V2O7 10.014 10.046 0.330 0.330 

 

.%#�,+"%�  DLS $#�&3�0 "  4�!�4�*���<  �,�(/(!(  Q, ;#  %#*%�'#�"0-1)& *�  

%��!&!!&4  (1.15), +, r i(pred.) – $,%,+2�/,!�  (#/��"��!� ) 4�5�-#4!�  ��+)-�!1  i-3# 

*� ’&*�" , r i(calc.) – %#*%�'#��!�  (+�& +�!#< )-%"�-"%( ) 4�5�-#4!�  ��+)-�!1  i-3# 

*� ’&*�" , wi – ��3#�(  �#,����0!- , $%($()�!(  i-4"  *� ’&*�" . 
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Q = Snwi
2[r i(pred.) – r i(calc.)]2    (1.15) 

 

�#�#�!#7  $%#2�,4#7 $%( *�)-#)"��!!�  $%#�,+"%( DLS 0 $�+2�% 

�+,���-!('  ��3#�('  �#,����0!-��  wi. �  %,*"�1-�-�  $%#�,+,!!&  ),%�< %#*%�'"!���  *�  

+#$#4#3#7 )$,�����*#��!#<  $%#3%�4( DLS-76, !�4(  2"�#  �(*!�/,!#  #$-(4��1!�  

�,�(/(!(  wi +�& #2#'  -($��  (AIIBV � AIIIBIV) �+,��1!('  #�)(+!('  $�%#'�#%�� 

(-�2�(�&  1.6). 

��2�(�&  1.7 ��7)-%"0  !�+� !�)-1  *�$%#$#!#��!#<  )',4(  $,%,+2�/,!!&  

�+,��1!('  #�)(+!('  $�%#'�#%!('  )-%"�-"% �* *�)-#)"��!!&4  $%#�,+"%( DLS 

(,�)$,%(4,!-��1!�  +�!�  �*&-# * %#2#-( [48]). �#5!�  2�/(-( , ;#  %#*'#+5,!!&  4�5  

$,%,+2�/,!(4(    ,�)$,%(4,!-��1!(4(  )-%"�-"%!(4(  $�%�4,-%�4(  !,  

$,%,�(;"7-1  1%. 	+!�� , &� �,  �5,  ��+4�/��#)1  �(;, , !�+� !�)-1  $�%�4,-%��  

(r0;b), ;#  �(�#%()-#�"7-1)&  +�& %#*%�'"!�"  $,%,+2�/"��!#<  +#�5(!(  *� ’&*�" , 0 

��7/#�#7  �(4#3#7 . 
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�#$!)1*#  /)  +)3/&'.  1 

 

1. ��  +#$#4#3#7 4#+,��  *� ’&*�#�#< ���,!-!#)-�  $%#�,+,!#  �%()-��#'�4�/!(  

�!���*  )-%"�-"% )"$,%�#!����  Cu6PS5X (X – Cl, Br, I), )�$��%"  =-Al 2O3, 

$�%#'�#%�� * )-,'�#4,-%�07  � 2� 2> 6Y -�  +�#'  $#��4#%�!('  4#+(������  

2#%!#3# �!3�+%(+"  � 2	 3. 

2. �#*%#2�,!#  �!���-(/!"  )',4"  %#*%�'"!�"  $�%�4,-%��  *� ’&*�#�#< ���,!-!#)-�  

(r0; b), &�"  2"�#  �(�#%()-�!#  +�& �(*!�/,!!&  !�+� !('  $�%�4,-%��  *� ’&*�#�#< 

���,!-!#)-�  +�& �#!!('  $�% Al3+/O2– (r0 = 1.62 Å; b = 0.42 Å) � B3+/O2– 

(r0 = 1.37 Å; b = 0.35 Å). �  �(�#%()-�!!&4  ���)#��!#<  �,�(/(!(  b = 0.37 Å, 

%#*%�'#��!#  !�+� !�  $�%�4,-%(  ��  +�& �#!!#<  $�%( P5+/S2– (r0 = 2.125 Å; 

b = 0.37 Å). 

3. �  �(�#%()-�!!&4  #+,%5�!('  !�4(  $�%�4,-%��  *� ’&*�#�#< ���,!-!#)-� , 

�)-�!#��,!# , ;#  %#*3�&+"��!�  �  ��  %#2#-� )-%"�-"%(  a-Al2O3, B2O3-I, B2O3-II 

� Cu6PS5X (X – Cl, Br, I) 0 )-� �(4( , �  <' )-%"�-"%!�  4#+,��  �)-�!#��,!#  * 

�()#�#7  +#)-#��%!�)-7 . 

4. ��  2�*�  4#+,��  *� ’&*�#�#< ���,!-!#)-�  !�4(  %#*%#2�,!# +��  %#*%�'"!�#��  

)',4(  +�& $%#3!#*"��!!&  �+,��1!('  #�)(+!('  $�%#'�#%!('  )-%"�-"%. 

.#%��!&!!&  ,�)$,%(4,!-��1!#  #+,%5�!('  $�%#'�#%!('  )-%"�-"% � 

%#*%�'#��!('  * �(�#%()-�!!&4  *�$%#$#!#��!('  !�4(  )',4  4#5,  )�"5(-(  

+#+�-�#�(4  �!)-%"4,!-#4  �,%(������<  )-� �#)-�    !�+� !#)-�  %#*3�&+"��!('  

$�%#'�#%!('  )-%"�-"%. 
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2.1. 
#2��+&:  $�+.*�.+#  *+#$� '&1  "&+)0')+.  �#".  � 2� 2X6Y 

 

�,#%3�!�/!�  )$#�"�(  *� )-%"�-"%#7  $�%#'�#%" '�%��-,%(*"7-1)&  6(%#�(4  

)$,�-%#4  ��*(/!('  ���)-(�#)-,  � $%,+)-���,!�  �  )"/�)!#4"  4�-,%���#*!��)-��  

���#7  !(*�#7  %�*!#4�!�-!('  4�-,%�����  – ��+  ,�,�-%#!!('  �*#�&-#%�� La2Zr2O7, 

�#!!('  $%#��+!(���  Gd1.9Ca0.1Ti2O6.9, 4,-���/!('  $%#��+!(���  Bi2Ru2O7-" *4�6�!#<  

�#!!#<  -�  ,�,�-%#!!#<  $%#��+!#)-�  +# )$�!#�('  )��# -)()-,4  Dy2Ti2O7 -�  

!�+$%#��+!('  4�-,%�����  Cd2Re2O7 -�  Cd2Nb2O7 [26, 27, 49]. 

��3�+�04#  (%#*+�� 1.5), )-%"�-"%�  �+,��1!#3#  $�%#'�#%" [26, 27] 

'�%��-,%(*"0-1)&  �"2�/!#7  $%#)-#%#�#7 3%"$#7 Fd-3m (No.227) -�  

)-,'�#4,-%�07  A2B2X6Y. @��16 *�3��1!#  �%()-���/!�  )-%"�-"%�  $�%#'�#%" 

#$()"0-1)&  4�-,%����4(  -($"  A2B2O6 -�  A2B2O7 (+, A � B, &� $%��(�# , 

%�+�#*,4,�1!�  -�  $,%,'�+!�  4,-��( ; !�$%(���+ , )$#�"��  Y2Ti2O7 [18, 26, 27, 50-

52], ;#  0 $#'�+!(4(  )-%"�-"%(  $%#)-#3# ��7#%(-"  (+, A � B – ��-�#!( , ;#  

�$#%&+�#��!�  �*+#�5  #)� <110>, �  +#+�-�#��  ����!)�&  �!�#!�  *!�'#+(-1)&  �  

-,-%�,+%(/!('  4�5�"*�&'  4�5  )")�+!�4(  ��-�#!�4(  B) (%().2.1-2.3). 

8�  *�*!�/��#)&  �  %#*+��� 1.5, �)!"0  ���1��  )$#)#2��  �(2#%" $#/�-�"  

�##%+(!�-  +�& $%,+)-���,!!&  )-%"�-"%(  �+,��1!#3#  $�%#'�#%". ���  

!� $#6(%,!�6('  $%,+)-���,!#  "  -�2�(��  1.5. �(5/, , "  -�2�(��  2.1, !��,+,!#  �)�  

/#-(%(  )$#)#2(  [27, 51]. 

��&  *%"/!#)-�  %#*%�'"!���  "  $#+��16�  %#2#-� �(�#%()-�!#  $%,+)-���,!!&  

)-%"�-"%(  $�%#'�#%" * $#/�-�#4  �##%+(!�- , ;#  *2�3�0-1)& * �-#4#4  Y, �2# 5  

$%,+)-���,!!&  Y0 (-�2�(�&  2.2). 
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�() . 2.1. �-%"�-"%�  $�%#'�#%" A2B2O6O' [18, 26, 27, 50-52]. .%,+)-���,!�  )(!�  

[BO6] #�-�,+%(  -�  2#%+#�� [	 '� 4] -,-%�,+%(. 
%()-���/!�  )-%"�-"%�  In2Mn2O7 

(� =In, B=Mn) �(�#%()-#�"0-1)&  �  &�#)-�  $%(���+"  +�!#3#  -($"  )-%"�-"%. 

 

  

 

�() .2.2. .%#,���<  �-#4��  	 , 	 ' -�  "$��#���  ����!)�  !�  �,%'!�  /�)-(!�  


.
  (� =In, B=Mn) 6�%" , ;#  *#2%�5�0 )-%"�-"%"  $�%#'�#%" &� ��%��!-  

��7#%(-!#<  )-%"�-"%(  * �()!,�(4(  ����!)�&4(  (A2, B2) (vac, O6, O'). ��!�  

$%#,���& �+,��1!#  �(%��!&!�  �*+#�5  #)� [100] � +#*�#�&0 2�/(-(  *4�;,!!&  	  �* 

�()#�#)(4,-%(/!#3#  $#�#5,!!& . 
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�() .2.3. .%#,���&  �#4�%�(  $# !#%4���  +# +��3#!���  $�%#'�#%" In2Mn2O7. 

 
��2�(�&  2.1. .#%��!&!!&  $#*(��  �-#4��  )-%"�-"%(  �+,��1!#3#  $�%#'�#%" 

$%( /#-(%1#'  4#5�(�('  )$#)#2�'  �(2#%" $#/�-�"  �##%+(!�- . 
 

�)!#  �), �)*  *))+/#! �  &)!!#0  ")3#9&�  

16A 16() ) 16(d) 16() ) 16(d) 

16B 16(d) 16(c) 16(d) 16(c) 

48X 48(f) 48(f) 48(f) 48(f) 

8Y 8(a) 8(b) 8(a) 8(b) 

x +�& $%��(�1!('  #�-�,+%��  [BX6] 0.4375 0.3125 0.3125 0.1875 

x +�& $%��(�1!('  �"2��  [AX 8] 0.375 0.375 0.250 0.250 

 

��2�(�&  2.2. .#*(��<  �-#4��  � $%��(�1!�  )()-,4(  -#/#�  (.�� ) )-%"�-"%(  

�+,��1!#3#  $�%#'�#%" "  $%,+)-���,!!�  Y0 [44, 53, 54]. 

 

��)2  �
�  
#2��+&:  ")3#9&- x y z 

A 16c –3m (D3d) 1/8 1/8 1/8 

B 16d –3m (D3d) 5/8 5/8 5/8 

X 48f 2mm (C2v) x 0 0 

Y 8a –43m (Td) 0 0 0 
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.%#�!���*"���6(  !�  �%()-���/!"  )-� ��)-1  )-%"�-"%(  $�%#'�#%�� (%#*+�� 

1.5) $%#�,+,4# %#*%�'"!#�  +()$,%)� !('  *��,5!#)-,  �#!#!��  �('  )-%"�-"% �  

�#!�,$��<  !�+$%#)-#%#�#< )(4,-%�< (;#  2"+,  !��,+,!#  !(5/, ), &��  

�(�#%()-#�"����)1  +�& $#2"+#�(  <' (3+d)-4�%!('  4#+,�, , 2�*"7/()1  !�  4,-%(��  

$%#-#�%()-��� , ;#  ")���+!7����)&  *2"+5,!!&4(  %�*!#3# -($" . ��  $,%6#4"  

,-�$�  �(*!�/��#)&  4�)#�,  *2"%,!!& , &�,  *�2,*$,/"0  �+,���-!(  %#*$#+�� 4�)#�('  

'�%��-,%()-(� , �  "-�#%,!,  )(�#�,  $#�,  4�5�-#4!#<  �*�04#+�<, $%( �1#4" , 

*�+����#)&  *��,5!(4  -��1�(  ��+  ��++���  – r0. 

	$()  4#+,�,  In2Mn2O7 *�#+(�)&  +# $#2"+#�(  )"�"$!#)-,  �,�-#%��  

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

�
=

D-=D
s

j

nni
jjj

jjennM
1

)(*
*

),(),( bqbq4  -�  �#%4"��!!&  "*�3��1!,!#<  +(!�4�/!#<  4�-%(��  

)( iD qk +ab
, &� )"$,%$#*(��<  +(!�4�/!('  4�-%(�1  #+!#�-#4!('  )-%"�-"%, �  ���)!�  

*!�/,!!&  +()$,%)� !('  *��,5!#)-,  #+!#/�)-(!�#�('  *2"%,!1 #-%(4�!�  !�  

�()#�#)(4,-%(/!('  !�$%&4��'  *#!(  @%���7,!� . 

 

 

2.2. 3d-2&+!#�  )"#$  �  /#! 2&*  "+)$�)+)1)-  <+ �*#  "&+)0')+&1  

�#".  In2Mn 2O7 

 

�#*3�&!,4#  )$#�"�"  In2Mn2O7. 8�  *�*!�/��#)&  �(;, , �%()-���/!�  

)-%"�-"%�  )$#�"�(  In2Mn2O7 (/(  In2Mn2O6O') !��,5(-1  +# ��+#4#3# �"2�/!#3#  

)-%"�-"%!#3# -($"  $�%#'�#%". �()�#  �#%4"�1!('  #+(!(�1  In2Mn2O7 �  

,�,4,!-�%!�  �#4�%��  %��!# �#)14(  (Z=8). .�%�4,-%  F%�-�( )-%"�-"%(  In2Mn2O7 

)���+�0  a=9.727(1) Å (c). �(4,-%�&  $#*(��<  �-#4��  In -�  Mn "  )-%"�-"%� In2Mn2O7 

– D3d, �-#4��  O – C2v, �-#4��  O' – Td [47, 55]. 
%()-���/!�  F%�-�� In2Mn2O7 4#5,  

%#*3�&+�-()& &� -��� , ;#  4�)-(-1  �,�(�"  ���1��)-1  !,*�$#�!,!('  

�%()-��#3%���/!('  $#*(�� . ���*�!�  )$,�(����  )-%"�-"%(  +#*�#�&0 ,�,�-(�!#  

�%�'#�"��-(  �7  #)#2�(��)-1  �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�<. 
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�() .2.4. �#!�  @%���7,!�  +�& 	�
  (BCC) F%�-�(. 

 

�� )!# , %#*3�&+�7/(  (3+3) – 4�%!(  2�*()  !�  #)!#��  	�
  F%�-�(, +�& 

+#$#4�5!#< $%#��*( , &� (8� ´ 8� ´ 0) !�+F%�-�"  +�& #$()"  %,��1!#< )-%"�-"%(  

�%()-����  [56]. �#!�  @%���7,!�  	�
  F%�-�( *#2%�5,!�  !�  %(). 2.4; *� ’&*#� 4�5  

*#!�4(  @%���7,!�  %�*!('  F%�-#� �"2�/!#<  )(!3#!�<  $#��*�!(  !�  %(). 2.5-2.6.  

 

 

 

�() . 2.5. �� ’&*#� 4�5  *#!�4(  @%���7,!�  ��
  � 	�
  F%�-#� [$#*!�/�(  PC, BCC � 

F%% ��+$#��+�7-1  $%(4�-(�!�  �"2�/!�  (.
 ), 	�
  � ��
  F%�-��4 ]. 
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�() . 2.6. �� ’&*#� *#!  @%���7,!�  +�& .
 , ��
  -�  	�
  F%�-#� [$#*!�/�(  PC, 

BCC � F%% ��+$#��+�7-1  $%(4�-(�!�  �"2�/!�  (.
 ), 	�
  � ��
  F%�-��4 ]. 

 

�#*3�&+ )���+!('  �%()-����  �"2�/!#<  )(!3#!�<  �  �#!�,$��<  !�+$%#)-#%#�#< 

)(4,-%�< +#*�#�&0 $%#�,)-(  <'!0  #2’0+!�!!&  �  )�4, )-�� , ;#  4�7-1  #+(!  $#%&+#� 

s $%(%#+!#< !�+F%�-�(  (s� ´ s� ´ s� ) � $%#�#+(-(  * 0+(!#< -#/�(  *#%" #$()  ��*(/!('  

���)-(�#)-,  �%()-����  �('  )�4, )-�  [57]. 

�('#+(4#  �* ��-,%�-"%!('  +�!('  [58-61], $%( 4�7/( , ;#  )-%"�-"%�  

�+,��1!#3#  $�%#'�#%" '�%��-,%(*"0-1)&  �"2�/!#7  $%#)-#%#�#7 3%"$#7 Fd-3m 

(No.227) � )-,'�#4,-%�07  A2B2X6Y (-�2�(�&  2.1), -�  ;#  $%( ���1!�  �##%+(!�-�  

x=5/16=0.3125 #�-�,+%(  [BX6] )-�7-1  �����	
���� . �(�#%()-�04#  << +�& 

$,%,'#+"  +# !�+$%#)-#%#�#3# #$()"  )-%"�-"%(  $�%#'�#%", �  )�4, , �(2%��6(  << �  

&�#)-�  2�*#�#3# �,�-#%�  F%�-�( $%#-#�%()-��" . �#+�  �,  2�*()  4#5,  2"-(  

�(2%�!(  &� .
� , �  F%�-�� @%��, %,��1!#< )-%"�-"%(  4#5,  %#*3�&+�-()& &� 

(16� ´ 16� ´ 16� ), #2’04 &�#< %��!(  4096� 3. 

��,4,!-�%!�  �#4�%��  $�%#'�#%� -#+� #$()"0-1)&  2�*()#4  ��
 , #2’04 &�#< "  

4 %�*( 4,!6(  � �(*!�/,!(  &� (8� ´ 8� ´ 0). 
��1��)-1  $#*(��  "  ,�,4,!-�%!�  

�#4�%��  ��
  +�& A2B2X6Y )-%"�-"%(  #'#$�70  1024 4#5�(�('  $#*(��< . 
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@�*"7/()1  !�  $%#)-#%#��  3%"$� Fd-3m (No.227), �(�#%()-#�"7/(  

�!-,%!���#!��1!�  -�2�(��  )(4,-%�<, -�  ��#+&/(  �)�  $#*(��<  �-#4��  �* -�2�(��  2.1, 

#-%(4"04# $,%,���  �)�'  (*�$#�!,!('  -�  ����!-!(' ) $#*(��  �-#4��  )-%"�-"%( , �  

)�4, , )-�%-"7/(  �* �,�-#%��  .
�  (� ,0,0), (0,� ,0), (0,0,� ), +�7/(  !�  !('  ,�,4,!-�4(  

)(4,-%�< $%#)-#%#�#< 3%"$( Fd-3m, +� 6#�6(  +# ��
  �* 2�*()#4  (8� ,8� ,0), 

(8� ,0,8� ), (0,8� ,8� ), #2’04 &�#< %��!(  1024� 3, #-%(4�04# $#�!"  )"�"$!�)-1  1024 

$#*(��  $%#-#�%()-��" . 

.%#)-#%#��  3%"$� Fd-3m 4�)-(-1  !�)-"$!�  $#*(��<  �* ��+$#��+!#7  

4"�1-($������07 : [000](1), [1/2,1/2,1/2](1), [1/8,1/8,1/8](2), [0,1/8,1/8](2), 

[x,0,0](6), [x,x,x](8), [x,1/4,1/4](12), [0,x,x](12), [1/2,x,x](12), [0,y,z](24), [x,x,z](24), 

[x,y,z](48), +, �##%+(!�-(  � , � , z – �%�-!�  1/16. �)�  ��  1024 $#*(��<  %#*2(��7-1)&  

!�  55 #%2�-. �)�  �#!(  !��,+,!�  "  -�2�(��  2.3. 

��&  $#2"+#�(  $#�!#< 4!#5(!(  '�(�1#�('  �,�-#%��  )-�%-"04#  ��+  2�*#�('  

�,�-#%��  #2,%!,!#< F%�-�( )8/,8/,8/( aaa ppp- , )8/,8/,8/( aaa ppp - , 

)8/,8/,8/( aaa ppp -  -�  �%#�"04# +# (2L/� ,0,0), (0,2L/� ,0), (0,0,2L/� ), +�7/(  

,�,4,!-�4(  $%#)-#%#�#< 3%"$( Fd-3m �* ��+$#��+!#7  4"�1-($������07 : [000](1), 

[L/2,L/2,L/2,](1), [L/8,L/8,L/8](2), [0,L/8,L/8](2), [x,0,0](6), [x,x,x](8), [x,L/4,L/4](12), 

[0,x,x](12), [L/2,x,x](12), [0,y,z](24), [x,x,z](24), [x,y,z](48), +, �##%+(!�-(  � , � , z -,5  

�%�-!�  1/16. 

�  %,*"�1-�-�  #-%(4�04# $#�!"  4!#5(!"  '�(�1#�('  �,�-#%�� , &��  )���+�0  

1024 �,�-#%� . ��  �,�-#%(  *��+&�(  )(4,-%�< )-%"�-"%(  $�%#'�#%" %#*2(��7-1)&  !�  

55 #%2�-. .#�!�  )"�"$!�)-1  *�%#� -�  #%2�-, �  -��#5  <' �%�-!�)-1  -,5  $%(�,+,!�  �  

-�2�(��  2.3. 

	-%(4�!�  )"�"$!�)-1  $#*(��  +#*�#�&0 �#����*"��-(  4�)#��  

'�%��-,%()-(�(  �)�'  4#5�(�('  )-%"�-"% $�%#'�#%��. �,  +#*�#�&0, �($()�-(  55 

%��!&!1, ;#  *�+�7-1  !,*��,5!(  4�)#�(  )-�!  "  �#5!�  * 4#5�(�('  $#*(�� , �  

�%�'"��!!&  )$����+!#6,!1  )(4,-%�< – #+!#%�+!� *!�/,!!&  "  �)�'  $#*(��&'  #%2�-(: 

 

( ) )(
1024

1

*

�#4

*

),(, bbnqi

j
jjj

jjebqxM D-

=
�= rt   (2.1) 
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��2�(�&  2.3. �#*2(--&  $# *�%��4  -�  #%2�-�4 �,�-#%��  4#+"�&��<  -�  $#*(�� , 

��+$#��+!# , )$#�"�(  In2Mn2O7. 

 

>   
3&+*#, 
)+%&�# 

�)/.':9&�!&   
1�*�)+# ,  
)%’?/! !&  1 3&+*# 

	+ �!&$�(  �)3#9&-   �)2&1 ,  
)%’?/! !&  1  
)+%&�# 

	+ �!&$�(  

1 [0,0,0] 1 (0,0,0) 1 

2 [15L/� ,15L/� ,15L/�  ] 8 (8� ,8� ,8� ) 1 

3 [2L/� ,0,0] 6 (4� ,4� ,4� ) 2 

4 [4L/� ,0,0] 6 (0,4� ,4� ) 6 

5 [6L/� ,0,0] 6 (� ,0,0) 6 

6 [2L/� ,2L/� ,0] 12 (2� ,0,0) 6 

7 [4L/� ,4L/� ,0] 12 (3� ,0,0) 6 

8 [6L/� ,6L/� ,0] 12 (4� ,0,0) 6 

9 [2L/� ,2L/� ,2L/� ,] 8 (5� ,0,0) 6 

10 [3L/� ,3L/� ,3L/� ,] 8 (6� ,0,0) 6 

11 [4L/� ,4L/� ,4L/� ,] 8 (7� ,0,0) 6 

12 [8L/� ,0,0] 3 (� ,� ,� ) 8 

13 [3L/� ,L/� ,L/� ,] 24 (2� ,2� ,2� ) 8 

14 [5L/� ,L/� ,L/� ,] 24 (3� ,3� ,3� ) 8 

15 [7L/� ,L/� ,L/� ,] 24 (5� ,5� ,5� ) 8 

16 [3L/� ,3L/� ,L/� ,] 24 (6� ,6� ,6� ) 8 

17 [5L/� ,5L/� ,L/� ,] 24 (7� ,7� ,7� ) 8 

18 [3L/� ,3L/� ,5L/� ,] 24 (� ,4� ,4� ) 12 

19 [2L/� ,2L/� ,4L/� ,] 24 (2� ,4� ,4� ) 12 

20 [2L/� ,2L/� ,6L/� ,] 24 (3� ,4� ,4� ) 12 

21 [4L/� ,4L/� ,2L/� ,] 24 (0,� ,� ) 12 

22 [2L/� ,4L/� ,0] 24 (0,2� ,2� ) 12 

23 [2L/� ,6L/� ,0] 24 (0,3� ,3� ) 12 

24 [4L/� ,6L/� ,0] 24 (8� ,� ,� ) 12 

25 [2L/� ,8L/� ,0] 12 (8� ,2� ,2� ) 12 

26 [4L/� ,8L/� ,0] 12 (8� ,3� ,3� ) 12 

27 [L/� ,3L/� ,5L/� ,] 48 (0,� ,2� ) 24 
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>   
3&+*#, 
)+%&�# 

�)/.':9&�!&   
1�*�)+# ,  
)%’?/! !&  1 3&+*# 

	+ �!&$�(  �)3#9&-   �)2&1 ,  
)%’?/! !&  1  
)+%&�# 

	+ �!&$�(  

28 [L/� ,7L/� ,5L/� ,] 48 (0,� ,3� ) 24 

29 [2L/� ,4L/� ,6L/� ,] 48 (0,� ,4� ) 24 

30 [8L/� ,8L/� ,8L/� ,] 1 (0,� ,5� ) 24 

31 [7L/� ,7L/� ,7L/�  ] 8 (0,� ,6� ) 24 

32 [8L/� ,8L/� ,6L/� ,] 6 (0,2� ,3� ) 24 

33 [8L/� ,8L/� ,4L/� ,] 6 (0,2� ,4� ) 24 

34 [8L/� ,8L/� ,2L/� ,] 6 (0,2� ,5� ) 24 

35 [6L/� ,6L/� ,8L/� ] 12 (0,3� ,4� ) 24 

36 [4L/� ,4L/� ,8L/� ] 12 (� ,� ,2� ) 24 

37 [2L/� ,2L/� ,8L/� ] 12 (� ,� ,3� ) 24 

38 [6L/� ,6L/� ,6L/� ,] 8 (� ,� ,4� ) 24 

39 [5L/� ,5L/� ,5L/� ,] 8 (� ,� ,5� ) 24 

40 [8L/� , 8L/�  ,0] 3 (� ,� ,6� ) 24 

41 [5L/� ,7L/� ,7L/� ,] 24 (2� ,2� ,� ) 24 

42 [3L/� ,7L/� ,7L/� ,] 24 (2� ,2� ,3� ) 24 

43 [L/� ,7L/� ,7L/� ,] 24 (2� ,2� ,4� ) 24 

44 [5L/� ,5L/� ,7L/� ,] 24 (2� ,2� ,5� ) 24 

45 [3L/� ,3L/� ,7L/� ,] 24 (2� ,2� ,7� ) 24 

46 [5L/� ,5L/� ,3L/� ,] 24 (3� ,3� ,� ) 24 

47 [6L/� ,6L/� ,4L/� ,] 24 (3� ,3� ,2� ) 24 

48 [6L/� ,6L/� ,2L/� ,] 24 (3� ,3� ,4� ) 24 

49 [4L/� ,4L/� ,6L/� ,] 24 (3� ,3� ,6� ) 24 

50 [6L/� ,4L/� , 8L/� ] 24 (3� ,3� ,7� ) 24 

51 [6L/� ,2L/� , 8L/�  ] 24 (� ,2� ,3� ) 48 

52 [4L/� ,2L/� , 8L/� ] 24 (� ,2� ,4� ) 48 

53 [6L/� ,0, 8L/� ] 12 (� ,2� ,5� ) 48 

54 [5L/� ,7L/� ,3L/� ,] 48 (� ,3� ,4� ) 48 

55 [7L/� ,L/� ,3L/� ,] 48 (� ,3� ,6� ) 48 
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�#*� ’&*#� -��#<  )()-,4(  %��!&!1 +�0 4#5�(��)-1  #-%(4�-(  *!�/,!!&   

r j(qj, b*
j). �  �%�'"��!!&4  #+!#%�+!#)-� 4�)#�('  '�%��-,%()-(�  "  $#*(��&'  #%2�- 

*�$()�!#  )()-,4"  55 %��!&!1, ;#  �(*!�/�7-1  4�)#�(  )-�!  +�& ;��1!#  

�$#%&+�#��!#< )-%"�-"%(  * "*�3��1!,!#7  �#%4"�#7 : 

 

)55(
48

)54(
48

)53(
48

)52(
48

)51(
48

)50(
24

)49(
24

)48(
24

)47(
24

)46(
24

)45(
24

)44(
24

)43(
24

)42(
24

)41(
24

)40(
24

)39(
24

)38(
24

)37(
24

)36(
24

)35(
24

)34(
24

)33(
24

)32(
24

)31(
24

)30(
24

)29(
24

)28(
24

)27(
24

)26(
12

)25(
12

)24(
12

)23(
12

)22(
12

)21(
12

)20(
12

)19(
12

)18(
12

)17(
8

)16(
8

)15(
8

)14(
8

)13(
8

)12(
8

)11(
6

)10(
6

)9(
6

)8(
6

)7(
6

)6(
6

)5(
6

)4(
6

)3(
2

)2()1(

MMMMM

MMMMMMMMMM

MMMMMMMMMM

MMMMMMMMMM

MMMMMMMMMM

MMMMMMMMMM

. (2.2) 

  

.%(  �1#4"  )$����+!#6,!!&  (2.1) $,%,$(6,-1)&  "  �(3�&+� : 

 

( ) )(
*�%�� $#

1

55

1

*
�#4

*

}),{(, bbnqi

kj
jjj

jkjkebqx D-

==
��= rtr ,   (2.3) 

 

+, )"4"��!!&  $# j #*!�/�0  )"4"��!!&  $# *�%��4 , �  k – $# �,�-#%�4  4#+"�&��<  �  

),%,+(!�  *�%�(. 

�#*� ’&*#� )()-,4(  %��!&!1 (2.3) +#*�#�&0 #-%(4�-(  �)�  r j({qj,b*
j}), -#2-# 

#+!#*!�/!#  �(*!�/(-(  4#-(�  ;��1!#  �$#%&+�#��!#3# )���+!#3#  �%()-��� . 

��+4�-(4# , ;#  r j({qj,b*
j}) '�%��-,%(*"0  *�%�" �,�-#%�  4#+"�&��< . 

�%�'#�"7/(  *!�/!"  ���1��)-1  ����!)�<  "  �"*��'  %,6�-�(  $%#-#�%()-���  +�& 

)-%"�-"%(  %,��1!#3#  �%()-���  $�%#'�#%", 4�-(4,4# : 
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0)55(
48

)54(
48

)53(
48

)52(
48

)51(
48

)50(
24

)49(
24

)48(
24

)47(
24

)46(
24

)45(
24

)44(
24

)43(
24

)42(
24

)41(
24

)40(
24

)39(
24

)38(
24

)37(
24

)36(
24

)35(
24

)34(
24

)33(
24

)32(
24

)31(
24

)30(
24

)29(
24

)28(
24

)27(
24

)26(
12

)25(
12

)24(
12

)23(
12

)22(
12

)21(
12

)20(
12

)19(
12

)18(
12

)17(
8

)15(
8

)14(
8

)12(
8

)11(
6

)10(
6

)8(
6

)7(
6

)6(
6

)5(
6

)4(
6

)3(
2

)1(

=====

==========

==========

==========

========

========

MMMMM

MMMMMMMMMM

MMMMMMMMMM

MMMMMMMMMM

MMMMMMMM

MMMMMMMM

.  (2.4) 

 

��&  3,!,%���<  $#*(��  � '�(�1#�('  �,�-#%�� , -�  %#*�’&*�"  )()-,4(  %��!&!1 

(2.3) * "%�'"��!!&4  (2.4), 2"�#  )-�#%,!#  $%#3%�4!, *�2,*$,/,!!&  �  ),%,+#�(;�  

Maple. �#*%#2�,!�  $%#3%�4� +#*�#�&��  *+� )!7��-(  3,!,%���7  �)�'  $#*(��  -�  

'�(�1#�('  �,�-#%�� , <' %#*2(--& $# #%2�-�'  � *�%��' . �  �%�'"��!!&4  )"�"$!#)-�  

����!)�  �  *!�/!#4"  /()��  #%2�- /(),�1!(  %#*�’&*#� $%,+)-���,!#  "  �(3�&+�  

!��,+,!#4"  "  (2.5): 
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           (2.5) 
 
	-%(4�!(  %#*�’&*#� ���*"0  !�  -#  ���- , ;#  �  #$()  )-%"�-"%(  �'#+(-1  

*!�/!�  ���1��)-1  *�%#� '�(�1#�('  �,�-#%�� . 

 

 

2.3. �3 ; '(!�!  /#! 2&,!  2 �+#9:  1 (3+3)-2&+!)2.  )"#$& �   

/#$"�+$&:  �)!)!!);)  $"�*�+.  "&+)0')+&1 In2Mn 2O7 

 

	-%(4�!�  -�  $%(�,+,!�  $#*(��<  -�  �,�-#%(  4#+"�&��<  �  -�2�(��  2.3 #$()"7-1  

%,��1!"  )-%"�-"%"  $�%#'�#%�� In2Mn2O7 �* �,�(�#7  ���1��)-7  ����!)�  �  

,�,4,!-�%!�  �#4�%�� . .#%&+ * -(4 , �  %#2#-� [51] *�$%#$#!#��!�  4#+,�1  

�+,��1!#3#  $�%#'�#%" * 100 % *� !&-�)-7  $,�!#<  ���1�#)-�  �%()-���/!('  #%2�-, &�� 

$%(�,+,!�  "  -�2�(��  2.4. 

8�  �5,  *�*!�/��#)1  "  %#*+��� 1.5, $%( ���1!�  �##%+(!�-�  x=0.3125=5/16 

#�-�,+%(  [BX6], ;#  �#%4"7-1  )-%"�-"%"  �+,��1!#3#  $�%#'�#%", )-�7-1  
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$%��(�1!(4( , �  $%( x=0.25=1/4 �-#4(  B -�  X "-�#%77-1  $%��(�1!�  

�##%+(!��� !�  �"2(  [BX8]. �(2%��6(  �  &�#)-�  2�*#�#3# �,�-#%�  F%�-�( 

$%#-#�%()-��"  �+,��1!#3#  $�%#'�#%� ���1!"  �##%+(!�-"  x=0.25=1/4 -�  !�  2�*�  

$#*(��  �-#4��  )-%"�-"%(  A2B2X6Y �* $%��(�1!(4(  �##%+(!��� !(4(  �"2�4(  

[BX 8] (-�2� . 2.5), $%#�,+,4# %#*%�'"!#�  +()$,%)� !('  *��,5!#)-,  �#!#!��  

)-%"�-"% $�%#'�#%�� In2Mn2O7 �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�<. 

 

��2�(�&  2.4. �#*2(--&  $# *�%��4  -�  #%2�-�4 �,�-#%��  4#+"�&��<  -�  $#*(�� , 

��+$#��+!# , �+,��1!#3#  $�%#'�#%" In2Mn2O7. 

 

>   
3&+*#, 
)+%&�# 

�)/.':9&�!&   
1�*�)+# ,  
)%’?/! !&  1 3&+*# 

	+ �!&$�(  �)3#9&-   �)2&1 ,  
)%’?/! !&  1  
)+%&�# 

	+ �!&$�(  

1 [0,0,0] 1 (0,0,0) 1 
2 [L/� ,0,0 ] 1 (4� ,0,0) 1 

3 [L/2� ,L/2� ,L/2� ] 2 (2� ,2� ,2� ) 2 
4 [L/2� ,0, 0] 6 (2a,0,0) 6 
5 [0,L/2� ,L/2� ,] 6 (0,2a,2a) 6 
6 [L/4� ,L/4� , L/4� ] 8 (� ,a,a) 8 

7 [3L/4� ,3L/4� , 3L/4� ] 8 (3� ,3a,3a) 8 
 

��2�(�&  2.5. .#*(��<  �-#4��  � $%��(�1!�  )()-,4(  -#/#�  (.�� ) )-%"�-"%(  

�+,��1!#3#  $�%#'�#%" "  $%,+)-���,!!�  Y0 [44, 53, 54]. 

 

��)2  �
�  
#2��+&:  ")3#9&- X Y Z 

A 16c –3m (D3d) 1/8 1/8 1/8 

B 16d –3m (D3d) 5/8 5/8 5/8 

X 48f 2mm (C2v) 1/4 0 0 

Y 8a –43m (Td) 0 0 0 
 

.%(  �1#4"  �%�'"04# , ;#  )-%"�-"%�  �+,��1!#3#  $�%#'�#%" 4#5,  2"-(  

#$()�!�  &� 3%�!,�,!-%#��!�  (4� ´  4�  ́  0)-!�+F%�-��  !�  2�*()�  #2’04#�,!-%#��!#3#  
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(� ´ � ´ � )-$%#-#�%()-��" . �"�1-($������&  $#*(��  $%( $,%,'#+�  ��+  #2’04#-

�,!-%#��!#<  (�  ´  �  ´  � ) +# 3%�!,�,!-%#��!#<  (4� ´  4�  ´  0) %��!�  32. 

�*�3��1!,!�  +(!�4�/!�  4�-%(�&  )���+!#3#  �%()-��"  �(*!�/�0-1)&  

�#4$#*(�� !(4  �4�)-#4  $%(4�-(�!#<  �#4�%�( , )(4,-%�07  F%�-�(  -�  '�%��-,%#4  

4#+,�,  )(�#�('  $#)-� !(' . �%�'"��!!&  "*�3��1!,!1  !�+$%#)-#%#�#< )(4,-%�< 

!����+�0  %&+ �"!+�4,!-��1!('  #24,5,!1  !�  �#!#!!�  )$,�-%(  )���+!('  

�%()-���� . 

�*�3��1!,!�  +(!�4�/!�  4�-%(�&  +�& !�6#3#  �($�+�"  4�0  !�)-"$!(  

�(3�&+ : 

  

� � �

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

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


�����������   (2.6) 

  

+,M&N'() �OMPM+(!�4�/!�M4�-%(��M#+!#�-#4!#<M2�*#�#<M)-%"�-"%(M$%#-#�%()-��"M*M

	�
MF%�-�#7QM�(*!�/,!�M�M-#/��'M '() �MM*#!(M@%���7,!�MN�@ORM�#!(M�(*!�/�7-1)&M

!�)-"$!(4M/(!#4S  

 

     (2.7) 
 

�#*%�'"!#�  �#!#!!('  )$,�-%��  $%#�#+(�)& �  $%#3%�4!#4" ),%,+#�(;�  

Maple. �'�+!�  +�!�  $%#3%�4(: 
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��&  "*�3��1!,!#<  +(!�4�/!#<  4�-%(��  2"��  !�$()�!�  � �(�#%()-�!�  

$%#�,+"%� getGeneralDynamicMatrix. ��  �'�+  �#!�  $%( 4���  )$()#�  $#*(��  

(positionsGroups), %#*2(-('  !�  *�%�( , )$()#�  4#+"�&�� !('  �,�-#%��  

(modVectors), )$()#�  )(�#�('  �#!)-�!-  (powerConstants) � '�(�1#��  �,�-#%(  

(kx,ky,kz).  

 

A := getGeneralDynamixMatrix(positionsGroups, modVectors, powerConstants, 

kx, ky, kz) 

�,  �(*!�/,!!&  )�4#< $%#�,+"%(: 
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�  '#+�  %#2#-( $%#3%�4( �(�#!"���()1  !�)-"$!�  +�<: 

1. �(*!�/,!!&  +(!�4�/!('  4�-%(�1  #+!#�-#4!#<  2�*#�#< )-%"�-"%(  

$%#-#�%()-���  +�& �#5!#<  * *�%#�, *�  +#$#4#3#7 $%#�,+"%( getDynamixMatrix:  
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2. �2�%, +�& �#5!#<  * *�%#�, +(!�4�/!('  4�-%(�1  $# �)�4  4#5�(�(4  

�#4$#!,!-�4  ($%#�,+"%� getDynamicMatrixes): 

 

 

3. �"4"��!!&  +(!�4�/!('  4�-%(�1  %�*!('  *�%#� $# %�*!(4  �#42�!���&4  

�#4$#!,!- , #-%(4"7/(  4�-%(�7  * )"4�4( : 




 

4. 	-%(4��6(  4�-%(�7  )"4 , �  �7  4�-%(�7  $�+)-���&7-1)&  *!�/,!!&  

%�*!(�1  2�*#�('  '�(�1#�('  �,�-#%��  � �#5!#3#  4#+"�&�� !#3#  �,�-#%� . 	-%(4�!�  
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4�-%(��  %#*2(��7-1)&  !�  *!�/,!!&  � �#%4"7-1  "*�3��1!,!"  +(!�4�/!"  4�-%(�7 . 

��&  In2Mn2O7 �,  4�-%(�&  32' 32. 

 

��-%(�&  #$,%�-#%� +,�,�-"  4�)(  �  +�& �%()-����  In2Mn2O7 �(*!�/���)&  

$%#�,+"%#7 getDefMasMatrix: 

�  := getDefMasMatrix (modVectors, masModFunctions)  

�,  �(*!�/,!!&  )�4#< $%#�,+"%(: 
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�&  $%#�,+"%� $%( 4�0  )$()#�  4#+"�&�� !('  �,�-#%��  (modVectors) � 

4�)#�('  4#+"�&�� !('  �"!���  (masModFunctions). 

 

�  '#+�  )�#0< %#2#-( �#!�  $%#'#+(-1 !�)-"$!�  #$,%���<: 

1. �(*!�/�7-1)&  %�*!(��  4#+"�&�� !('  �,�-#%��  � * !('  2"+"0-1)& 4�-%(�&  

 

��4�  �& 4�-%(�&  4�0  !�)-"$!(  �(3�&+ : �
� 	 � � 	 � � 	 � � ��

� � �
� �� � � 	 � � �� � � ��

� �


 

2. .#  �(*!�/,!(4  %�*!(�&4  �,+,-1)&  $#6"�  �  $#/�-�#�#4"  !�2#%� 

4#+"�&�� !('  �,�-#%�� , $%( !,#2'�+!#)-�  +#+�7/(  2�*#��  �,�-#%( . �,  %#2(-1)& 
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+�& -#3#, ;#2  2"+1-&��  %�*!(�&  4#+"�&�� !('  �,�-#%��  +�����  *!�/,!!& , &�,  -,5  

2"+,  !��,5�-(  +# 4#+"�&�� !('  �,�-#%��  �  �1#4"  5  !�2#%�. �,*"�1-�-#4  �1#3# 

�%#�"  2"+,  �!+,�)  *!� +,!#3#  *!�/,!!&  %�*!(��  �  !�2#%� 4#+"�&�� !('  �,�-#%�� . 

 

3. ����  �,  �!+,�)  �(2(%�0-1)&  � $�+)-���&0-1)&  �  !�2�% 4�)#�('  

4#+"�&�� !('  �"!��� , #-%(4"7/(  $,�!,  *!�/,!!& . 8�  %,*"�1-�- , #-%(4"0-1)& 

4�-%(�& , *�$#�!,!�  %�*!(4(  *!�/,!!&4(  4#+"�&�� !('  �"!��� . 

 
4. ��-%(�&  4#+"�&�� !('  �"!���  $,%,4!#5"0-1)&  
%#!,�,%)1�(4  

+#2"-�#4  !�  #+(!(/!"  4�-%(�7 . 	-%(4�!�  4�-%(�&  $#%&+�" 32 '  32 � 0 

%,*"�1-�-#4 , &�(  $#�,%-�0-1)& * $%#�,+"%(. 

 

 

��7/(  "*�3��1!,!"  +(!�4�/!"  4�-%(�7  -�  4�-%(�7  +,�,�-�  4�)  4(  

4#5,4#  *!� -(  ���)!�  *!�/,!!&  � �  *�  +#$#4#3#7 !�)-"$!#<  �"!���< : 

AB := Eigenvalues(A, B). 

���)!�  *!�/,!!&  #2/()�7���()1  �  %�*!('  -#/��'  *#!(  @%���7,!� , 

$#)��+#�!#  *4�!77/(  '�(�1#��  �,�-#%(  !�  $%#-&*� *�+�!#3#  $%#4�5�". .%(���+  

#-%(4�!('  %,*"�1-�-��  $%( kx=ky=kz=(0..L/8) *�+�7/(  !�$%&4#�  �  – R *#!(  

@%���7,!� : 
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�  -#/��  �  (k*=0):  table([1 = Matrix(1, 4, [[182.688046260, 616.668271888, 

87.811829540, , 692.461548046]]),  2 = Matrix(1, 4, [[736.603316479, 

158.837125971, 438.548087133, 67.520981396,]]),  3 = Matrix(1, 16, 

[[58.673852653, 97.279233689, 595.391618731, 626.346791441, 0., 739.380043114, 

578.437891561, 147.755518260, 438.548087133, 484.774889131, 566.666666687, 

598.194617832, 785.416666875, 709.747074232, 710.443104690, 114.635997277, 

63.357304956, 481.094707243]])) 

 

�  %,*"�1-�-�  %#*%�'"!�"  #-%(4�!#  66 ���)!('  *!�/,!1 , * !('  "  -#/��  �  *#!(  

@%���7,!�  4 #+!#�%�-!#  �(%#+5,!�  *!�/,!!& , 4 +�#�%�-!#  �(%#+5,!('  � 18 

-%1#'�%�-!#  �(%#+5,!('  (-�2� .2.6). 

��  #)!#��  �('  +�!('  2"+"���)&  3%����  +()$,%)�< �#!#!!('  )$,�-%��  

�%()-��"  In2Mn2O7 !�  ��!�&'  � –X–M–R–� –M (%().2.7). 

 

�() .2.7. �()$,%)�&  �#!#!!('  )$,�-%��  �%()-��"  In2Mn2O7, %#*%�'#��!�  $%( 

�(2#%� )(�#�('  �#!)-�!-  %��!(' : =1=3400 � /4, =2=850 � /4. 
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��2�(�&  2.6. �#�3#'�(�1#��  /�)-#-(  �#�(��!1  (�  )4 -1) 

�  �"2�/!�  ��*�  �%()-���  In2Mn2O7. 

 


#2��+&:  

)3+ 0.!)*  
(! @& / !& ) 

��+#2 !&  
+ 2 !&1$(*)5  

$"�*�+)$*)"&?5  [65] 


)3+ 0)1 !&  2)/�''5  
$#')1#0  ")$�&�!#0  

%'#7!();)  ")+:/*.  [65] 
 
 

A1g 

182.68 
87.81 
616.66 
692.46 

 
 

510 

 
 

511.3 

 
 
 

Eg 

736.60 
158.83 
67.52 
438.54 

 
 
 

346 

 
 
 

344.1 
 

F1u
7 

F1u
6 

F1u
5 

F2g
4 

F1u
4 

F2g
3 

F1u
3 

F2g
2 

F1u
2 

F1u
1 

F2g 

0 
58.67 
63.35 
97.27 
114.63 
147.75 
438.54 
481.09 
484.77 
566.66 
578.43 
598.19 
595.39 
626.34 
709.74 
710.44 
739.38 
785.41 

 
- 

140 
280 
292 
336 

- 
- 

428 
482 
542 
548 

0 
131 
144 

266.9 
303 

347.4 
365.1 
436.9 
442.1 
483.5 
535.7 
547.1 

 

 

	-5, , $#%��!&!!&  %#*%�'#��!('  !�4(  +()$,%)� !('  �%(�('  (%(). 2.7, 

-�2� . 2.6) * +�!(4(  %�4�!��)1�#3#  %#*)�7��!!&  [65] -�  %,*"�1-�-�4(  %#*%�'"!���  

*�  4#+,��7  )(�#�('  $#)-� !('  2�(5!1#3#  $#%&+�" �%()-����  In2Mn2O7 (-�2� . 2.6) 

$#��*��# , ;#  %,*"�1-�-(  *�+#���1!#  "*3#+5"7-1)&  4�5  )#2#7 . 
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2.4. 	)'#1!�  3)%+ 7�!!:  "&+)0')+&1 �#".  In2Mn2O7 

 

�  $%#�,)�  -,$�#�#3#  %"'"  �%()-��"  $,%,-�#%77-1)&  !,  -��1�(  �##%+(!�-(  

�-#4��  r , ��,    ��+$#��+!(4  /(!#4  �)�  �,�(/(!(  *4�;,!1  [50, 66]. �!��%��!-!#  

$,%,-�#%7��-(  �%()-��  2"+,  3%"$� )(4,-%�<, ;#  0 $�+3%"$#7 $%&4#3# +#2"-�"  

3%"$( )(4,-%�< $%#-#�%()-��"  0G  -�  3%"$( )(4,-%�< 4#+"�&�� !#<  �"!���<  �  

-,%4�!�'  ��*#�('  4!#5!(���  )(ruG . 

�!��%��!-!�)-1  $%#-#�%()-��"  *�+�7-1  !�)-"$!�  )$����+!#6,!!&  4�5  

6-%('#��!(4(  � !,6-%('#��!(4(  �##%+(!�-�4( : 

 

 
).,(

),,(

'

'

jgunnR

jgurrR

EE

EjjE

-=

+=
   (2.8) 

 
	-5, , 0GgE Î  !��,5(-1  ���)(/!�  3%"$� $%#-#�%()-��" . �,�(/(!�  

),( jgu E  �#4$,!)"0  *)"�  $#/�-�"  4#+"�&�� !#<  '�(��  -�  4�0  %�*!� *!�/,!!&  +�& 

%�*!('  ,�,4,!-��  )(4,-%�< -�  �-#4�� . 

���(4  /(!#4 , 

 '),(
jjEE rrRjgu -=      (2.9) 

�!��%��!-!�)-1  �,�-#%!#3#  $#�& *4�;,!1  �(%�5�0-1)&  &�: 

 
.

),,(),(

'

'''
'

ff

tt

d

jjE

R

nunuR

=

=
  (2.10) 

��&  �(*!�/,!!&  *#2%�5,!!& , *3�+!# &�#3# $,%,-�#%7���()&  2 !#%4��1!�  

*4�;,!!&  )-%"�-"%(  �%()-��" , %#*3�&!,4# $,%,-�#%,!!&  $%#,���  *4�;,!!&  

),( fa nu j  $�+ �$�(�#4  ,�,4,!-��  )(4,-%�< !�+$%#)-#%#�#< 3%"$( GgÎ . 

	)���1�( , ),( dE ggg =  $,%,-�#%70 �%()-��  �  !�+$%#)-#%� dE VV Å  -�� , ;# : 

 

* *

*

* *

*

( ( , ) ( )exp( ( )), )

  ( ( ', ') ( )exp( ( ' ')), '),

j
b

j
b

g r n j f b ib n

r n j f b ib n

t t

t t

+ D - =

= + D -

�

�  (2.11) 
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�#+� : 

 �=
a

a
ab

b ft ),()','(' ' nuRnu j
E

j . (2.12) 

�%�'#�"7/(  �(+  %#*�'&*���  %��!&!!&  %"'"  � "4#�"  *2,%,5,!!&  )#%-" -�  

$#*(��<  �-#4�� , #-%(4"04#: 

 

* * * *
' ( , ) ( , ) exp{ ( ) ( , )}.E

j E d j E d EA R k R b R A k b i R k R b u g jb a
ab

a

= ´ - D�  (2.13) 

�"-  �%�'#��!# , ;#  kRk E='  [40, 47] -�  '** bbRd = . 

��,+,4#  !�)-"$!,  $#*!�/,!!& : 

 
jj ' * * *� ( , , ) exp{ ( ) ( , )},E

E d Ek b g R i R k R b u g jab ab= ´ - D  (2.14) 

 

+,  4�-%(�&  ),,(� *'jj gbkab �#%4"0 *#2%�5,!!&  3%"$( '�(�1#�#3#  �,�-#%�  kG . 

�#*4�%!�)-1  ��0< 4�-%(��  – ( ss 33 ´ ). 

�%"$"  '�(�1#�#3#  �,�-#%�  kG  �#%4"7-1  � -�  ,�,4,!-(  )(4,-%�< 3%"$( G , 

&�� !,  *4�!77-1  �,�-#%  kkRk E =: . 
%�4  -#3#, ��+4�!!(4(  ��+  !"�&  0 -��1�(  

-���  ���)!�  �,�-#%( , ;#  ��+!#)&-1)&  +# +�!#3#  k , +�& &�('  
** bRb d= , -#2-# �  

#+!�  *�%��. �  *� ’&*�"  * �(4 : 

 

 

* (1) * (2)

(1) (2) * * (1) (2)
' ' ''

'

(1) (2) * * (2) (1)
' ' ''

'

* (2) (1)

� ( , , )� ( , , )

( ) exp{ ( ) ( ( , ) ( , '))}

( ) exp{ ( ) ( )}

� ( , , )

jj j j E E
j

jj j j E E
j

k b g k b g

R R i k b u g j u g j

R R i k b u g g

k b g g

d d

d d

=

- D + =

= - D =

=

�

�  (2.15) 

@�/(4# , ;#  4�-%(��  ),,(� )(*'jj igbkab �#%4"7-1  "!�-�%!�  *#2%�5,!!&  3%"$( 

'�(�1#�#3#  �,�-#%�  kG . ��+#4# , ;#  )"4�  +��3#!��1!('  ,�,4,!-��  *#2%�5,!!&  

"-�#%70  '�%��-,%  �1#3# *#2%�5,!!& , &�(  4#5!�  #2/()�(-(  !�)-"$!(4  /(!#4 : 
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)},(*)*({exp)(),(

***,

',

jgubkiRgg E

bbRb

jjj
EdE

d

D-´= �
=

=

tt
. (2.16) 

��!,  )$����+!#6,!!&  )$%��+5"0-1)&  +�& �($�+�"  )(4#%�!('  3%"$, �  

-��#5  �#�(  k  %#*4�;,!(  �2#  �  �,!-%�  *#!(  @%���7,!� , �2#  !�  << 3%�!(�� .  

�!6(4(  )�#��4( , &�;#  NR – /()�#  %��!#��5!('  -#/#� , ;#  !,  *4�!77-1  

)�#3# $#�#5,!!&  $%( +�< ,�,4,!-�  )(4,-%�< R, -#+�: 

 

��	RRRkk
R

NSpRNRR tjt aa
a

=+==D= �� )cos21()()(  ,   (2.17) 

+,  Rj  – �"-  #2,%-". �,'�  �,�(/(!�  )(Rt  *�$()�!�  "  �(3�&+�  ��!� !#<  �#42�!���<  

'�%��-,%��  )()1( Rt , )()2( Rt , …… – %�*!('  !,*��+!('  *#2%�5,!1  3%"$( G: 

 

.......)()()( )2('
2

)1('
1 ++= RaRaR ttt      (2.18) 

 
�#+�  �#,����0!-(  %#*���+"  2"+"-1  /()�#4  ���)!('  /�)-#- , ;#  !��,5�-1  

$%,+)-���,!!&4  )()1( RD , )()2( RD …… 


#,����0!-(  
'

pa  *!�'#+&-1)&  �* )$����+!#6,!!& : 

�=
R

P
p RRha )()(/1' tt ,       (2.19) 

+,  )"4"��!!&  $%#�#+(-1)& $# h ,�,4,!-�4  3%"$( i��	iGN tt= , +,  it  – '�%��-,%  

4��#3#  $%,+)-���,!!&  *�  
#���1#�(4  	 .� . [67-69]. 

��&  $#2"+#�(  $#�!#3#  �#�(�!#3#  *#2%�5,!!&  �(�#%()-#�"04#  $%#)-#%#�� 

3%"$( $# 
#���1#�"  	 .� . [67-69]. �'  +�& !�  $#*(��<  �-#4��  �%()-��"  �  �"2�/!�  ��*�  

*�+�0  3%"$" �-#4�� , &�� !,  *4�!77-1  )�#3# $#�#5,!!& . 

	-5, , �(�#%()-#�"7/(  �)�  +�!�  $#*(��  �-#4��  $�%#'�#%", %,*"�1-�-  +�< 

,�,4,!-��  )(4,-%�< �"2�/!#<  $%#)-#%#�#< 3%"$( Fd-3m (No.227), *3�+!# �#%4"�  

(2.17–2.19) #-%(4�04# %#*���+  !�  !,*��+!,  *#2%�5,!!&  �  -#/��  �  *#!(  @%���7,!�  
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)-%"�-"%(  �+,��1!#3#  $�%#'�#%", &�(  !��,+,!#  "  -�2�(��  2.7, +,  *1–A1g, *3–Eg, 

*4–F2g, *5–F1g, *7–A2u, *8–Eu, *9–F2u, *10–F1u. 

 
��2�(�&  2.7. 
#�(�!,  *#2%�5,!!&  �  -#/��  �  *#!(  @%���7,!�  

)-%"�-"%(  �+,��1!#3#  $�%#'�#%". 
 

��)2  �
�  
#2��+&:  ")3#9&- ��31&/!&  3)%+ 7�!!:  

A 16c –3m (D3d) *7+*8+*9+2*10 

B 16d –3m (D3d) *7+*8+*9+2*10 

X 48f 2mm (C2v) *1+*3+3*4+2*5+*7+*8+2*9+3*10 

Y 8a –43m (Td) *4+*10 

��3��1!,  *1+*3+4*4+2*5+3*7+3*8+4*9+8*10 

 

�  %#*3�&+" -�2�(��  '�%��-,%��  -#/�#�#<  3%"$( )(4,-%�< + h [50, 67-69], 

�#!#!( , ;#  !��,5�-1  $%,+)-���,!!7  1*10 (F1u) 0 ��")-(/!(4( , �!6�  7*10 (F1u) 

— �!�%�/,%�#!#  ��-(�!(4( , �  *1 (A1g), *3 (Eg), 4*4 (F2g) – ��-(�!(4(  

%�4�!��)1�(4(  4#+�4(  [52, 65]. 

.#%��!&!!&  #-%(4�!#3#  �#�(�!#3#  *#2%�5,!!&  (-�2�(�&  2.7) * +�!(4(  

�!�%�/,%�#!('  (�� ) )$,�-%��  -�  )$,�-%��  %�4�!��)1�#3#  %#*)�7��!!&  [52, 65] 

�%()-����  $�%#'�#%" � 2� 2X6Y [NaCaMg2F7, Gd2Ti2O7, Dy2Ti2O7, Ho2Ti2O7, 

Tl2Mn2O7 -�  In2Mn2O7, +�& &�('  $#�!,  !,*��+!,  *#2%�5,!!&  �  -#/��  �  *#!(  

@%���7,!�  #$()"0-1)&  �#%4"�#7  (2.20)] $#��*��# , ;#  -,#%,-(/!�  -�  

,�)$,%(4,!-��1!�  %,*"�1-�-(  +#2%, "*3#+5"7-1)&  4�5  )#2#7 . 

 

*(R) = guguguug FFFFEEAA 221121 442833 +++++++   (2.20) 
 
	-%(4�!(  �(3�&+  #$()"  �+,��1!#<  )-%"�-"%(  $�%#'�#%�� -�  �#!�,$��&  

!�+$%#)-#%#�#< )(4,-%�< +#*�#�&7-1  �  $#+��16#4"  2��16  +,-��1!#  

+#)��+5"��-(  +()$,%)�7  �#!#!!#3#  )$,�-%"  �('  )���+!('  �%()-����  �* 

�(+��,!!&4  �#!#!!('  *��,5!#)-, , ;#  $#� ’&*�!�  * $,�!(4(  �#4$#*(�� !(4(  

)-%"�-"%!(4(  "-�#%,!!&4( , 6�&'#4  *�!"�,!!&  <' 4�)#�('  '�%��-,%()-(� . 
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�#$!)1*#  /)  +)3/&'.  2 

 

1. �-%"�-"%�  $�%#'�#%�� -($"  � 2� 2> 6Y #$()�!�  �  �#!�,$��<  !�+$%#)-#%#�#< 

)(4,-%�<. ��,4,!-�%!�  �#4�%��  �%()-����  -($"  In2Mn2O7 *�+�0-1)&  2�*()#4  

3%�!,�,!-%#��!#<  �"2�/!#<  �#4�%�(  (4� ´ 4� ´ 0). 	-%(4�!#  $#�!(  !�2�% �,�-#%��  

4#+"�&��<  (32 �,�-#%�  4#+"�&��< ) -�  $#*(��  �-#4��  (32 $#*(��<  �-#4�� ) &�� 

%#*2(-� !�  10 *�%#� -�  #%2�-, ��+$#��+!# .  

2. .#2"+#��!#  $%#3%�4" %#*%�'"!�"  �#!#!!('  )$,�-%��  �  4�-,4�-(/!#4"  

$��,-�  Maple +�& $�%#'�#%" In2Mn2O7 �  �"2�/!�  ��*� . �(!�4�/!�  4�-%(��  

$%#-#�%()-���  D�� (k+qi) $%( �1#4"  %#*%�'#�"���()1 , * �%�'"��!!&4  +�#'  

�##%+(!��� !('  3%"$ -�  �(2%�!('  !�)-"$!('  )(�#�('  $#)-� !(' :  

=1=3400 � /4, =2=850 � /4 ��+$#��+!# . �  %,*"�1-�-�  %#*%�'"!�"  #-%(4�!#  66 

���)!('  *!�/,!1 , * !('  "  -#/��  �  *#!(  @%���7,!�  4 #+!#�%�-!#  �(%#+5,!�  

*!�/,!!& , 4 +�#�%�-!#  �(%#+5,!('  � 18 -%1#'�%�-!#  �(%#+5,!('  *!�/,!!&  

(-�2� .2.4). ��  #)!#��  �('  +�!('  $#2"+#��!#  3%����  �#!#!!('  )$,�-%��  

�%()-��"  In2Mn2O7 !�  ��!�&'  � –X–M–R–� –M (%(). 2.7). .#%��!&!!&  

%#*%�'#��!('  !�4(  +()$,%)!('  �%(�('  * +�!(4(  %�4�!��)1�#3#  %#*)�7��!!&  

-�  %,*"�1-�-�4(  %#*%�'"!���  4#+,��7  )(�#�('  $#)-� !('  2�(5!1#3#  

$#%&+�" �%()-����  In2Mn2O7 (-�2� . 2.6) $#��*��# , ;#  %,*"�1-�-(  *�+#���1!#  

"*3#+5"7-1)&  4�5  )#2#7 . 

3. �  -#/��  �  *#!(  @%���7,!�  $#2"+#��!#  �#�(�!,  *#2%�5,!!&  �+,��1!#3#  

$�%#'�#%�. .#%��!&!!&  #-%(4�!#3#  �#�(�!#3#  *#2%�5,!!&  * +�!(4(  �� -

)$,�-%��  -�  )$,�-%��  %�4�!��)1�#3#  %#*)�7��!!&  �%()-����  $�%#'�#%" 

� 2� 2X6Y $#��*��# , ;#  -,#%,-(/!�  -�  ,�)$,%(4,!-��1!�  %,*"�1-�-(  +#2%, 

"*3#+5"7-1)&  4�5  )#2#7 . 
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�����  3. ������	�  A
��	�  
���
������  	
�
�����  Cu6PS5Br 

 

3.1. �"#$  *+#$� '&,!)-  $�+.*�.+#  *+#$� '&1  Cu6PS5Br 

 

�()-,4(  * �#!!#7  $%#��+5!�)-7 , �  )�4,  )"$,%�#!��(  Cu6PS5Br, 2"�(  

%#*3�&!"-� "  %#*+��� 1.3 !�  �%()-��#3%���/!"  )-� ��)-1 . ��+4�-(4# , ;#  !�  )1#3#+!� 

�#!(  �(��(��7-1  �,�(�,  *�������,!!&  * 2#�"  &� ,�)$,%(4,!-�-#%�� , -��  � 

-,#%,-(��� . ���3�  +# �('  )()-,4  *"4#��,!�  $#)-� !#  *%#)-�7/(4(  

4#5�(�#)-&4(  <' $%��-(/!#3#  *�)-#)"��!!!&  – "  &�#)-�  -�,%+('  ,�,�-%#��-��  "  

�#!+,!)�-#%�'  � ��"4"�&-#%!('  2�-�%,&' , �  -��#5  "  4,42%�!�'  $��(�!('  �#4�%#� 

[70-79]. 	)#2�(�"  "��3"  �  *� ’&*�"  * �(4  $%(�,%-�7-1  )"$,%�#!!�  �%()-���/!�  

$%#��+!(�( , +�& &�('  '�%��-,%!#7  0 !�&�!�)-1  �()#�#-,4$,%�-"%!#<  ��*(  * 

�()#�#7  $%#��+!�)-7 , !#)�&4(  )-%"4"  �  &��  0 �#!( . :�*(�# -'�4�/!�  ���)-(�#)-�  

)"$,%�#!!('  �%()-���/!('  $%#��+!(���  -($"  Cu6PS5Br, ���)!, , � �(*!�/�0  <'!& 

�%()-���/!�  )-%"�-"%�  (%(). 3.1). 

	)!#�!(4  *��+�!!&4  -,#%,-(/!#3#  +#)��+5,!!&  +(!�4��(  F%�-�( 

)"$,%�#!!('  �%()-����  2"�#  $%#�,)-(  (3+d)-4�%!(  #$()  )-%"�-"% �%3�%#+(-�� �  

�#!�,$��<  !�+$%#)-#%#�#< )(4,-%�< -�  %#*%�'"��-(  +()$,%)�7  �#!#!��  �('  

)-%"�-"%. 

�#)��+5,!!&  �%()-���/!#<  )-%"�-"%(  �()#�#-,4$,%�-"%!#<  ��*(  �%()-����  

-($"  Cu6PS5Br 2"�#  %#*$#/�-# "  %#2#-�' [80-84], +,  2"�#  $%(�,+,!#  $�%�4,-%(  

F%�-�( , �##%+(!�-(  �-#4�� , -,4$,%�-"%!�  �#,����0!-(  *4�!(  $�%�4,-%�� , 

*�),�,!�)-1  -�  �"-(  � ��+)-�!� , ;#  '�%��-,%(*"7-1  %#*4�;,!!&  �-#4��  "  

�%()-���/!�  3%�-��. .��(  !�  *#2%�5,!!&'  .�-,%)#!�  *�+�7-1  *�),�,!�)-1  

)��+"7/('  $#�#5,!1 : 24-�%�-!#  �(%#+5,!#<  #%2�-( (g), 16-�%�-!#  �(%#+5,!#<  

$#*(��<  (e) -�  +�#'  �* /#-(%1#'  4-�%�-!#  �(%#+5,!#<  $#*(��<  (a), (b), (c), (d). �  

%,*"�1-�-�  $%#�,+,!#3# �!���*"  �(2%�!#  !�)-"$!�  %#*4�;,!!&  �-#4�� : Cu "  24(g) 

�* ' =0 , 16 �* 20 S "  16(, ) �* ' =3/8, �  �!6�  4 S "  4(c), 4 Br "  4(� ), �-#4(  P "  4(b). 

�*#-%#$!�  )-%"�-"%� , $#2"+#��!�  �('#+&/(  �* �('  $#*(�� , +�0 R=0 [84]. 
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�!���*  *#2%�5,!1  :"% ’0 -�  �!6�  %,*"�1-�-(  ���*"7-1 , ;#  �-#4(  Cu 

%#*"$#%&+�#��!� �* 24(g) "  /#-(%(  %�*!� (2�(*1��  )"4�5!� ) $#*(��<  48(h) [Cu(1), 

Cu(2), Cu(3), Cu(6)], "  16(, ) �* ' =1/8 [Cu(5)] -�  "  24(f) �* ' =1/4 [Cu(4)]. 

���#5  �(*!�/,!# , ;#  $#�#5,!!&  4(� ) -�  4() ) 4�7-1  *4�6�!"  *�),�,!�)-1  

�-#4�4(  Br -�  S, �  �-#4(  � , ;#  2"�(  $%(�’&*�!�  +# $#�#5,!1  4(b) /�)-�#�#  

*4�)-(�()&  "  4(d), -#4"  #2(+��  $#*(��<  -,$,% �(6,  /�)-�#�#  *�$#�!,!� . 

 

a b

c

Br

S

P

Cu

 

�() .3.1. ��,4,!-�%!�  �#4�%��  )-%"�-"%(  Cu6PS5Br. 

 

�($#�(4  +�& �%'�-,�-"%(  �%()-��"  Cu6PS5Br 0 ��%��)  �*�04#  $%#!(�!(' , 

�,!-%#��!(' , !�$%"5,!('  �!�#!!('  ��#)�,+%�� , ;#  �#%4"7-1  -,-%�3#!��1!#  

;��1!#  "$��#��!"  $�+3%�-�". �#4"  �),  )�4, )-�#  �%()-���� , +# &�#3# !��,5(-1  � 

�%()-��  Cu6PS5Br, )�4, )-�#  �%3�%#+(-��, -��#5  ��+#4,  &� “��#)�,+%(/!�  

)-%"�-"%( ”. ��3��1!�  �#%4"��  �%3�%#+(-��, ;#  !,  4�)-&-1  3��#3,!�� , 4�0  �(+ :  

 

-++
-

2
6/)12( XBA nm

mn       (3.1), 

 

+,  �#,����0!-(  m -�  n 0 ���,!-!#)-&4(  � -��-�#!��  (Cu+, Ag+, Cd2+, Hg2+) -�   

� -��-�#!��  (Ga3+, Si4+, Ge4+, Sn4+, P5+, As5+), ��+$#��+!# , �  >  (S2-, Se2-, Te2-) 0 

+�#���,!-!(4  �!�#!#4  [38, 84, 85]. 
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��*!#4�!�-!�)-1  �#4$#*(�� , ;#  0 -($#�(4(  +�& )�4, )-��  �%3�%#+(-��, 

*!�/!#  %#*6(%(��)&  *�  %�'"!#�  4#5�(�#)-�  *�4�;,!!&  +�#���,!-!#3#  

'��1�#3,!�  #+!#���,!-!(4  3��#3,!!(4  �!�#!#4  Y (Cl-, Br-, I-). 	+,%5�!,  

*4,!6,!!&  *�3��1!#3#  �!�#!!#3#  *�%&+" �#4$,!)"0-1)&  ��+$#��+!(4  

*4,!6,!!&4  ���1�#)-�  �  – ��-�#!�� . ���(4  /(!#4 , 2��16  *�3��1!#7  �#%4"�#7 , 

;#  #$()"0  �)�  4#5�(��  *�4�;,!!&  $%( #+,%5�!!�  �%3�%#+(-��, 0 

 

                                xx
nm

mxn YXBA -
-

++
--

2
6/)12( ,   10 ££ x   (3.2), 

 
+, , �  – �#-�#!( , "  )(�"  <' %#*4�%�� � '�4�/!#<  $%(%#+(, %#*4�;�7-1)&  "  -,-%�,+!('  

$")-#-�' . �'  /()�#  !�  #+(!(/!"  �#4�%�"  %��!,  4, -#2-# 1/6 ��+  /()��  �!�#!�� ; 

�  – ��-�#!(  4�7-1  *!�'#+(-()&  "  %�*!('  $#�#5,!!&' . �'  /()�#  !�  #+!"  

�#4�%�" , �('#+&/(  �* "4#�  !, -%��1!#)-�  *�%&+", �(*!�/�0-1)&  *�3��1!(4  /()�#4  

!,3�-(�!#  *�%&+5,!('  >  -�  Y �!�#!��  4�!")  *�%&+ �  –��-�#!�� . 


%()-���/!�  )-%"�-"%�  �  !(*1�#)(4,-%(/!�  ��*�  )���+�0-1)&  �* �!�#!!#3#  

��%��)"  � +#)(-1  )�#0%�+!(4 , '�%��-,%!(4  +�& +�!#3#  -($"  �%()-���� , 

*�$#�!,!!&4  �  $#*(��&'  ��-�#!!#3#  ��%��)"  [84, 86, 87] �-#4��  � u. ���  �-#4(  � u 

(1,2,5) %#*-�6#��!�  -,-%�,+%(/!#  +# �-#4��  S -�  Br � *� 4�7-1  �##%+(!�-(  

2�(*1��  +# 48 – �%�-!#  �(%#+5,!('  $#*(��  �  �"2�/!�  ��*� , �  �!6�  �-#4(  � u 

(3,4,6) %#*4�;,!�  -%(3#!��1!#  +# �-#4��  S -�  2�(*1��  +# 24 – �%�-!#  �(%#+5,!#<  

$#*(��<  �  �()#�#-,4$,%�-"%!�  ��*�  [84] (%() 3.2). 


%()-���/!"  )-%"�-"%"  *%"/!#  %#*3�&+�-( $#/(!�7/(  �* �!�#!!#<  

$�+F%�-�(, &��  �#%4"0-1)& �-#4�4(  ��%�(  -�  @%#4". 9�)-!�+�&-1  (�* 20) �-#4��  

��%�(  *� 4�7-1  16(, ). �!6�  %�*#4 �* @%#4#4 %#*$#+��,!�  4�5  4(� ) � 4() ) � 

$#*!�/�7-1)&  (Br-S) -�  (S-Br) ��+$#��+!# . �!�#!(  �#%4"7-1  ��%��)  �* 

�,!-%#��!(' , �*�04#  $%#!(�!('  � -%#'(  +,�#%4#��!('  ��#)�,+%�� , &� �5,  

*�*!�/��#)&  �(;, , �#5,!  �!�#!  #-#/,!(  12 )")�+�4( , ;#  %#*-�6#��!�  "  

�,%6(!�'  ��#)�,+%�  [88, 89]. �,2%�  ��#)�,+%�  -�  ��!�< , &�� )$#�"/�7-1   #3# 

�,%6(!(  �* �,!-%#4 , �#%4"7-1  ("  �+,��1!#4"  �($�+�" ) 20 -%(3#!��1!(' , 

$),�+#-,-%�,+%(/!('  $�%�4�+. �,�#%4���&  �#5!#3#  ��#)�,+%�  0 -��#7 , ;#  



90 
 
"-�#%70-1)& 2 !,)$#-�#%,!('  -�  18 )$#-�#%,!('  -,-%�,+%�, -#2-# 8 -�  64, 

��+$#��+!# , !�  ,�,4,!-�%!"  �#4�%�" . ���  �+,��1!('  -,-%�,+%� � (1) -�  � (2) )��2#  

��+%�*!&7-1)& %#*4�%�4( � �#%4"7-1)&  -��1�(  �* �-#4��  ��%�( . �  $#4�5  

)$#-�#%,!('  -,-%�,+%�� , "-�#%,!('  S, (Br-S) -�  (S-Br), 4#5!�  %#*%�*!(-( 4 %�*!('  

-($(  � (3)-� (6). 	-5, , �)!"0  6 -($��  -,-%�,+%(/!('  $#�#5,!1  "  �!�#!!�  $�+3%�-��: 

2 !,)$#-�#%,!('  -�  4 )$#-�#%,!(' . �����(4  0 -, , ;#  +�& #$()"  ��0< )-%"�-"%(  

$�+'#+&-1 -�  )�4�  �#+(  -�  )',4� , ;#  � +�& )-%"�-"%(  MgCu2. �  )�4, , 16 �-#4��  

)�%�(  "  16(, ) ��+$#��+�7-1  �-#4�4  Cu, �  (Br-S) -�  (S-Br) "  4(� ) -�  4() ) ��+$#��+!#  

�-#4�4  Mg "  MgCu2. 

 

 

�() .3.2. ��,4,!-�%!�  �#4�%��  )-%"�-"%(  Cu6PS5Br 

* !"4,%���07  $#*(��  �-#4��  "  4,5�'  << $%(4�-(�!#<  �#4�%�(   

(1 – �-#4  � r; 5 – �-#4  � ; 10, 11, 12, 13, 17 –�-#4(  S; 2, 3, 4, 6, 7, 8 – �-#4(  Cu). 

 

	$-(4��1!�  "$��#���  "  -���  ��#)�,+%(/!�  ")-�!#���  #+,%5"0-1)& $%( 

��+!#6,!!�  � :� =1:2 -�  $%( )$����+!#6,!!�  %�+�")��  225,123 =¸=¸ BA rr . 

��&  MgCu2 �,  ��+!#6,!!&  )-�!#�(-1  1,250, �  +�& Cu6PS5Br -��1�(  1,065 [84]. ��  

+#+�-#�  �)!"0  )���+!�)-1  �* 2��16#7  2,*$#),%,+!1#7  )���+#�#7  �-#4��  @%#4", 

�!�5  "  �-#4��  ��%�( . �,  *"4#��70  �,�(��  -,4$,%�-"%!�  ���-#%(  +�& “�-#4�� ” (Br-

S) -�  (S-Br) "  )-%"�-"%� . 

 
 1 

  1 
1  

1 
1 1  

5   
5 5  

5 
5  

5   

17  8  8 

2  

2 6  

6 

3  4  
7 

7 

13 
10 

1 1  12   

Z  

Y  
X 

3 



91 
 

�)�  $#*(��<  "  ��-�#!!�  $�+3%�-�� 0 /�)-�#�#  *�$#�!,!(4( . 

.%(  4#+,�7��!!�  ��-�#!!#<  $�+F%�-�( !� �%�;(  %,*"�1-�-  #-%(4"0-1)&  

$%( -��('  "4#��' : 0 +��  $#*(��<  +�& �-#4��  � u – $#*(��<  48(h), -,-%�,+%(/!#  

#%�0!-#��!�  �-#4�4(  S -�  Br, -�  $#*(��<  24(g), -%(3#!��1!#  �##%+(!#��!�  �-#4�4(  

S. �  �1#4"  �($�+�"  $�%�4,-% *�),�,!#)-�  +�& $#*(��<  24(g) )���+�0  70% $%( 420 


  � *4,!6"0-1)&  $%( *4,!6,!!�  -,4$,%�-"%(  (-�2� .3.1). 

�#4"  �%()-���/!�  )-%"�-"%�  �%()-��"  Cu6PS5Br 4#5,  2"-(  $%,+)-���,!�  &� 

-��� , ;#  )���+�0-1)&  �* 4 -,-%�,+%��  SBr4, !�  %,2%�' &�('  %#*4�;,!�  �-#4(  � u -�  

�-#4(  S � P 4�5  !(4(  (%().3.3) [40]. 

 

 

 � )       2) 

 

�() . 3.3. �#*-�6"��!!&  �-#4��  � u "  -,-%�,+%� Br "  $�%� ,��)-(/!� -

)"$,%�#!!�  ��*�  (� ) (�"2�/!�  ��*�  �* $%#)-#%#�#7 3%"$#7 F –43m) -�  

),3!,-#,��)-(/!�  – !,)"$,%�#!!�  ��*�  $%( 50 
  (2) (4#!#���!!�  ��*�  �* �)  

$%#)-#%#�#7 3%"$#7 )(4,-%�<) [40]. 

 

�-#4(  %#*-�6#�"7-1)&  "  !� 4,!6('  (!,)$#-�#%,!(' ) -,-%�,+%(/!('  

$#�#5,!!&'  �!�#!!#<  $�+F%�-�(. � (1) "  � (1) �* 85% *�),�,!�)-7 , � � (2) "  � (2) �* 

15%. 24 �-#4(  ��+�  %#*$#+��,!�  4�5  6 /�)-�#�#  (� )-�-()-(/!# ) *�$#�!,!(4(  
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$#*(��&4( , ;#  $#� ’&*�!�  �* %�*!(4(  $#*(��&4(  "  4,5�'  )-�#%,!('  �!�#!!('  

-,-%�,+%�� . �*�3��� , 87% �-#4��  Cu (Cu(1), Cu(2), Cu(3), Cu(6)) %#*-�6#��!�  "  4 

%�*!('  48-�%�-!#  �(%#+5,!('  $#*(��&'  �* %�*!(4(  ��+)#-��4(  *�),�,!#)-� . �!6�  

13% (Cu(4), Cu(5)) %#*-�6#��!�  "  24(f) � 16(, ) ��+$#��+!# . ��3��1!,  /()�#  �-#4��  

Cu "  !,*��,5!('  $#�#5,!!&'  %��!,  24,0±1,6 !�  �#4�%�"  *3�+!# '�4�/!#3#  �!���*" . 

Cu(1) %#*4�;,!(  2�(*1�#  +# �,!-%"  #+!#< 3%�!� � (6), -#4"   #3# #-#/,!!&  

)�#%�6,  -%(3#!��1!, , �!�5  "  Cu(2), Cu(3), ;#  %#*-�6#��!�  2�(*1�#  +# �,!-%"  

-,-%�,+%� � (6) � <' #-#/,!!&  0 -,-%�,+%(/!(4 . Cu(5) 4�0  ��!� !,  #-#/,!!&  

��+!#)!#  +�#'  �!�#!�� . Cu(6) %#*-�6#��!(  "  #+!�  $�#;(!�  �* +�#4�  �-#4�4(  

��%�( . 
#%#-��  ��+)-�!1  Cu(6)-S 0 ��+#4#7  � )-�!#�(-1  1,77Å. .%(/(!#7  

!�&�!#)-�  �-#4��  ��+�  "  )��2#  *�$#�!,!�  $#*(��<  Cu(6) 0 /�)-�#�,  *�$#�!,!!&  

:#)�#%#4  ,���-#/#�  4(b), 15% * &�('  0 $")-(4( . �#4"  /�)-(!�  �-#4��  Cu(1) - 

Cu(3) *4�;�7-1)&  "  $#*(��7  Cu(6) +# $")-('  $#*(��  "  4(b) [84]. 

 

 

3.2. � 3)1&  "�+�0)/#  �  +)'(  $�+#%*&1  �)2&1  Cu 1 &)!!&�  "+)1&/!)$�&   

.  *+#$� ' 0  Cu6PS5Br 

 

 .%(  !(*1�('  -,4$,%�-"%�'  Cu6PS5Br *�*!�0  +��  ��*#�('  $,%,'#+� . .#  

+�!(4  �!���*"  +(�,%,!����1!#  )��!"7/#<  ���#%(4,-%�<  (DSC �!���*" ) -�  

-,4$,%�-"%!(4  *��,5!#)-&4  $�%�4,-%��  F%�-�(  $%( -,4$,%�-"%�  KTc 270@  

��+2"��0-1)&  ),3!,-#,��)-(/!(  ��*#�(  $,%,'�+  [84]. .#�#5,!!&  )"$,%�#!!#3#  

$,%,'#+"  �* DSC �!���*"  /�-�#  �(+!#  $# 3�)-,%,*(*" , '�%��-,%!#4"  +�& ��*#�('  

$,%,-�#%,!1  $,%6#3# %#+" * 4��#7  ,!-��1$�07  ( 2105.2 -´@DH ) $%( KTs 169@ . 

�!#4���  "  -,4$,%�-"%!�  *��,5!#)-�  � $�%�4,-%��  F%�-�(  "  �1#4"  �!-,%����  

-,4$,%�-"%  (!(5/,  cT ) !,  �(&��,!# . 

8�  2"�#  $#��*�!#  �(;, , �)�  ��  2�(*1��  )-%"�-"%(  $#'#+&-1 ��+  *�3��1!#<  

�()#�#-,4$,%�-"%!#<  $%���*(  * �"2�/!#7  )(4,-%�07  mF 43- . �-%"�-"%�  ��0< 

��*(  2"��  �(*!�/,!�  +�& �#4$#*(��<  Cu6PS5Br. ��,4,!-�%!�  �#4�%��  ��0< ��*(  
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4�)-(-1  /#-(%(  �#%4"�1!�  #+(!(�� . � -��-�#!(  %#*-�6#��!�  �($�+�#�#  4�5  48 

,������,!-!(4(  -,-%�,+%(/!(4(  $#�#5,!!&4(  "  4,5�'  ��%��)"  �!�#!!#3#  

��#)�,+%" . �  *��,5!#)-�  ��+  �#4$#*(��<  $%���*�  *�*!�0  $,%,'#+"  "  #+!"  �2#  

+,���1��  -($#�('  !(*1�#-,4$,%�-"%!('  ��* . �!�)��+#�  )$#-�#%,!!&  �#4�%�(  48 

-,-%�3#!��1!('  $#�#5,!1  %#*;,$�77-1)&  !�  +,���1��  !,,������,!-!('  $#*(�� , 

;#  *��,5�-1  ��+  $%(%#+( -�  /()��  � -��-�#!�� , %#*4�;"7/(  <' "  %�*!('  ��%��!-�' . 

�,4$,%�-"%(  $,%,'#+��  +�& )�4, )-��  �%3�%#+(-�� �#�(��7-1)&  "  +#)(-1  6(%#�('  

4,5�' , -��  &�;#  +�& Cd3,5PS6 Tc=663K, -# +�& Cu6PS5I �#!�  %��!�  Tc=113K. 

���+  ��+4�-(-( , ;#  Cu6PS5Br $%#&��&0 �()#�"  $%#��+!�)-1  [84] ;#  

�(��(��!�  4�3%���07  �-#4��  Cu (�#!�� ). .%(  30°�  �#!!�  $%#��+!�)-1  )-�!#�(-1  

1.5·10-7	4 -14 -1, �  $%( 250°�  �#!�  *%#)-�0 +# 3.4·10-5	4 -14 -1. �,%4�/!�  ,!,%3�& 

��-(����<  %��!�  0,35 , V. .#&)!,!!&  4,'�!�*4"  �#!!#<  $%#��+!#)-�  4#5,  2"-(  

#+,%5�!,  6�&'#4  +#)��+5,!!&  $#*(��  �-#4��  Cu -�  !�$%&4���  <' -,%4��1!('  

,��$)#<+�� . 

Cu(1)—Cu(3) %#*-�6#��!�  "  4,5�'  )$#-�#%,!!#3#  -,-%�,+%� � (6). 

��+!#)!#  2�(*1�,  %#*-�6"��!!&  �('  $#*(��  4#5,  $%(�,)-(  +# �(!(�!,!!&  

)-%(2���  �-#4��  Cu 4�5  !(4(  $%( 4��#4"  -,%4�/!#4"  *2"%,!!� . 

.#&)!,!!&  4�3%���< �#!��  Cu "  )"4�5!(  ��!��  �!�#!!#3#  -,-%�,+%" 0 -, , ;#  

!� +#�6�  ��)�  (�()#�#  �!�*#-%#$!(' ) -,%4�/!('  ,��$)#<+��  Cu(2) -�  Cu(3) 

!�$%���,!�  +# Cu(5) -�  Cu(4) ��+$#��+!# . 	)-�!!�  �-#4(  �,5�-1  !�  %,2%�' (Br-S)-

(S-Br) -�  3%�!&' (S-S)-(Br-S) -,-%�,+%��  � (5) -�  � (6) ��+$#��+!# . 	-5, , $#*(��<  

Cu(2) -�  Cu(3) 4#5!�  %#*3�&+�-( &� )-�%-#��  +�& -,%4�/!('  )-%(2���  �#!��  Cu 

)$#/�-�"  "  $#*(��<  Cu(5) -�  Cu(4) ��+$#��+!# , �  $#-�4  "  $#�#5,!!&  Cu(2) -�  Cu(3) 

)")�+!1#3#  -,-%�,+%� (+#�5(!�  )-%(2��  Cu(2)T Cu(5)T Cu(2) 1,37 Å, � %��!�  

)$��1!#4"  %,2%" +�#'  � (6) -,-%�,+%�� ). �#�5(!�  )-%(2��  Cu(3)T Cu(4)T Cu(3) 

%��!�  1,9 Å. �#!  �* � (6) $,%,-(!�0  )$��1!"  3%�!1 +�#'  � (5) -,-%�,+%�� , $%#'#+(-1 

+%"3(  � (5), �, !�  ��!,�1 , #)�+�0 "  )")�+!1#4"  � (6) [84, 90]. 
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�() . 3.4. 	+(!  �* 4#5�(�('  6�&'��  4�3%���< �#!��  4�+� (Cu(3)T Cu(4)T Cu(3)) -�  

(Cu(2)T Cu(5)T Cu(2)) "  )-%"�-"%�  Cu6PS5Br. 

 

�#5�(��)-1  -��#3#  $%#�,)"  $�+-�,%+5"0  !(*1��  $#*(�� !�  *�),�,!�)-1  

$#�#5,!1  Cu(4), Cu(5), ;#  ��+#2%�5�0 4��"  -%(����)-1  $,%,2"��!!&  �#!��  4�+� "  

�('  $#*(��&'  $�+ /�)  4�3%���<.  

��)-�#�,  *�$#�!,!!&  ,���$#�#5,!1  �-#4��  �#)�#%"  "  4(b) -�  4(d) -��#5  

�$�(��0  !�  �#!!"  $%#��+!�)-1 . ��4,  *�  %�'"!#�  �()#�#3#  $#*(-(�!#3#  *�%&+" � 5+ 

$#�#5,!!&  Cu(4), ��5�(��  �#4$#!,!-�  )-%(2���  Cu(3)T Cu(4)T Cu(3), 2"+,  

!,*�!&-#7  (%().3.4) [91].  

�()#��  -,4$,%�-"%!�  ���-#%(  (Br-S) -�  (S-Br) %#2�&-1 2��16  �4#��%!(4  

$#�,36,!!&  )-%(2�#�#3#  4,'�!�*4"  *�  %�'"!#�  *� ’&*�!('  �#�(��!1  �('  �-#4�� . 
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3.3. �+�/$� 1'�!!:  *+#$� '&,!)-  $�+.*�.+#  Cu6PS5Br 1 *.%&,!&�  �  

2)!)*'&!!&�  $#!;)!&:0  

 

��3�+�04# , ;#  +#)��+5"��!�  �%()-��(  4�7-1  �()#�#-,4$,%�-"%!"  �"2�/!"  

)(!3#!�7  � #$()"7-1)&  $%#)-#%#�#7 3%"$#7 F–43m. .%(  �1#4"  a=b=c=9.708 Å � 

�"- , ;#  *!�'#+(-1)&  4�5  �,�-#%�4(  a � c )-�!#�(-1  90 3%�+")�� . .%(  -,4$,%�-"%�'  

50 
  � !(5/,  �#!(  !��,5�-1  +# 4#!#���!!#<  )(!3#!�<  �* $%#)-#%#�#7 3%"$#7 �) , 

+,  a=11.8147 Å, b=6.816 Å, c=11.92 Å, a �"-  b  )-�0  %��!(4  109.5 3%�+")��  [84]. 

:�*#�(  $,%,'�+  ��+  #+!�0< )(4,-%�< +# �!6#<  4#5,  $%#'#+(-(  /,%,*  

$%#4�5�#��  %#42�/!"  �2#  -,-%�3#!��1!"  )(!3#!�7 . ��  )1#3#+!�6!�  +,!1  4(  !,  

4#5,4#  ;,  )��*�-(  /,%,*  &�"  �* !('  ��!  ��+2"��0-1)& . 

��3�+�04#  (%#*+�� 3.1), ;#  �#4�%��  @%��, +#)��+5"��!#3#  �%()-��"  "  

�"2�/!�  )(!3#!�<  4�)-(-1  24 �-#4(  � u(1), 48 �-#4��  � u(2), $# /#-(%(  �-#4(  Br, 

S(2), �  -�  16 �-#4��  S(3). ���(4  /(!#4  !�  #+!"  �#4�%�"  @%��, $%($�+�0 100 

�-#4�� , �  !�  ,�,4,!-�%!"  �#4�%�"  – 25 �-#4�� . 

	-5, , �()#�#-,4$,%�-"%!�  ��*�  ��+!#)(-1)&  +# 3%�!,�,!-%#��!#3# , �  

!(*1�#-,4$,%�-"%!�  +# 2�*,�,!-%#��!#3#  -($"  F%�-#� @%��, [66, 91]. 	2(+��  

�#!(  4#5"-1  2"-(  *#2%�5,!�  !�  #+!#4"  %(). 3.5. 

 

 

 

 

 

 

 

 

 

 

 

�() . 3.5. 
"2�/!�  -�  4#!#���!!�  F%�-�(  @%��, �%()-���  Cu6PS5Br. 

a   c   

c   

b   

a   

b   b   
a   

c   
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.,%,'�+  ��+  #+!#3# -($"  F%�-�(  +# �!6#3#  4#5,  2"-(  *+� )!,!(  6�&'#4  

+,�#%4���<  *)"�"  (%().3.6), &�(  *4�!70  #+(!  �* �"-��  "  �,%6(!� , !�$%(���+  �� D, 

� *4�!#7  +#�5(!(  %,2%� ��  � $�%��,�1!('   #4"  %,2,% �
 , DG, � L. 	-%(4�!(  

$%( �1#4"  $�%��,�,$�$,+ , �!��%��!-!(  +# C2h, $#��*�!(  !�  %().3.6 5(%!(4(  

��!�&4( . �#3#  3%�!1 EFGD 0 +#���1!(4  $�%��,�#3%�4#4  � �,5(-1  �  #+!�  �* 

$�#;(!  ��+#2%�5,!!& . �%�!�  CDEH � CDGK 0 $%&4#�"-!(��4(  � 

$,%$,!+(�"�&%!�  $�#;(!�  EFGD, -��  &� <' %,2%� CD, HE, KG � NF $�%��,�1!�  #)� 

+%"3#3# $#%&+�". 

 

�() .3.6. ��+$#��+!�)-1  F%�-#� @%��, $%( $,%,'#+�  ��+  %#42#,+%(/!#<  

+# 4#!#���!!#<  )()-,4 . 

 

	-5,  *4�!�  )-%"�-"%(  ��+2"��0-1)&  $%( ��*#�#4"  $,%,'#+�  ��+  �"2�/!#<  

)(!3#!�<  �  4#!#���!!"  ;#  )"$%#�#+5"0-1)& $#4�-!#7  *4�!#7  �"-�  U � +#�5(!  

�,�-#%��  a, b � c -�  4#5,  2"-(  #$()�!(  &� !,$,%,%�!( . 

��&  �!���*"  *4�!(  $#�#5,!1  �-#4��  $%( ��*#�#4"  $,%,'#+�  *%"/!#  

)�#%()-�-()1  *� ’&*�#4 4�5  �"2�/!#7  -�  $),�+#4#!#���!!#7  F%�-��4( . �,  

$,%,'�+  ��+2"��0-1)&  *�  ��+$#��+!(4(  %��!&!!&4( , &�� *�+�7-1  *� ’&*#� 4�5  <'!�4(  

2�*()!(4(  �,�-#%�4(  [87]: 

 

 
 =

++=
+=

��

�
�
�

m-0,5cm0,5akc
m0,5cmbm0,5akb

m-0,5cmbm0,5aka

     (3.3) 
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��2�(�&  3.1. .#�#5,!!&  �-#4��  �  �"2�/!�  )(!3#!�<  F –43m )-%"�-"%(  Cu6PS5Br, 

-�  *�),�,!�)-1  �  (%) �-#4��  "  �%()-���  Cu6PS5Br ($# Haznar A. et al.) [40]. 

 
  �)')7�!!:  X Y, Z P(%) 

295K Cu(1) 24(g) 0.02362(10) 0.25 62.4 
 Cu(2) 48(h) 0.01914(22) 0.30918(53) 37.6 
 Br(1) 4(f) 0 0 98.9 
 S(2) 4(c) 0.25 0.25 98.9 
 S(3) 16(e) 0.62183(5) 0.62183(5) 100 
 P(1) 4(b) 0.5 0.5 100 
420K Cu(1) 24(g) 0.02329(14) 0.25 69.5 
 Cu(2) 48(h) 0.01798(45) 0.31182(96) 30.5 
 Br(1) 4(f) 0 0 98.0 
 S(2) 4(c) 0.25 0.25 98.0 
 S(3) 16(e) 0.62161(8) 0.62161(8) 100 
 P(1) 4(b) 0.5 0.5 100 

 

��2�(�&  3.2. .#�#5,!!&  �-#4��  "  4#!#���!!�  )(!3#!�<  �)  )-%"�-"%(  Cu6PS5Br. 

�)�  $#*(��<  0 $#�!�)-7  *� !&-(4(  ($# Haznar A. et al.) [40]. 

 
��)2  �)')7�!!:  X Y Z 

Cu(1) 4(a) 0.999(3) 0.152(3) 0.388(3) 
Cu(5) 4(a) 0.701(3) 0.915(4) 0.88(2) 
Cu(3) 4(a) 0.819(3) 0.533(5) 0.385(3) 
Cu(4) 4(a) 0.770(3) 0.766(4) 0.119(2) 
Cu(2) 4(a) 0.996(3) 0.967(5) 0.103(2) 
Cu(6) 4(a) 0.984(3) 0.478(5) 0.613(2) 
P 4(a) 0.747 0.753 0.624 
S(1) 4(a) 0.684(5) 0.994(9) 0.695(4) 
S(2) 4(a) 0.693(5) 0.504(10) 0.184(4) 
S(3) 4(a) 0.934(5) 0.238(8) 0.185(4) 
S(5) 4(a) 0.691(5) 0.751(12) 0.440(2) 
S(4) 4(a) 0.854(5) 0.266(8) 0.488(2) 
Br 4(a) 0.000(2) 0.751(5) 0.371(1) 
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�)!"7-1  � #2,%!,!�  $,%,-�#%,!!& , &�� $%,+)-���&7-1  $,%,'�+  �* 

$),�+#4#!#���!!#<  )(!3#!�<  "  �"2�/!" : 

 

 
 -+-=

+=
++-=

��

�
�
�

kck0,5bk0,5amc
kb5.0k0,5amb

kckb5.0k0,5ama

     (3.4) 

 

.%(  �1#4"  a=c=9.708Å � �"-  U=109#. ��  *!�/,!!&  4#5"-1  %#*3�&+�-()& &� 

)-�%-#��  +�& �(*!�/,!!&  $#�& *4�;,!1 . �*-*�  4��#<  *4�!(  �"-�  b 0 !,%��!�)-1  

2�*()!('  �,�-#%��  am  � ) m, �  %,*"�1-�-�  �1#3# ��*#�(  $,%,'�+  $%#'#+(-1 !,  $# 

��!�75�"  	 hT D3dT C2h, �  %,���*"0-1)&  ��+%�*"  "  4#!#���!!"  )(!3#!�7 . 

.#�#5,!!&  �-#4��  �%()-���/!#<  F%�-�( �%()-���  Cu6PS5Br �  �"2�/!�  -�  

4#!#���!!�  )(!3#!�&'  $%,+)-���,!�  �  -�2�(�&'  3.1-3.2 ��+$#��+!# . 

 

 

3.4. 3d-2&+!#�  )"#$  �  /#! 2&*  "+)$�)+)1)-  <+ �*#  

$."�+&)!&*&1 �#".  Cu6PS5Br 

 


%()-���/!�  )-%"�-"%�  $%���*(  Cu6PS5Br 4#5,  2"-(  #$()�!�  �!��#3�/!#  +# 

���)"  )-%"�-"% -($"  6$�!,�� , &�(  #2’0+!"0 ���(  %&+ %,/#�(!  �* '�4�/!#7  

�#%4"�#7  >� 2	 4 [92]. ���  ���)  6$�!,��  4#5!�  ��+!,)-(  +# )�4, )-��  * 

$%(%#+!#7 (8�  ´  8�  ´  8� )- !�+F%�-�#7  [56, 64, 93]. �  &�#)-�  )-%"�-"%(  

$%#-#�%()-���  !� 2��16  *%"/!#  �(2%�-(  	�
 -3%�-�" . �#+�-�#�(  $%#)-�% Vd 

$%,+)-��(4#  ��
 -2�*()#4  [94]. 	-5, , "-�#%,!(  (3+3)-�(4�%!(  $%#)-�% 4�-(4,  

$%&4(  -�  #2,%!,!(  2�*()( :  

    � 1=(-� , � , � ,1/4·b, -1/4·b, -1/4·b); 
    � 2=(� ,- � , � ,-1/4·b, 1/4·b, -1/4·b); 
    � 3=(� , � , -� ,-1/4·b, -1/4·b, 1/4·b);    (3.5) 

 � 4=(0,0,0,0,b,b); 
    � 5=(0,0,0,b,0,b); 

� 6=(0,0,0,b,b,0); 



99 
 

b1*=(0,, /a,, /a,, /a,0,0,0); 
b2*=( , /a, 0, ,  /a , 0,0,0); 
b3*=( , /a, , /a, 0, 0, 0, 0);     (3.6) 
b4*=(-, /4a, , /4a, , /4a, -, /b, , /b, , /b); 
b5*=( , /4a, -, /4a, , /4a, , /b,- , /b, , /b); 
b6*=( , /4a, , /4a, -, /4a, , /b, , /b,- , /b). 

 

�,3�#  $,%,�#!�-()&  �  -#4" , ;#  #-%(4�!(  2�*()  *�+#���1!&0  !�6�  

)-%"�-"%� . �� )!# , )"4�  4(� 1+ � 2) +�0 �,�-#%  (0,0,8� ,0,0, -2b), &�(  4#5!�  *�+�-(  

&� %�*!(�7  (0,0,8� ,0,0,0) -(0,0,0,0,0,-2b), +,  #)-�!!�  0 -%�!)�&��07  &� )"4�   

� 4+� 5-� 6. �#4"  �,�-#%  (0, 0, 8� , 0, 0, 0) -��#5  0 -%�!)�&��07  [92, 94]. 

�!��#3�/!#  4#5,4#  #-%(4�-(  � �,�-#%( : 

 

                              (4� ,4� ,0,0,0,0) 
(4� ,0,4� ,0,0,0)       (3.7) 

                              (0,4� ,4� ,0,0,0) 
 
;#  )$��$�+�7-1  * -%�!)�&��&4(  6$�!,�1!#<  )-%"�-"%(  "  -%(�(4�%!#4"  $%#)-#%� 

[92, 95- 97]. 

�"�"$!�)-1  4#+"�&�� !('  �,�-#%�� , &� �,  *�*!�/��#)&  �(;, , �(*!�/�0-1)&  

��!� !#7  �#42�!���07  -%(�(4�%!('  �#4$#!,!-  b4*, b5*, b6* #2,%!,!#3#  2�*()" : 

 

b1=(-1/4·, /a, 1/4·, /a, 1/4·, /a); 
b2=(1/4·, /a, -1/4·, /a, 1/4·, /a);     (3.8) 
b3=(1/4·, /a, 1/4·, /a, -1/4·, /a). 

 

�'  ���1��)-1  �  4,5�'  �@ 	�
 -F%�-�(  ���*"0  !�  ���1��)-1  �"*��� , 

3,!,%#��!('  4!#5(!#7  �,�-#%��  4#+"�&��<  �  ,�,4,!-�%!�  �#4�%�� . �(2%�!(  

2�*()  *�+�0  )"�"$!�)-1  32-#'  �,�-#%�� , ;#  )$��$�+�0  * 6$�!,�1!(4  ��%��!-#4  [98, 

99]. 

	)���1�(  )(4,-%�&  #2,%!,!#< � $%&4#< F%�-�(  #+!��#�� , -# #2'0+!��6(  

$#*(��<  �-#4��  "  ,�,4,!-�%!�  �#4�%��  $%#-#�%()-���  �  #%2�-(, �  �,�-#%(  

4#+"�&��<  �  *�%�( , +�)-�!,4#  +��  %#*2(--& #+!��#�#3#  �(3�&+"  [35, 92, 100, 101]. 



100 
 
.#�!�  )"�"$!�)-1  #'#$�70  32 �,�-#%(  4#+"�&��< , ;#  %#*$�+�7-1)& !�  10 *�%#�, �  

4!#5(!�  32-#'  4#5�(�('  $#*(��  �-#4��  — !�  10 #%2�- [35, 92, 98, 100, 101] 

(-�2�(�&  3.3). 

 

��2�(�&  3.3. 	2 ’0+!�!!&  4#+"�&�� !('  �,�-#%��  �  #%2�-(, 

$#*(��  �  *�%�(  $%���*(  Cu6PS5Br [100, 101]. 

 

>  
)+%&�# 
(3&+*#) 

�)/.':9&�!&  1�*�)+# , 
)%’?/! !&  1 3&+*# 

�)3#9&-   �)2&1 , 
)%’?/! !&  1 )+%&�# 

1 [0, 0, 0] [0, 0, 0] 
2 [L/a, 0, 0] [4a, 0, 0] 
3 [L/2a, L/2a, L/2a] [2a, 2a, 2a] 

4 [-L/2a, -L/2a, -L/2a,] [-2a, -2a, -2a] 
5 [L/2a, 0, 0]; [0, L/2a, 0]; 

[0, 0, L/2a]; [-L/2a, 0, 0]; 
[0,-L/2a,0]; [0, 0, -L/2a] 

[2a, 0, 0]; [0, 2a, 0];  
[0, 0, 2a];[-2a, 0, 0];  
[0, -2a, 0]; [0, 0, -2a]; 

6 [L/2a, L/2a, 0]; [0, L/2a, L/2a]; 
[L/2a, 0, L/2a]; [-L/2a, L/2a, 0]; 
[0, L/2a, -L/2a]; [-L/2a, 0, L/2a] 

[2a, 2a, 0]; [0, 2a, 2a]; 
[2a, 0, 2a]; [-2a, 2a, 0]; 
[0, 2a, -2a]; [-2a, 0, 2a] 

7 [L/4a, L/4a, L/4a]; [-L/4a, -L/4a, L/4a]; 
[-L/4a, L/4a, -L/4a]; [L/4a, -L/4a, -L/4a] 

[a, a, a]; [-a,- a, a]; 
[-a, a,- a]; [a,- a,- a] 

8 [-L/4a, -L/4a, -L/4a]; [-L/4a, L/4a, L/4a]; 
[L/4a, L/4a, -L/4a]; [L/4a, -L/4a, L/4a] 

[-a, -a, -a]; [-a, a, a]; 
[a, a, -a]; [a, -a, a] 

9 [3L/4a, 3L/4a, 3L/4a]; 
[-3L/4a, -3L/4a, 3L/4a]; 
[-3L/4a, 3L/4a, -3L/4a]; 
[3L/4a, -3L/4a, -3L/4a] 

[3a, 3a, 3a];  
[-3a, -3a, 3a]; 
[-3a, 3a, -3a];  
[3a, -3a, -3a] 

10 [-3L/4a, -3L/4a, -3L/4a];  
[-3L/4a, 3L/4a, 3L/4a]; 
[3L/4a, 3L/4a, -3L/4a]; 
[3L/4a, -3L/4a, 3L/4a] 

[-3a, -3a, -3a]; 
[-3a, 3a, 3a]; 
[3a, 3a, -3a]; 
[3a, -3a, 3a] 

 

�,  +#*�#�&0 *�$()�-(  )()-,4"  %��!&!1 4#+"�77/('  +#+�!���  - �(qi ,b*) 

�"!���<  ��+!#)!#  �4$��-"+  4�)#�#<  4#+"�&��<  [102]: 
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�
=

D-=D
32

1

)(*
*

),(),(
j

nbnqi
jjj

jjebqnnM r   (3.9) 

 

+,  �,�-#%(  (qi ,b* ) $%,+)-���&7-1  )#2#7  ��!� !�  �#42�!���<  b4*, b5*, b6* �  4,5�'  

�@ 	�
 — F%�-�(  [92, 102]. �  �%�'"��!!&4  %#*2(--& $# *�%��4  +�& -%1#'�(4�%!#< 

$%#,���< )-%"�-"%(  4�04# : 

 

� �
= =

=
10

1 1

)()0,()0,(
l

�����#�

m

nqi
ll

mleqnM r   (3.10) 

 

+,  � (� , 0) - 4�)�  �-#4�  �  $#*(��<  � ;(. n=0) [92, 99]. 

���%�$�77/(  *�  �#5!#7  #%2�-#7 �!6"  4�)" , *�$(6,4#  )()-,4"  "  �(3�&+� : 

 

� 1= V1+ V2+ V3+ V4+6V5 +6V6+4V7+4V8+4 V9+4 V10; 
� 2= V1+ V2+ V3+ V4+6V5 +6V6- 4V7-4V8-4 V9-4 V10; 
� 3= V1+ V2- V3- V4-6V5 +6V6- 4�V7+4�V8+4� V9-4� V10; 
� 4= V1+ V2- V3- V4-6V5 +6V6+ 4�V7-4�V8-4� V9+4� V10; 
� 5= V1+ V2- V3- V4+2V5-2 V6;         (3.11) 
� 6= V1+ V2+ V3+ V4-2V5 -2V6; 
� 7= V1- V2- �V3+ �V4; 
� 8= V1- V2+ �V3-�V4; 
� 9= V1- V2+ �V3- �V4; 
� 10= V1- V2- �V3+ �V4. 

 

�#*� '&*��6(  << #-%(4�04#: 

 

32 V1= � 1+ � 2+ � 3+ � 4+6� 5+6� 6+4� 7+4� 8+4� 9+4� 10; 
32 V2= � 1+ � 2+ � 3+ � 4+6� 5+6� 6 -4� 7 -4� 8 - 4� 9- 4� 10; 
32 V3= � 1+ � 2 - � 3- � 4-6� 5+6� 6+4�� 7-4�� 8-4�� 9+4�� 10; 
32 V4= � 1+ � 2- � 3- � 4-6� 5+6� 6- 4�� 7+4�� 8+4�� 9-4�� 10; 
32 V5= � 1+ � 2- � 3- � 4+2� 5-2� 6       (3.12) 
32 V6= � 1+ � 2+ � 3+ � 4-2� 5-2� 6; 
32 V7= � 1- � 2- � 3+�� 4+ W̄2(1+�)� 7+W̄2(1- �)� 8-W̄2(1- �)� 9-W̄2(1+�)� 10; 
32 V8= � 1- � 2+ � 3-�� 4+ W̄2(1- �)� 7+W̄2(1+�)� 8-W̄2(1+�)� 9-W̄2(1- �)� 10; 
32 V9= � 1- � 2- � 3+�� 4- W̄2(1- �)� 7-W̄2(1+�)� 8+W̄2(1+�)� 9+W̄2(1- �)� 10; 
32 V10= � 1-� 2+� 3-�� 4 -W̄2(1+�)� 7-W̄2(1- �) � 8+W̄2(1- �)� 9+W̄2(1+�)� 10. 
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���,+,!(  %#*�'&*#� *�+�0  2,*+,�,�-!"  "*�3��1!,!"  )-%"�-"%"  * '�4�/!#7   

�#%4"�#7  V�� F� 6 D6� 4� 4
 4� 4 , �  >� 2	 4 2"+,  #�%,4(4  �($�+�#4  $%( V=� => ; 

H=F=C=D=A=0; D=K=O; M=Y. 

��&  -#3#, ;#2  #-%(4�-(  �4$��-"+(  4#+"�&�� !('  �"!���  )"$,%�#!���  

Cu6PS5Br $�+)-��(4#  � 1=� Br; M3=MS(1); M4=MS(2); M6=MCu; M10=MS(3); 

M2=M5=M7=M8=M9=0. 

�#+�  +�& !�6#3#  �($�+�"  4�-(4,4# : 

 

V1=1/32(� Br+ MP+ MS(2)+ 6MCu +4MS(3)); 
V2=1/32(� Br+ MP+ MS(2)+ 6MCu – 4MS(3)); 
V3=1/32(� Br - MP- MS(2)+ 6MCu +4�MS(3)); 
V4=1/32(� Br - MP- MS(2)+ 6MCu – 4�MS(3)); 
V5=1/32(� Br - MP- MS(2)- 2MCu);       (3.13) 
V6=1/32(� Br +MP+ MS(2)- 2MCu); 
V7=1/32(� Br - �MP+ �MS(2)- W̄2(1+�)MS(3)); 
V8=1/32(� Br+ �MP- �MS(2)- W̄2(1- �)MS(3) ); 
V9=1/32(� Br - �MP+ �MS(2)+ W̄2(1- �)MS(3)); 
V10=1/32(� Br+�MP- �MS(2)+ W̄2(1+�)MS(3)). 
 
��3�+�04# , ;#  �  *�3��1!#4"  �($�+�"  +()$,%)� !�  �%(��  �#!#!!('  )$,�-%��  

)���+!('  �%()-����  �(*!�/�7-1)&  &� %#*�'&*�(  4�-%(/!#3#  %��!&!!&  $%( "4#��  

%��!#)-�  !"�7  �(*!�/!(��  [35, 92, 100, 101]: 

 

/ D�� (0-s. *b*) 1ss -́ 2 2 - ss1́�� / =/ D- 2 2 - ll3/ =0    (3.14) 

 

+,  D�� (0-s. *b*)  +(!�4�/!�  4�-%(��  #+!#�-#4!#3#  $%#-#�%()-��� , &�� �(*!�/,!�  �  

-#/��'  *#!(  @%���7,!� , ;#  $#� '&*�!�  �,�-#%�4(  4#+"�&��<  s. *b*. ���)!�  

*!�/,!!&  ��0< 4�-%(��  �(*!�/�7-1  ,!,%3,-(/!#  �(%#+5,!(  )-�!  $%#-#�%()-��� . 

��-%(�&  - ll �(*!�/�0  *2"%,!!& , ;#  %,���*"0-1)&  "  )���+!#4"  �%()-���  � 

�(*!�/�0-1)&  �4$��-"+�4(  4#+"�&�� !('  4�)#�('  (#�"$��� !(' ) �"!��� , 

*�+�!('  "  $#*(��&'  )���+!#3#  �%()-���  �  *��,5!#)-�  ��+  �,�-#%��  4#+"�&��<  

s. *b*, +,  Xij – 4�-%(�&  $#%&+�� (3 × d). 
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3.5. �3 ; '(!�!  /#! 2&,!  2 �+#9:  1 (3+3) - 2&+!)2.  )"#$&  

�  /#$"�+$&:  �)!)!!);)  $"�*�+.  *+#$� '.  Cu6PS5Br 

 

8�  4(  �5,  )��*��( , ;#  +�& �%()-��"  Cu6PS5Br �  &�#)-�  )-%"�-"%(  

$%#-#�%()-���  !� 2��16  *%"/!#  �(2%�-(  	�
 - 3%�-�" . �#4"  -%#'(  *"$(!(4#)&  

!�  4#+,��  $%#-#�%()-��� , $%( �1#4"  ��+$#��4#  !�  *�$(-�!!&  $%# %�*!(�7  4�5  

#+!#�-#4!(4  �%()-��#4  -�  $%#-#�%()-��#4 , �  -��#5  $%# -, , ;#  &��&0-1)& 

)$��1!(4  4�5  $%#-#�%()-��#4  -�  %,��1!(4  )���+!(4  �%()-��#4 . 

.%#-#�%()-��  !�  ��+4�!"  ��+  #+!#�-#4!#3#  �%()-��"  ��+%�*!&0-1)& -(4 , 

;#  ��!  0 (3+d) –�(4�%!(4  "-�#%,!!&4 . ��*!(�7  +#2%, �(+!#  $%( )$��)-���,!!�  

#2,%!,!('  F%�-#�. �#*3�&!,4#  �,  !�  $%(���+�  "*�3��1!,!#<  6$�!,�1!#<  )-%"�-"%(  

[92]. 	+!#�-#4!�  	�
  –%,6�-��  * )-��#7  F%�-�(  �  4�0  #2,%!,!(  2�*()  (3.6) * 

#2’04#4 *#!(  @%���7,!�  331 /2 aVa p=- . ��&  $%#-#�%()-���  #2’04 �@ 

�(*!�/�0-1)&  #2’04#4 �#4�%�(  $#2"+#��!#<  !�  4#+"�&�� !('  �,�-#%�'  (3.8) -�  

%��!(  
331 16/ aVb p=-
, -#2-# "  32 %�*( 4,!6(  !�5  #2’04 �@ #+!#�-#4!#3#  

�%()-��� . 

�#-(�  #+!#�-#4!#3#  �%()-���  �(*!�/�0-1)&  4�)#7  �-#4� , �  -#  /�)  &� 

4#-(�  $%#-#�%()-���  – "),%,+!,!#7  4�)#�#7  '�%��-,%()-(�#7  )���+!#3#  

�%()-��� . .%#-#�%()-��  � %,��1!(  �%()-��  '�%��-,%(*"7-1)&  #+!(4  � -(4  5,  

)(�#�(4  $#�,4 , $%( �1#4"  ���5�0-1)& , ;#  �,  "!��,%)��1!,  )(�#�,  $#�,  

%,��1!#3#  �%()-���  !,  *��,5(-1  ��+  $#*(��<  �-#4�  �  ,�,4,!-�%!�  �#4�%�� , �  0 

'�%��-,%()-(�#7  * $,%�#+(/!�)-7  $%#-#�%()-��� . 	-5,  $%#-#�%()-��  0 

$%#-#-($#4 3�$#-,-(/!#<  )-%"�-"%(  * ;��1!#7  "$��#��#7  �-#4��  -�  

"),%,+!,!#7  4�)#�#7  '�%��-,%()-(�#7  4#-(�" . 

�#4" , "),%,+!,!�  4�)#��  '�%��-,%()-(��  -�  "!��,%)��1!,  )(�#�,  $#�,  

�*�04#+�< �#%4"7-1  $%#-#�%()-�� . �%(�(4�%!�  $%#,���& $%#-#�%()-��"  

�+,���-!�  #+!#�-#4!�  )-%"�-"%�  * ��+$#��+!(4  "),%,+!,!(4  4#-(�#4 . 

��  #)!#��  $#2"+#��!#<  $%#3%�4( �  $%#3%�4!#4" ),%,+#�(;�  Maple, 

��3#%(-4  &�#< !��,+,!#  �  %#*+��� 2.3, $%#�,+,!#  %#*%�'"!#�  �#!#!!#3#  )$,�-%"  
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�%()-���/!#<  )-%"�-"%(  Cu6PS5Br �  -#/��  �  *#!(  @%���7,!� . �  %,*"�1-�-�  

#-%(4�!#  39 ���)!('  *!�/,!1 , * !('  "  -#/��  �  2 #+!#�%�-!#  �(%#+5,!�  *!�/,!!& , 

2 +�#�%�-!#  �(%#+5,!('  � 11 -%1#'�%�-!#  �(%#+5,!('  *!�/,!!& . 

�#*%�'#��!"  +()$,%)�7  �#!#!!#3#  )$,�-%"  �%()-��"  Cu6PS5Br !�  ��!�&'  � –

X–M–R–� –M $%,+)-���,!#  !�  %().3.7 [35, 100-102]. 

.%#3%�4!,  *�2,*$,/,!!&  +#*�#�(�#  �(+��(-(  �#!#!!�  *��,5!#)-� , ;#  

$#� ’&*�!�  * $,�!(4(  �#4$#*(�� !(4(  )-%"�-"%!(4(  "-�#%,!!&4( , 6�&'#4  

*�!"�,!!&  +,&�('  4�)#�('  '�%��-,%()-(�  (%(). 3.8) [101]. .%(  �1#4"  /�-�#  �(+!#  

�#%,�&��< *!�/,!1  !(*1�#/�)-#-!('  #$-(/!('  ��-#�  F2, F1 �* *!�/,!!&4(   

=2=2.4 � /4 +�& )()-,4(  “P – S(2)” (%().3.8 ) ) [101, 103]. 

	-5, , $#%��!&!!&  %#*%�'#��!('  !�4(  +()$,%)!('  �%(�('  (%(). 3.7) [100, 

101] * +�!(4(  �#42�!��� !#3#  %#*)�7��!!&  [104] -�  * +�!(4(  $,%6#$%(!�($!('  

%#*%�'"!���  [104] �%()-����  Cu6PS5Br (-�2� . 3.4) $#��*��# , ;#  %,*"�1-�-(  +#2%, 

"*3#+5"7-1)&  4�5  )#2#7 . 

 
��2�(�&  3.4. �#�3#'�(�1#��  /�)-#-(  �#�(��!1  (�  )4 -1)  

�  �"2�/!�  ��*�  �%()-����  Cu6PS5Br [35, 100-102, 104]. 

 


#2��+&:  ��)+&:  [104] �*$"�+#2�!�  
[104] 


)3+ 0.!)*  
(! @& / !& ) [101] 

F2 72.3i (TO); 59i (LO)   
F1 51.7i (TO); 20i (LO)   
F2 74.2 74 78.3 
F1 80.8 78 79.3 
F2 109.2  121.1 
E 147.6 156 118.2 
A 206.0 234 177.5 
F2 211.0 245 126.8 
F1 317.5  293.4 
F2 320.0 316 375.4 
E 347.0  369.6 
F2 348.9  400.5 
A 415.4 427 393.6 
F2 511.3i (TO); 521i (LO) 547 (TO); 558 (LO) 505.7 
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�() .3.7. :#!#!!(  )$,�-%  �%()-��"  Cu6PS5Br %#*%�'#��!(  $%( �(2#%� 

)(�#�('  �#!)-�!-  %��!(' : =1=114 � /4, =2=2.4 � /4, =3=0.8 � /4, =4=0.6 � /4, 

=5=0.5 � /4, =6=0.6 � /4 [101]. 
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� )"P - S(2) - S(1) - Cu" b)"P - S(2) - S(1)" c) "P - S(2)" 

 

�() . 3.8. �()$,%)� !�  *��,5!#)-�  +�& �%()-���/!('  )()-,4  �* *�!"�,!(4(  

��+$#��+!(4(  4�)#�(4(  '�%��-,%()-(��4(  $�+)()-,4  � �(2%�!(4(  +�& 

�%()-��"  Cu6PS5Br *!�/,!!&4(  )(�#�('  �#!)-�!-  ( a) – MBr=0; b) – MBr=0, 

MCu=0; c) – MBr =0,MCu=0, MS(1)=0) [101, 103]. 
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���#5 , $�+ /�)  �(�/,!!&  )(4,-%�< �"2�/!#<  -�  4#!#���!!#<  )(!3#!�  

$%���*(  �%()-��"  Cu6PS5Br, -�  *� ’&*�"  4�5  �(4(  )(!3#!�&4( , 4(  #-%(4��(  

$#�#5,!!&  �-#4��  "  4#!#���!!�  ��*�  -�  $#2"+"���(  $#�!,  �#�(�!,  *#2%�5,!!&  

+�& $%���*(  �1#3# �%()-��" , ;#  2"+,  $%,+)-���,!#  !(5/, . �,*"�1-�-(  

+#)��+5,!1  $%(�,+,!�  "  -�2�(��  3.5. 

 

��2�(�&  3.5. .#�#5,!!&  �-#4��  "  4#!#���!!� , $),�+#4#!#���!!�  

-�  �"2�/!�  ��*�' . 

 
      
#!;)!&:  
>  " ." . 

	.%&,!   �$�1/) -
2)!)*'&!!   

�)!)*'&!!  
(/ ! ) 

1 Cu(1)(0,1/4,1/4) Cu(6)( 0, 1/2, 5/8) Cu(6)(0.984,0.478,0.613) 

2 Cu(2)(1/4,1/4,0) Cu(3)(7/8,1/2,3/8) Cu(3)(0.819,0.533,0.385) 

3 Cu(3)(1/4,0,1/4) Cu(4)(3/4,3/4,1/8) Cu(4)(0.77 ,0.766,0.119) 

4 S(2)(1/4,1/4,1/4) S(0)(3/8,3/4,5/8) S(0)(0.691,0.751,0.440) 

5 S(3)(5/8,5/8,5/8) S(3)(5/16,3/4,3/16) S(3)(0.934,0.238,0.185) 

6 S(3)(5/8,3/8,3/8)  S(1)(11/16,0,11/16) 

7 S(3)(3/8,5/8,3/8)  S(2)(11/16,1/2,3/16) 

8 S(3)(3/8,3/8,5/8)  S(4)(11/16,3/4,7/16) 

9 Br (0,0,0) Br (0,3/4,3/8) Br (0,0.751,0.371) 

10 P (1/2,1/2,1/2) P (3/4,3/4,5/8) P (0.747,0.753,0.624) 

 

��*!(�&  4�5  #-%(4�!(4(  $#�#5,!!&4(  �-#4��  "  $),�+#4#!#���!!�  

)(4,-%�< -�  +�!(4(  "  %#2#-� [87] +�+"-1  4#5�(��)-1  �(*!�/(-(  $#�,  *4�;,!!&  +�& 

�%()-���/!#<  )-%"�-"%(  Cu6PS5Br $%( ��*#�#4"  $,%,'#+�  �"2�/!�  – 4#!#���!!�  

)(!3#!�< . 
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3.6. �)%./)1  ")1!);)  *)'#1!);)  3)%+ 7�!!:  /':  *+#$� '.  Cu6PS5Br 

 

��&  $#2"+#�(  $#�!#3#  �#�(�!#3#  *#2%�5,!!&  !,#2'�+!,  *!�!!&  �)�'  

,�,4,!-��  $%#)-#%#�#< 3%"$( �%()-��� . .�+  $%#)-#%#�#7 3%"$#7 �%()-���  

%#*"4�7-1 �)�  4#5�(��  $,%,-�#%,!!&  $%#)-#%", ;#  $%(�#+&-1 �%()-��  )�4(  �  

),2, . 	-5,  �)&��  $%#)-#%#�� 3%"$� 0 #+!#7  �* $�+3%"$ $#�!#< )"--0�#<  ���!!#<  

3%"$(. 

�"--0��  ���!!�  3%"$� )���+�0-1)&  �* �)�'  4#5�(�('  -%�!)�&��  � 

#%-#3#!��1!('  $,%,-�#%,!1  *�(/� !#3#  -%1#'4�%!#3# $%#)-#%". ��,4,!-(  ��0< 

3%"$( *+� )!77-1  $,%,-�#%,!!&  �(+"  r´=Rr+a, +,  R – +#���1!,  #%-#3#!��1!,  

$,%,-�#%,!!& , a – �,�-#%  !,,�,4,!-�%!#<  -%�!)�&��< . �,  ;,  *�$()"7-1  "  �(+� : 

r´={RZa} r. �)&�(  ,�,4,!-  )"--0�#<  ���!!#<  3%"$( )���+�0-1)&  �* +�#'  /�)-(! : 

-#/�#�#3#  $,%,-�#%,!!&  = � -%�!)�&��<  � . �  $%#)-#%#��  3%"$� !,#2'�+!#  ���*�-(  

&� �)�  ,�,4,!-(  )(4,-%�<, -��  � $#�#5,!!&  �#5!#3#  #2,%-#�#3# ,�,4,!-�  �!"-%�  

,�,4,!-�%!#<  F%�-�(, ;#  � ��+2"��0-1)&  *�+�!!&4  �,�-#%�  a. 

�#  �"2�/!#<  $%#)-#%#�#< 3%"$( F-43m [67-69] !��,5�-1  -���  $,%,-�#%,!!&  

$%#)-#%": 

 

h1, (x,y,z),    1                          h37,(y,x,z),    m4, 

h2, (x,-y,-z),  412                           h40,(-y,-x,z),  m5, 

h3, (-x,y,z),   422                       h41,(x,z,y),    m8, 

h4, (-x,-y,z),  432                       h42,(x,-z,-y),  m9, 

h5,(y,z,x),     312                       h45,(z,y,x),     m6, 

h6,(y,-z,-x),  322                        h47,(-z,y,-x),  m7, 

h7,(-y,z,-x),  342                       h38,(y,-x,-z),   -43, 

h8,(-y,-z,x),  332                           h39,(-y,x,-z),  -433, 

h9,(z,x,y),    31                         h43,(-x,z,-y),   -41, 

h10,(z,-x,-y) 33                         h44,(-x,-z,y),   -413, 

h11,(-z,x,-y), 32                        h46,(z,-y,-x),   -423, 

h12,(-z,-x,y) 34                         h48,(-z,-y,x),   -42. 
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��&  4o!#���!!#<  $%#)-#%#�#< 3%"$(: � s
4, C1h

4, h27, (x,-y,z), m2. .#)���1�(  

�"2�/!�  3%"$� F-43m )(4#%�!� , -# �)�  !,,�,4,!-�%!�  -%�!)�&��<  %��!�  !"�7 . 

�%"$�  �)  !,)(4#%�!� , -#4"  �#!�  *�+�0-1)&  ,�,4,!-�4(  {hZ0} � {h27Z00c/2}. 

�'  +�& !�  $#*(��<  �-#4��  �%()-��"  Cu6PS5Br �  �"2�/!�  ��*�  *�+�0  �)-#-!"  

3%"$" �-#4�� , &�� !,  *4�!77-1  )�#3# $#�#5,!!&  (-�2�(�&  3.6). 

 
��2�(�&  3.6. �-#4(  &�� !,  *4�!77-1  )�#3# $#�#5,!!&   

�  !�)��+#�  +�< ,�,4,!-��  3%"$(. 

 
�'�2�!�#  
$#2��+&- 


 u(1) 
 u(2) Br S(2) S(3) 
  Nr 1+2�� s�  

h1 6� u(1) 12� u(2) Br S(2)  4S(3) �  25 3 
h2 2� u(1)  Br S(2)  �  5 -1 
h3 2� u(1)  Br S(2)  �  5 -1 
h4, 2� u(1)  Br S(2)  �  5 -1 
h5   Br S(2) S(3) �  4 0 
h6   Br S(2) S(3) �  4 0 
h7   Br S(2) S(3) �  4 0 
h8   Br S(2) S(3) �  4 0 
h9   Br S(2) S(3) �  4 0 
h10   Br S(2) S(3) �  4 0 
h11   Br S(2) S(3) �  4 0 
h12   Br S(2) S(3) �  4 0 
h37 2� u(1) 2� u(2) Br S(2) 2S(3) �  9 1 
h40 2� u(1) 2� u(2) Br S(2) 2S(3) �  9 1 
h41 2� u(1) 2� u(2) Br S(2) 2S(3) �  9 1 
h42 2� u(1) 2� u(2) Br S(2) 2S(3) �  9 1 
h45 2� u(1) 2� u(2) Br S(2) 2S(3) �  9 1 
h47 2� u(1) 2� u(2) Br S(2) 2S(3) �  9 1 
h38   Br S(2)  �  3 -1 
h39   Br S(2)  �  3 -1 
h43   Br S(2)  �  3 -1 
h44   Br S(2)  �  3 -1 
h46   Br S(2)  �  3 -1 
h48   Br S(2)  �  3 -1 



109 
 

��+#4#)-�  )-#)#�!#  �%()-���/!#<  )-%"�-"%( , $%#)-#%#�#< 3%"$( -�  ���1�#)-�  

�-#4�� , ;#  !,  *4�!77-1  )�#3# $#�#5,!!& , +#*�#�&7-1  $#2"+"��-(  $#�!�  �#�(�!�  

*#2%�5,!!&  +�& +�!#3#  �%()-��" . �  -�2�(��  3.7 $#+�!#  %,*"�1-�-(  %#*%�'"!�"  

4��('  *#2%�5,!1  *�  
#���1#�(4  	 .� . [67-69] -�  �#,����0!-�� , &�� �(*!�/�7-1  

���1��)-1  �#!#!��  (/�)-#- ), ;#  #$()"7-1)&  +�!(4  !,*��+!(4  *#2%�5,!!&4  "  

-#/��  � . 

 
��2�(�&  3.7. �,*��+!�  *#2%�5,!!&  �"2�/!#<  )(!3#!�<  �%()-���  )-%"�-"%(  

Cu6PS5Br �* $%#)-#%#�#7 3%"$#7 F –43m. 
 

�'�2�!�#  
$#2��+&- 

B*)'  B1 N1 B2 N2 B3 N�  B4 N4 B5 N5 

h1 75 1 75 1 75 2 150 3 225 1 225 
h2 -5 1 -5 1 -5 2 -10 -1 5 1 5 
h3 -5 1 -5 1 -5 2 -10 -1 5 1 5 
h4 -5 1 -5 1 -5 2 -10 -1 5 1 5 
h5 0 1 0 1 0 -1 0 0 0 1 0 
h6 0 1 0 1 0 -1 0 0 0 1 0 
h7 0 1 0 1 0 -1 0 0 0 1 0 
h8 0 1 0 1 0 -1 0 0 0 1 0 
h9 0 1 0 1 0 -1 0 0 0 1 0 
h10 0 1 0 1 0 -1 0 0 0 1 0 
h11 0 1 0 1 0 -1 0 0 0 1 0 
h12 0 1 0 1 0 -1 0 0 0 1 0 
h37 9 1 9 -1 -9 0 0 1 9 1 -9 
h40 9 1 9 -1 -9 0 0 1 9 1 -9 
h41 9 1 9 -1 -9 0 0 1 9 1 -9 
h42 9 1 9 -1 -9 0 0 1 9 1 -9 
h45 9 1 9 -1 -9 0 0 1 9 1 -9 
h47 9 1 9 -1 -9 0 0 1 9 1 -9 
h38 -3 1 -3 -1 3 0 0 -1 3 1 -3 
h39 -3 1 -3 -1 3 0 0 -1 3 1 -3 
h43 -3 1 -3 -1 3 0 0 -1 3 1 -3 
h44 -3 1 -3 -1 3 0 0 -1 3 1 -3 
h46 -3 1 -3 -1 3 0 0 -1 3 1 -3 
h48 -3 1 -3 -1 3 0 0 -1 3 1 -3 

#,����0!-(    =1=4  =2=1  =3=5  =4=13  =5=7 
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�  -�2�(��  3.7 �(�#%()-#�"���()1  !�)-"$!�  $#*!�/,!!& : 

��	RRNR tjt =+= )cos21()(  
Ni=[ �#� [ �,         (3.15) 

+,  [ � – '�%��-,%  4��#3#  $%,+)-���,!!&  *�  
#���1#�(4  	 .� . [67-69]. 

 

��2�(�&  3.7. � . �,*��+!�  *#2%�5,!& �"2�/!#<  )(!3#!�<   

�* $%#)-#%#�#7 3%"$#7 F –43m. 

 

 � + *��+#  
 
�'�2�!�#  $#2��+&- 

B1 B2 B3 B4 B5= B4• B2 

h1 1 1 

��
�

�
		



�
01

10
 

3 
h2 1 1 � 52 
h3 1 1 � 53 
h4 1 1 � 54 
h5 1 1 

��
�

�
		



�
2$0

0$
 

� 55 
h6 1 1 � 56 
h7 1 1 � 57 
h8 1 1 � 58 
h9 1 1 

��
�

�
		



�

$0

0$2

 

� 59 
h10 1 1 � 60 
h11 1 1 � 61 
h12 1 1 � 62 
h37 1 -1 

��
�

�
		



�
10

01
 

� 63 

h40 1 -1 � 66 
h41 1 -1 

�
�
�

�
	
	



�

0

0
2$

$
 

� 67 

h42 1 -1 � 68 
h45 1 -1 

��
�

�
		



�

0

0 2

$

$
 

� 71 

h47 1 -1 � 73 
h38 1 -1 

��
�

�
		



�
10

01
 

� 64 

h39 1 -1 � 65 
h43 1 -1 

�
�
�

�
	
	



�

0

0
2$

$  
� 69 

h44 1 -1 � 70 
h46 1 -1 

��
�

�
		



�

0$

$0 2

 
� 72 

h47 1 -1 � 74 

+, : D=,'%(�2L/3); 
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�#+�  *3�+!# �#%4"�  (2.17) -�  (2.19) 4�-(4,4# : 

 

[ (R)=4[ 1+ [  2+5 [  3+13 [  4+7 [  5     (3.16) 
 
�#*���+  $#�!#3#  �#�(�!#3#  *#2%�5,!!&  -�  $%(�,+,!(  �  (3.16) �(%�*  

#-%(4�!�  +�& )-#��+)#-�#�#3#  *�$#�!,!!&  �)�'  $#*(��  �-#4�  � u. �  %,��1!�  

)-%"�-"%� , -,  &� 2"�#  $%(�,+,!#  �(;,  – !,  -�� . �#4"  +�& 2��16  �#%,�-!#3#  

)(4,-%(/!#3#  #$()"  %#*3�&!,4# $%���*" , &��  4�)-(-1  �-#4  � u -��1�(  �  $#*(��<  

(1). �  -�2�(��  3.8 $%(�,+,!�  %,*"�1-�-(  -��#3#  +#)��+5,!!&  � �(+!# , ;#  �  �1#4"  

�($�+�"  $#�!,  �#�(�!,  *#2%�5,!!& , &�,  #$()"0  �#%,�-!"  ���1��)-1  4#+ 

*�$()"0-1)&  "  �(3�&+� : 

 

[ (R)$%�= 2[  1+2[  3+8[  4+3[  5      (3.17) 
 
��*!(�&  4�5  (3.16) -�  (3.17) #$()"0  )(4,-%�7  $%#4�5!('  (/�)-�#�#  

%,��1!('  *�  %�'"!#�  !,$#�!#3#  *�$#�!,!!&  $#*(��<  (1) � $#*(��<  (2) �-#4#4  � u) 

4#+: 

D[ (R)= 2[  1+[  2+3[  3+5[  4+4[  5      (3.18) 
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��2�(�&  3.8. �,*��+!,  *#2%�5,!!&  +�& $%���*(  )-%"�-"%(  Cu6PS5Br. 
 

	' $#,!#�  
"&/0&/ 

� /"+)$�)+)1#�  "&/0&/ 

�#/��  � : 
[ (R)$%�= 
=2[ 1+2[ 3+8[ 4+3[ 5   

�  -#/��  �   $# $#*(��&' : 
- Br, P, S1: 4,

k
md t=  

- Cu1, Cu2, Cu3, Cu4,Cu5, Cu6: 1 3 4 51/ 6 1/ 6 1/ 2 1/ 3k
md t t t t= + + +  

- S2, S3, S4, S5: 1 3 4 51/ 4 1/ 4 1/ 2 1/ 4k
md t t t t= + + +  

�#/��  > : 
[ (R)$%�=4[ 1+3[ 2+8[ 3+
+2[ 4+11[ 5 

�  -#/��  >  $# $#*(��&' : 
- Br, P, S1: 3 5,

k
md t t= +  

- Cu1, Cu2, Cu5, Cu6: 1 2 3 4 51/ 4 1/ 2 1/ 2 1/ 4 3/ 4k
md t t t t t= + + + +  

- Cu3, Cu4: 1 3 51/ 2 1/ 2k
md t t t= + +  

- S2, S3, S4, S5: 1 2 3 4 51/ 2 1/ 4 1/ 2 1/ 4 3/ 4k
md t t t t t= + + + +  

 �#/��  R: 
[ (R)$%�=10[ 1+3[ 2+ 
+13[ 3 

�  -#/��  R $# $#*(��&' : 
- Br, P, S1, S2: 1 3

k
md t t= +  

- Cu1, Cu2, Cu3, Cu4, Cu5, Cu6, S3, S4, S5: 1 2 32 /3 1/3k
md t t t= + +  

�#/��  W: 
[ (R)$%�=7[ 1+11[ 2+ 
+10[ 3+11[ 4 

�  -#/��  W $# $#*(��&' : 
- Br, P, S1: 1 22k

md t t= +  

- Cu1, Cu2, Cu5, Cu6, S2, S3, S4, S5: 1 2 3 43/ 4 3/ 4 3/ 4 3/ 4k
md t t t t= + + +  

- Cu3, Cu4: 1 2 3 41/ 2 1/ 2k
md t t t t= + + +  

�#/��  Z: 
[ (R)$%�=17[ 1+22[ 2 

�  -#/��  A $# $#*(��&' : - Br, P, S1, Cu1, Cu2: 1 22k
md t t= +  

- Cu3, Cu4, Cu5, Cu6, S2, S3, S4, S5: 1 23/ 2 3/ 2k
md t t= +  

�#/��  D: 
[ (R)$%�=5[ 1+12[ 2+ 
+11[ 3+11[ 4 

�  -#/��  S $# $#*(��&' : - Br, P, S1, Cu3, Cu4: 2 3 4
k
md t t t= + +  

- Cu1, Cu2, Cu5, Cu6: 1 2 3 43/ 4 3/ 4 3/ 4 3/ 4k
md t t t t= + + +  

- S2, S3, S4, S5: 1,4 1 2 3 4( (3)) 1/ 2 1/ 2k
md S t t t t= + + +  

2,3 1 2 3 4( (3)) 1/ 2 1/ 2k
md S t t t t= + + +  

�#/��  L : 
[ (R)$%�= 
=10[ 1+3[ 2+13[ 3 

�  -#/��  D $# $#*(��&' : 
- Br, P, S1, S2: 1 3

k
md t t= +  

- Cu1, Cu2, Cu3, Cu4, Cu5, Cu6, S3, S4, S5: 1 2 32 /3 1/3k
md t t t= + +  

�#/��  S: 
[ (R)$%�=16[ 1+23[ 2 

�  -#/��  L  $# $#*(��&' : 
- Br, P, S1, Cu3, Cu4, S1, S2, S5: 1 22k

md t t= +  

- Cu1, Cu2, Cu5, Cu6, S3, S4:  : 1 23/ 2 3/ 2k
md t t= +  

�#/��  k3: 
[ (R)$%�=39[ 1 

�  -#/��  S $# $#*(��&' : 
- Br, P, S1, S2, S3, S4, S5, Cu1, Cu2, Cu3, Cu4, Cu5, Cu6: 13k

md t=  
�#/��  k2: 
[ (R)$%�=16[ 1+23[ 2 

�  -#/��  k3 $# $#*(��&' : 
- Br, P, S1, Cu3, Cu4, S1, S2, S5: 1 22k

md t t= +  

- Cu1, Cu2, Cu5, Cu6, S3, S4: 1 23/ 2 3/ 2k
md t t= +  

�#/��  k1: 
[ (R)$%�=39[ 1 

�  -#/��  k2 $# $#*(��&' : 
- Br, P, S1, S2, S3, S4, S5, Cu1, Cu2, Cu3, Cu4, Cu5, Cu6: 13k

md t=  
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	-5, , $%#���6(  �  ���)(/!#4"  -�  !�+$%#)-#%#�#4" $�+'#+�'  ���)(������7  

�#�(�!('  4#+ "  �%()-���  Cu6PS5Br 4(  #-%(4��(  !,*��+!,  *#2%�5,!!&  +�& 

$%���*(  )-%"�-"%(  Cu6PS5Br �  -#/��'  � , X, L, W, Z, J , K, ?, k3, k2, k1 

(-�2�(�&  3.8). �  $#%��!&!!�  * ���)(/!(4  4,-#+#4 , %#*+��,!!&  �#�(��!1  �  

!�+$%#)-#%#�#4" $�+'#+�  +#*�#�&0 #��!(-(  ����+  �#5!#3#  �-#4�  �  �#�(��!!&  

�%()-���/!#<  F%�-�( . 

 

 

3.7. �)/�'(!&  +)3+ 0.!*#  �'�*�+)!!)-  $�+.*�.+#  *+#$� '&1  �#".  
 u6PS5Br 

 

��4(  $%#�,+,!#  4,-#+#4  �"!���#!���  3")-(!(  [106] �  "*�3��1!,!#4"  

3%�+�0!-!#4"  !�2�(5,!!�  [107] *�  +#$#4#3#7 $��,-�  $%#3%�4 ABINIT [108] 

%#*%�'"!�(  ,!,%3,-(/!('  )$,�-%��  %�*!('  4#+,�1!('  )-%"�-"% �%()-����  Cu6PS5Br, 

&�� ��+%�*!&�()&  %�*!(4(  �#!��3"%���&4(  $#�#5,!1  �-#4��  S -�  �#!��  Cu, ;#  

*�2,*$,/"7-1  �()#�"  �#!!"  $%#��+!�)-1  [105]. 

.%#�,+,!#  %#*%�'"!#�  *#!!#<  )-%"�-"%(  $%���*(  * �()#�#)(4,-%(/!(4  

%#*-�6"��!!&4  �-#4��  � * #�"$���07  �-#4��  � u $#*(��<  (1, 1, 1/2) (%().3.9). �*  

%#*%�'"!���  /�-�#  �(+!#  ��+)"-!�)-1  *�2#%#!,!#< *#!( . .%(  $#+��16�  *4�!�  

$#*(��  �-#4��  S � Cu 2"�#  #-%(4�!#  -���  *#!!�  )-%"�-"%( : $%( Cu(1) "  $#*(��<  

(0.976, 0.523, 0.523) �,�(/(!�  *�2#%#!,!#< *#!(  %��!�  0.90 , V (%(). 3.10), $%( S "  

$#*(��<  (0.865, 0.378, 0.378) �,�(/(!�  *�2#%#!,!#< *#!(  %��!�  0.39 , V (%().3.11), 

$%( Cu(1) "  $#*(��<  (0.996, 0.503, 0.503) �,�(/(!�  *�2#%#!,!#< *#!(  %��!�  0.56 , V 

(%().3.12), $%( Cu(1) "  $#*(��<  (0.976, 0.523, 0.523) -�  S "  $#*(��&'  (0.865, 0.378, 

0.378) �,�(/(!�  *�2#%#!,!#< *#!(  %��!�  1.31 , V (%().3.13). �!,%3,-(/!�  

)-%"�-"%�  * #�"$���07  �-#4�  Cu $#*(��<  (0.996, 0.996, 0.5), +�0 6(%(!"  

*�2#%#!,!#< *#!(  0.14 , V (%().3.14). 
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E
, e

V
 

 

�
, e

V
 

 
�() . 3.9. �#!!�  )-%"�-"%�  � u6PS5Br 

$%( %#*-�6"��!!�  �-#4�  � u "  $#*(��<  
(1, 1, 1/2) (Eg= 0 , V) [105]. 

�() .3.10. �#!!�  )-%"�-"%�  � u6PS5Br $%( 
%#*-�6"��!!�  �-#4�  � u "  $#*(��<  

(0.976, 0.523, 0.523) (Eg=0.90 , V) [105]. 

�
, e

V
 

 

�
, e

V
 

 

�() .3.11. �#!!�  )-%"�-"%�  � u6PS5Br 
$%( %#*-�6"��!!�  �-#4�  S "  $#*(��<  

(0.865,0.378,0.378) (Eg=0.39 , V) [105]. 

�() .3.12. �#!!�  )-%"�-"%�  � u6PS5Br 
$%( %#*-�6"��!!�  �-#4�  Cu "  $#*(��<  

(0.996, 0.503, 0.503) (Eg=0.56 , V)[105]. 

�
, e

V
 

 

�
, e

V
 

 

�() .3.13. �#!!�  )-%"�-"%�  � u6PS5Br 
$%( %#*-�6"��!!�  �-#4�  Cu "  $#*(��<  
(0.976,0.523, 0.523) (Eg=1.31 , V)[105]. 

�() .3.14. �#!!�  )-%"�-"%�  � u6PS5Br 
$%( %#*-�6"��!!�  �-#4�  � u "  $#*(��<  
(0.996, 0.996, 0.5) (Eg=0.14 , V) [105]. 
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�!���*  $#��*"0 , ;#  �,�(/(!�  *�2#%#!,!#< *#!(  �%()-����  -($"  � u6PS5Br 

�)-#-!#  /"-�(��  +# �(2#%" $#�#5,!1  �-#4��  S -�  �#!��  Cu. �#*%�'#��!�  *!�/,!!&  

*�2#%#!,!#< *#!(  *4�!77-1)&  ��+  !"�&  +# 1.32 , V. 9(%(!�  *�2#%#!,!#< *#!(  

0.19 – 0.59 , V, �  ,�)$,%(4,!-��1!,  *!�/,!!&  (0.3 – 0.4 , V, [104]). .%#�,+,!�  

%#*%�'"!�(  ���*"7-1  !�  &��)!"  )-�2��1!�)-1  *�3��1!#<  ��%-(!(  ,!,%3,-(/!('  *#!  

$%( *4�!�  �#!��3"%���  �-#4��  S � Cu � �  -#  5,  /�)  ��+#2%�5�7-1  �)-#-!"  *4�!"  

�,�(/(!(  *�2#%#!,!#< *#!(  �  *��,5!#)-�  ��+  $#*(�� !#3#  �$#%&+�"��!!&  

)-%"�-"% �%3�%#+(-��. 
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�#$!)1*#  /)  +)3/&'.  3 

 

1. .%#�,+,!#  #$()  �%()-���/!#<  )-%"�-"%(  )"$,%�#!���  Cu6PS5Br &� �  �"2�/!�  

-��  � "  4#!#���!!�  )(!3#!�&' . �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�< 

$%,+)-���,!#  3d-4�%!(  #$()  F%�-�( Cu6PS5Br * $%(%#+!#7 (4�  ´  4�  ´  0) – 

!�+F%�-�#7 . .%,+-���,!#  32 �,�-#%(  4#+"�&��< , ;#  %#*$�+�7-1)& !�  10 

*�%#�, -�  32-� 4#5�(��  $#*(��  �-#4�� , ;#  %#*$�+�7-1)& !�  10 #%2�-. 

�#*� ’&*�!#  )()-,4"  %��!&!1 ��+!#)!#  �4$��-"+  4�)#�('  4#+"�&�� !('  

�"!���  +�& )"$,%�#!���  Cu6PS5Br. ���,+,!(  %#*�’&*#� *�+�0  2,*+,�,�-!"  

"*�3��1!,!"  )-%"�-"%" . 

2. �+� )!,!#  �  ���)(/!#4"  -�  !�+$%#)-#%#�#4" $�+'#+�'  ���)(������7  

�#�(�!('  4#+ "  �%()-���  Cu6PS5Br. ��+$%#)-#%#�(  $�+'�+  +#*�#�(�  

#��!(-(  ����+  �#5!#3#  �-#4�  �  �#�(��!!&  �%()-���/!#<  F%�-�(  (-�2� . 3.8). 

3. .#2"+#��!#  +()$,%)�7  �#!#!!#3#  )$,�-%"  �%()-��"  Cu6PS5Br $%( 

%#*%�'"!�"  ���)!('  *!�/,!1  �%()-��"  Cu6PS5Br �(2%��6(  !�)-"$!�  )(�#��  

�#!)-�!-( : =1=114 � /4, =2=2.4 � /4, =3=0.8 � /4, =4=0.6 � /4, =5=0.5 � /4, 

=6=0.6 � /4. .#%��!&!!&  %#*%�'#��!('  !�4(  +()$,%)� !('  �%(�('  * +�!(4(  

�#42�!��� !#3#  %#*)�7��!!&  -�  * +�!(4(  $,%6#$%(!�($!('  %#*%�'"!���  

�%()-����  Cu6PS5Br (-�2� . 3.4, %(). 3.7) $#��*��# , ;#  %,*"�1-�-(  +#2%, 

"*3#+5"7-1)&  4�5  )#2#7 . 

4. 	-%(4�!#  %#*%�'"!�(  +()$,%)�< �#!#!��  �%()-��"  Cu6PS5Br, �  �#!�,$��<  

!�+$%#)-#%#�#< )(4,-%�<, +�& 4#+,�,  * �(+��,!!&4  $,�!('  �#4$#*(�� !('  

)-%"�-"%!('  "-�#%,!1 , 6�&'#4  *�!"�,!!&  +,&�('  4�)#�('  '�%��-,%()-(�  

$�+)()-,4 : a) – MBr=0; b) – MBr=0, MCu=0; c) – MBr =0, MCu=0, MS(1)=0. 

5. .%#�,+,!#  ab initio %#*%�'"!�(  ,�,�-%#!!('  )$,�-%��  $,�!('  4#+,�1!('  

)-%"�-"% �%()-����  Cu6PS5Br, &�� ��+%�*!&�()&  %�*!(4(  �#!��3"%���&4(  

$#�#5,!1  �-#4��  S -�  �#!��  Cu, ;#  *�2,*$,/"7-1  �()#�"  �#!!"  $%#��+!�)-1 . 

�(*!�/,!�  *!�/,!!&  *�2#%#!,!#< *#!( , $%( �1#4" , *4�!7���()&  ��+  !"�&  +# 

1.32 , V. .%#�,+,!�  %#*%�'"!�(  ���*"7-1  !�  *��,5!�)-1  �,�(/(!(  

*�2#%#!,!#< *#!(  ��+  *4�!(  $#�#5,!1  �-#4��  S � Cu. 
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�����  4. ������  	������C�  
��	�
�  ��  ��
��

��  

��������  ����	  	��������
����  
 42 ��  
 30 

 

4.1. �$!)1!&  1&/)2)$�& "+)  �.'�+�!#  

 

�  1985 %#�� 3%"$� +#)��+!(���  – �#2,%-  
,%� , >�%#�+ 
%#-#, �(/�%+  

�4#��� , >�-  � 	 ’@%� ,! – +#)��+5"���(  4�) -)$,�-%(  $�%�� 3%���-" , #-%(4�!('  

$%( ��*,%!#4"  #$%#4�!,!!�  -�,%+#3# *%�*�� , � �(&�(�(  $��( , ;#  ��+$#��+�7-1  720 

� 840 �-#4!(4  #+(!(�&4  4�)( . �#!(  $%($")-(�( , ;#  +�!�  $��(  ��+$#��+�7-1  

4#�,�"��4  C60 � C70 � �()"!"�(  3�$#-,*" , ;#  4#�,�"��  C60 4�0  �#%4"  ")�/,!#3#  

��#)�,+%�  )(4,-%�< Ih, �  C70 — 2��16  �(-&3!"-"  ,��$)#<+��1!"  �#%4"  )(4,-%�< D5h. 

.#��,+%(/!�  ���)-,%(  �"3�,�7  #+,%5��(  !�*�"  �"�,%,!� , �  !� $#6(%,!�6�  

4#�,�"��  C60 — 2��4�!)-,%�"�,%,!�  (%().4.1), *�  �4,!,4  �4,%(��!)1�#3#  

�%'�-,�-#%�  @��4�!)-,%�  :"��,%� , ;#  *�)-#)#�"���  +�& 2"+����  �"$#���  )�#<'  

2"+(!���  $'&-(- � 6,)-(�"-!(�( , ;#  0 #)!#�!(4(  )-%"�-"%!(4(  ,�,4,!-�4(  

4#�,�"�&%!('  ��%��)��  ")�'  �"�,%,!�� .  

 

 

�() . 4.1. :"�,%,!  C60 [109]. 

 

	-5, , :"�,%,!(  – 4#�,�"�&%!�  )$#�"�( , ;#  !��,5�-1  +# ���)"  ��#-%#$!('  

�#%4 �"3�,�7  � &��&7-1  )#2#7  #$"���  *�4�!"-�  2�3�-#3%�!!(�( , &�� )���+,!�  * 

$�%!#3# /()��  -%1#'�##%+(!#��!!('  �-#4��  �"3�,�7  (%().4.1). 

���+  *�*!�/(-( , ;#  ��+�%(--&  �"�,%,!��  4�0  )�#7  $,%,+�)-#%�7: 

4#5�(��)-1  <'!1#3# �)!"��!!&  2"��  $,%,+2�/,!�  ;,  �  1971 %#�� �  8$#!�<   



118 
 
-,#%,-(/!#  #2F%"!-#��!�  �  1973 %#�� �  �#)�< . ��  ��+�%(--&  �"�,%,!��  
%#-#, 

�4#���    
,%�"  �  1996 %#�� 2"��  $%()"+5,!�  �#2,���)1��  $%,4�& $# '�4�< .  

.%#-&3#4 %&+" %#��� ��  )$#�"�(  �!-,!)(�!#  �(�/��(  �  ��2#%�-#%�&' %�*!('  

�%�<!, !�4�3�7/()1  ")-�!#�(-(  "4#�(  <'!1#3# "-�#%,!!& , )-%"�-"%" , ���)-(�#)-�  

  4#5�(��  )�,%(  *�)-#)"��!!& . �)-�!#��,!# , *#�%,4� , ;#  �"�,%,!(  �  *!�/!�  

���1�#)-�  !�&�!�  �  )�5� , ;#  "-�#%70-1)& �  +"3#�#4"  %#*%&+� !�  3%���-#�('  

,�,�-%#+�'  – <' %�!�6,  $%#)-# !,  *�"��5"���( . 

�  4#�,�"��'  �"�,%,!��  �-#4(  �"3�,�7  %#*-�6#��!�  "  �,%6(!�'  

$%��(�1!('  6,)-( - � $'&-(�"-!(��� , * &�('  )���+,!�  $#�,%'!&  )�,%(  �2#  ,��$)#<+ . 

��4(  )(4,-%(/!(  � !� 2��16  $#�!#  �(�/,!(  $%,+)-��!(�  )�4, )-��  

�"�,%,!��  — 60-�"�,%,!  (C60), "  &�#4"  �"3�,�,��  �-#4(  "-�#%77-1  

2�3�-#3%�!!(� , ;#  )���+�0-1)&  * 20 6,)-(�"-!(���  � 12 $'&-(�"-!(���  � !�3�+"0  

�"-2#�1!(  4 '&/ (%(). 4.1). �,%,*  -,  ;#  �#5!(  �-#4  �"3�,�7  �"�,%,!�  C60 

!��,5(-1  #+!#/�)!#  +�#4  6,)-( - � #+!#4"  $'&-(�"-!(�" , -# �)�  �-#4(  �  C60 

,������,!-!� , ;#  $�+-�,%+5"0-1)& )$,�-%#4  &+,%!#3# 4�3!�-!#3#  %,*#!�!)"  

(8�� ) �*#-#$"  C13 — ��!  4�)-(-1  ")1#3# #+!"  ��!�7 . 	+!��  !,  �)�  *� '&*�(  C–�  

4�7-1  #+!��#�"  +#�5(!" . �� '&*#� C=C, ;#  0 )$��1!#7  )-#%#!#7  +�& +�#'  

6,)-(�"-!(��� , )-�!#�(-1  1.39Å, �  *� '&*#� C–� , )$��1!(  +�& 6,)-( - � 

$'&-(�"-!(�� , +#�6(    +#%��!70 1.44Å. 
%�4  -#3#, *� '&*#� $,%6#3# -($"  

$#+�� !( , �  +%"3#3# – #+(!�%!( , ;#  �)-#-!#  +�& '�4�<  �"�,%,!�  � 60. 

��)-"$!(4  $# $#6(%,!#)-�  0 �"�,%,!  C70, ;#  ��+%�*!&0-1)& ��+  �"�,%,!�  

C60 �)-���#7  $#&)� * 10 �-#4��  �"3�,�7  �  ,���-#%���1!"  #2��)-1  C60, "  %,*"�1-�-�  

/#3# 4#�,�"��  C70 �(&��&0-1)&  �(-&3!"-#7  � !�3�+"0  )�#07  �#%4#7  4 '&/ +�& 3%( 

�  %,32�. 

���  *��!�  �(;�  �"�,%,!( , ;#  4�)-&-1  2��16,  /()�#  �-#4��  �"3�,�7  (+# 400), 

"-�#%77-1)&  �  *!�/!#  4,!6('  ���1�#)-&'  � /�)-#  4�7-1  +#)(-1  )���+!"  �*#4,%!"  

)-%"�-"%" . �,%,+  !� 2��16  �(�/,!('  �(;('  �"�,%,!��  4#5!�  �(+��(-(  Cn, n=74, 

76, 78, 80, 82 � 84. 


#!+,!)#��!�  )()-,4( , ;#  )���+�7-1)&  * 4#�,�"�  �"�,%,!�� , !�*(��7-1)&  

�"�,%(-�4( . �#)��+5,!!&  �%()-����  �(;('  �"�,%,!��  "-%"+!,!�  )���+!�)-7  
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<'!1#3# #+,%5�!!& . �-#4(  �"3�,�7  �  4#�,�"��  �"�,%,!�  *� '&*�!�  X- � L- *� '&*��4( , 

"  -#  /�)  &� '�4�/!#3#  *� '&*�"  ("  *�(/� !#4"  *4�)-�  �1#3# )�#�� ) 4�5  #�%,4(4(  

4#�,�"��4(  �"�,%,!��  "  �%()-���  !,4�0 . �#4"  �  �#!+,!)#��!�  )()-,4�  #�%,4� 

4#�,�"�(  *2,%�3�7-1 )�#7  �!+(��+"��1!�)-1  (;#  ��5�(�#  $%( %#*3�&+� 

,�,�-%#!!#<  )-%"�-"%(  �%()-��� ). �#�,�"�(  �-%(4"7-1)&  �  �%()-���  )(��4(  

��! -+,%-���1)� , �(*!�/�7/(  *!�/!#7  4�%#7 4��%#)�#$�/!�  ���)-(�#)-�  -�,%+#3# 

C60. 

.%(  ��4!�-!('  -,4$,%�-"%�'  �%()-��  C60 4�0  3%�!,�,!-%#��!"  �"2�/!"  

(��
 ) %,6�-�"  * $#)-� !#7  F%�-�(  1.415 !4 , ��,  $%( *!(5,!!�  -,4$,%�-"%(  

��+2"��0-1)&  ��*#�(  $,%,'�+  $,%6#3# %#+" (� �% » 260 
 ) � �%()-��  C60 4�!&0 )�#7  

)-%"�-"%"  !�  $%#)-" �"2�/!"  ($#)-� !�  %,6�-�(  1.411 !4 ). .%(  -,4$,%�-"%�   

�  > � �% 4#�,�"�(  C60 '�#-(/!#  #2,%-�7-1)& !���#�#  )�#3# �,!-%�  %��!#��3( , �  

$%( *!(5,!!�  -,4$,%�-"%(  +# �%(-(/!#<  – +��  #)�  #2,%-�!!&  *�4#%#5"7-1)& . 

.#�!,  *�4#%#5"��!!&  #2,%-�!1  ��+2"��0-1)&  $%( 165 
 . 
%()-���/!�  2"+#��  C70 

$%( -,4$,%�-"%�'  $#%&+�" ��4!�-!#<  +#���+!#  +#)��+5"����)&  �  %#2#-� [110]. 8�  

�(+!#  * %,*"�1-�-��  ��0< %#2#-(, �%()-��(  +�!#3#  -($"  4�7-1  #2’04#�,!-%#��!"  

(	�
 ) %,6�-�"  * !,�,�(�#7  +#4�6�#7  3,�)�3#!��1!#<  ��*(  [109, 111]. 

�� 2��16  ,�,�-(�!(  )$#)�2  #+,%5�!!&  �"�,%,!��  *�)!#��!(  !�  

-,%4�/!#4"  %#*���+�!!�  3%���-" . .%(  #$-(4��1!('  "4#��'  3,!,%���<  4#�,�"�  

�"�,%,!��  !�3%���!!&  3%���-"  $#�(!!,  2"-(  $#4�%!(4 , "  %,*"�1-�-�  /#3# 

$%#+"�-(   #3# %#*$�+" 2"+"-1  )���+�-()&  �* �%�34,!-�� , ;#  0 ,�,4,!-�4(  

)-%"�-"%(  4#�,�"�  �"�,%,!�� . .%(  �1#4"  %" !"7-1)&  *� '&*�(  4�5  #�%,4(4(  

6�%�4(  3%���-" , ��,  !,  ��+2"��0-1)&  %#*���+�!!&  �"3�,�7 , ;#  �($�%#�"0-1)& , !�  

#�%,4� �-#4( . .%(  �('  "4#��'  �($�%#�"0-1)&  3%���- , ;# , )���+�0-1)&  �* 

�%�34,!-�� , ;#  ���7/�7-1  6,)-(�"-!�  �#!��3"%���<  �-#4��  �"3�,�7 . �*  �('  

�%�34,!-��  � ��+2"��0-1)&  )���+�!!&  4#�,�"�(  C60 � �!6('  �"�,%,!�� . ��&  

%#*���+�!!&  3%���-"  $%( #+,%5�!!�  �"�,%,!��  �(�#%()-#�"7-1  &� ,�,�-%(/!,  

!�3%���!!&  3%���-#�#3#  ,�,�-%#+� , -��  � ��*,%!,  #$%#4�!,!!&  $#�,%'!�  3%���-" . 

��+�%(--&  �"�,%,!��  $%(�,%!"�#  "��3"  ��'�����  �  #2��)-�  )(!-,*"  6-"/!('  

��4�*�� . .,%,-�#%,!!&  �%()-���/!#3#  �"�,%,!�  �  ��4�*  ��+2"��0-1)&  $%( *!�/!#  
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4 '&�6('  "4#��' , !�5  "  �($�+�"  -%�+(�� !#  �(�#%()-#�"��!#3#  +�& ��0< 4,-(  

3%���-" . �,'�!�/!�  ���)-(�#)-�  �"�,%,!��  +#*�#�&7-1  �(�#%()-#�"��-(  <' "  

&�#)-�  �()#�#,�,�-(�!#<  -�,%+#< *4�*�(  [112]. 

D -,'!#�#3�/!�  $%( #4(  *�  +#$#4#3#7 &�('  �"�,%,!(  C60 4#5!�  

�(-&3"��-(  �  -%"2�( , *#�!�6!�  +��4,-%  &�('  )-�!#�(-1  0.7 !�!#4,-%� , �  

�!"-%�6!�  – 0.5 !�!#4,-%� . �#2-#  !�  #+!#4"  ���+%�-!#4"  4���4,-%�  $#4�)-(-1)&  

$#!�+  4��1 #!  -��('  -%"2#� (%().4.2). 

��!#-%"2��  – �,  4#�,�"��  �* 2��16  !�5  4���#!!�  �-#4��  �"3�,�7 , ;#  

$%,+)-���&0  )#2#7  -%"2�"  +��4,-%#4  2��& !�!#4,-%�  -�  +#�5(!#7  +,���1��  

+,)&-���  4��%#! . ��  )-�!��'  -%"2�(  �-#4(  �"3�,�7  %#*-�6#��!�  !�  �,%6(!�'  

$%��(�1!('  6,)-(�"-!(��� . 

�'  "5,  !��/(�()&  *�$#�!7��-(  %�*!#4�!�-!(4(  %,/#�(!�4(  -�  ,�,4,!-�4( . 

��  )1#3#+!� ��-(�!#  $%#�#+&-1)& +#)��+5,!!&  4#5�(�#)-�  <' *�)-#)"��!!&  �  

%�*!#4�!�-!('  3��"*&'  �7+)1�#<  +�&�1!#)-� . �%"2�(  +#)(-1  -�,%+�   5#%)-�� , 

4��!� , -,$�# - � ,�,�-%#$%#��+!� . .%#�,)#%  ��/�%+  �4#��� , #+(!  �* ��+�%(��/��  

�"�,%,!�� , ���5�0 , ;#  �#�#�!�  * -��('  -%"2#� 2"+"-1  4��!�6(4(  *�  )-��1 , <' 

4#5!�  2"+,  �(�#%()-#�"��-(  +�& )-�#%,!!&  ��2,���  +�& �#)4�/!('  ���,  /(  +�& 

*�4�!(  �)�'  ��!�  ,�,�-%#$,%,+�/  "  )��-� . 

 

�() . 4.2. �-%"�-"%�  �"3�,�,�#<  !�!#-%"2�( , &��  %#*�%��!� * #+!#3# ��!�& . 

 

�%"2�( , �%�4 �!6('  $,%,��3 , 4�7-1  '#%#6"  $%#��+!�)-1 , -�  &�;#  <' 

*3#%!"-(  /(  *�3!"-(  $�+ $,�!(4  �"-#4 , �#!(  )-�7-1  !�$��$%#��+!(��4( . ���(4  

/(!#4 , �#42�!"7/(  !�2�% -%"2#�, 4#5!�  !�  !�!#%��!�  *2(%�-(  %�*!#4�!�-!�  

,�,�-%(/!�  ��!�73( . �  �,  �5,  2"+,  !,  4��%#,�,�-%#!��� , �  !�!#,�,�-%#!��� , +,  !�  
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#+!#4"  ���+%�-!#4"  4���4,-%�  4#5!�  $#4�)-(-(  ,�,�-%(/!"  )',4"  * 4��1 #!#4  

�"!���#!��1!('  ,�,4,!-��  [113]. �"-  <'!1#7  $,%,��3#7  �  $#%��!&!!�  �* 

-%�+(�� !(4  �%,4!�04  0 4��(  /�)  �#-#��+3"�"  (#+(!(��  !) ). 	+!��  �)-#-!(4  

!,+#���#4  �(&�(�)&  �$�(�  �()!7  !�  $%#��+!�)-1  $���#�  �"�,%,!��  �, #-5, , 

�(!(���  !,#2'�+!�)-1  "  *�'()!('  $#�%(--&'  [109].  

�(!�  -%(��7-1  %#2#-( *� )-�#%,!!&  $�#)�('  ,�%�!��  (+()$�,<� ) * 

'#�#+!(4(  ��-#+�4( , +,  %#2#/(4 -��#4  2"+"-1  �"3�,�,��  !�!#-%"2�( , &�� 4�7-1  

�()#��  ,4�)� !�  ���)-(�#)-�  $%( !,*!�/!('  ,�,�-%(/!('  $#�&' . ��  3�2�%(-�4(    

%��!,4  )$#5(-#<  $#-"5!#)-�  -���  4#!�-#%(  )"--0�#  $,%,�,%6"��-(4"-1  

-%�+(�� !�  �()#�#�#�1-!�  ��!,)�#$( , �  *�  &)�%���)-7  � �"-#4  *#%" — +#%#3� 

+()$�,<  !�  %�+�('  �%()-���'  [113]. ���#5  �"�,%,!(  �(�#%()-#�"7-1  &� #)!#�"  

+�& �(%#2!(�-��  ��"4"�&-#%!('  2�-�%, . ��  2�-�%,< �  2�3�-1#'  ��+!#)(!�'  

�!��#3�/!�  6(%#�#  %#*$#�)7+5,!(4  4,-��# -3�+%(+!(4 !��,�,�(4  

��"4"�&-#%�4 , #+!��  �#�#+�7-1  !�  ��+4�!"  ��+  #)-�!!�'  *+�-!�)-7  *�$�)�-(  �  

$'&-1 %�*�� 2��16,  ,!,%3�<. ����  2�-�%,< '�%��-,%(*"7-1)&  2��16  �()#�#7  

,�,�-(�!�)-7 , 4��#7  ��3#7 , ,�#�#3�/!#7    )�!�-�%!#7  2,*$,�#7  �  $#%��!&!!�  * 

!� 2��16  $%#)"!"-(4(  �  �1#4"  $��!�  ��"4"�&-#%�4(  !�  #)!#��  ��-�7  [112]. 

 

 

4.2. 
)3+ 0.!)*  /#$"�+$&- �)!)!!#0  $"�*�+&1  *1 3&�.'�+#�&1  C42 & C30  

�  -0 *)'#1!�  3)%+ 7�!!:  

 

�(;,)��*�!,  � )-��#  $%(/(!#7  +�& %#*3�&+" �"�,%,!#$#+�2!('  )-%"�-"% "  

��  %#2#-�. ���5�7/(  !�  -, , ;#  !��,+,!�  #2%�'"!�(  #24,5,!�  )-%"�-"%�4(  * 

(8� ´ 8� ´ 8� )-!�+F%�-�#7 , -# %#*3�&+ %,��1!#3#  �"�,%,!�  C60 !,4#5�(�#  $%#�,)-( . 

�#4" , "  �1#4"  %#*+��� %#*3�&!,4# 4#+,�� , -��  *��!�  ���*��"�,%(-(  C42 � C30, 

���1��)-1  �-#4��  &�('  +#*�#�&0 #$()�-(   #3#, &� )-%"�-"%"  * (8� ´ 8� ´ 8� )-

%,6�-�#7 . 

�#*3�&+ ���*��"�,%(-�  C30 *"4#��,!(  -(4 , ;# , !,*��5�7/(  !�  2�(*1��)-1  

���*��"�,%(-�  C42 +# �"�,%,!�  C60 *�  ���1��)-7  �-#4�� , %,6�-��  "  !1#4"  -,%$(-1 
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$,�!"  +,�#%4���7  $# �#%4�, &��  *"4#��,!�  4��#7  ���1��)-7  �"*���  "  (8� ´ 8� ´ 8� ) 

!�+F%�-�� . ���(4  /(!#4 , 0 +#���1!(4  #$()�-(  !� 2��16  2�(*1�(  � 

!,+,�#%4#��!(  ���*��"�,%(-  – C30 (%(). 4.3). 

 

 

 

�() . 4.3. �#*4�;,!!&  �-#4��  "  ,�,4,!-�%!�   

�#4�%��  ���*��"�,%(-"  C30. 

 


%()-���/!�  )-%"�-"%�  ���*��"�,%(-"  � 30 #$()"0-1)&  $%#)-#%#�#7 3%"$#7 

	 h (Pm-3m) [114]. .#�#5,!!&  �-#4�� , ;#  !,  *4�!77-1  )�#0  $#�#5,!!&  $�+ +�07 

,�,4,!-��  )(4,-%�< ��0< $%#)-#%#�#< 3%"$( !��,+,!�  "  -�2�(��  4.1. 

 

��2�(�&  4.1. .#�#5,!!&  �-#4��  �"3�,�7  ,�,4,!-�%!#<  �#4�%�(  

 ���*��"�,%(-�  � 30. 

 
(x,y,z) (x,y,z) (x,y,z) (x,y,z) 

(a,2a,2a) 
(-a,2a,2a) 
(a,-2a,2a) 
(a,2a,-2a) 
(-a,-2a,2a) 
(-a,2a,-2a) 
(a,-2a,-2a) 
(-a,-2a,-2a) 

(2a,a,2a) 
(-2a,a,2a) 
(2a,-a,2a) 
(2a,a,-2a) 
(-2a,-a,2a) 
(-2a,a,-2a) 
(2a,-a,-2a) 
(-2a,-a,-2a) 

(2a,2a,a) 
(-2a,2a,a) 
(2a,-2a,a) 
(2a,2a,-a) 
(-2a,-2a,a) 
(-2a,2a,-a) 
(2a,-2a,-a) 
(-2a,-2a,-a) 

(3a,0,0) 
(0,3a,0) 
(0,0,3a) 
(5a,0,0) 
(0,5a,0) 
(0,0,5a) 
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��,4,!-�%!�  �#4�%��  ���*��"�,%(-�  � 42 4�)-(-1  ;,  +#+�-�#��  12 �-#4��  

�"3�,�7 , ;#  %#*-�6#��!�  "  $#*(��&' : (2a,2a,0), (-2a,2a,0), (2a,-2a,0), (-2a,-2a,0), 

(2a,0,2a), (-2a,0,2a), (2a,0,-2a), (-2a,0,-2a), (0,2a,2a), (0,-2a,2a), (0,2a,-2a), (0,-2a,-2a). 

	2%�'"!�(  $%#�#+&-1)& "  ),%,+#�(;�  Maple, &�,  4�)-(-1  ")�  !,#2'�+!�  

��3,2%�</!�  -�  �,�-#%!�  #$,%���<. 

��!�6,  4(  �5,  !��#+(�(  4,-#+(�"  %#*%�'"!�"  �#!#!!('  )$,�-%��  

(%#*+�� 2.3) �(�#%()-#�"7/(  4�-,4�-(/!(  $��,-  Maple. @��16 +,-��1!#  

4,-#+(��  %#*%�'"!�"  �#!#!!('  )$,�-%��  )�4,  +�& ���*��"�,%(-��  !��,+,!�  "  

+#+�-�"  1 [114-116]. 

�  %,*"�1-�-�  %#*%�'"!��� , 4(  #-%(4��(  !�)-"$!"  +()$,%)�7  �#!#!!('  

)$,�-%��  +�& ���*��"�,%(-"  C42:  

 

 

�() . 4.4. �()$,%)�&  �#!#!!('  )$,�-%��  ���*��"�,%(-"  C42, %#*%�'#��!�  $%( 

�(2#%� )(�#�('  �#!)-�!-  %��!(' : =1=1200 � /4, =2=690 � /4, =3=533 � /4,  

=4=480 � /4 [114-116]. 
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.,%,��%��  !�  ��%!�)-1  %#*%�'"!��� , %,*"�1-�-#4  &�#< 0 �(�,+,!!&  ���1�#)-�  

��-#�  )$,�-%"  /�)-#-  � ���1�#)-�  �-#4��  "  )-%"�-"%� , +���  126 ��-#�  +�& 42-'  �-#4�� . 

@�/(4# , ;#  �  !�)  ��-#�  "  3 %�*( 2��16,  !�5  �-#4�� , &� � $,%,+2�/�0-1)&  -,#%�07 

[117, 118]. �,&��  +#+�-�#��  �!���*(  $#��*"7-1  !�&�!�)-1  -%1#' ��")-(/!('  ��-#� , 

+��  * &�('  "  !�$%&4� � ->  0 �(%#+5,!(4( , ;#  -��#5  +#�#+(-1  $%��(�1!�)-1  !�6('  

%#*%�'"!��� . D *4�)-  $#%��!&-(  #-%(4�!�  +()$,%)� !�  �%(��  �* %,*"�1-�-�4(  

#2%�'"!���  +�& +�#6�%#�('  �"3�,�,�('  !�!#-%"2#� , &�� #$()�!�  "  [118]: 

 

�() .4.5. �()$,%)�&  �#!#!!#3#  )$,�-%"   

+�#6�%#�('  �"3�,�,�('  !�!#-%"2#�  [118]. 

 

@�/(4# , ;#  #-%(4�!�  +()$,%)� !�  �%(��  &��)!#  $#�-#%77-1  %,*"�1-�-(  

+�#6�%#�('  �"3�,�,�('  !�!#-%"2#�  (!�$%(���+ : 0,1, V\ 807,75)4 -1). 

���#5 , �('#+&/(  * -#3#, ;#  *�3��1!"  ���1��)-1  �-#4��  )-%"�-"%(  � 42 4#5!�  

*3,!,%"��-(  �* +,� ’&-(  �-#4��  #%2�-: [3� ,0,0], [0,3� ,0], [0,0,3� ], [2� ,2� ,0], [2� ,0,2� ], 

[0,2� ,2� ], [2� ,2� ,� ], [2� ,� ,2� ], [� ,2� ,2� ], +(!�4�/!�  4�-%(��  $%#-#�%()-��"  D�� (k+qi) 

%#*%�'#�"���()1 , * �%�'"��!!&4  /#-(%1#'  �##%+(!��� !('  3%"$, &�� %#*-�6#��!�  

!�  ��+)-�!&'  2a , 22a , 24a , 25a  -�  �(2%�!('  !�)-"$!('  )(�#�('  

$#)-� !(' : 1200 � /4, 690 � /4, 533 � /4 -�  480 � /4 ��+$#��+!# . 

.#2"+"04#  $#�!,  �#�(�!,  *#2%�5,!!&  +�& +�!#3#  �%()-��" . ��&  �1#3# 

�(�#%()-�04#  $%#)-#%#�" 3%"$" Oh *�  
#���1#�(4  	 .� . [67-69].  

 �#+�  *3�+!# �#%4"�  (2.17) - (2.19) %#*+��" 2.4 4�-(4,4# : 
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( ) 10987654321 1074378624 ttttttttttt +++++++++=R   (4.1) 

 

+,  [ 1, [ 2, [ 6, [ 7 - #+!#�%�-!#  �(%#+5,!�  !,*��+!�  *#2%�5,!!& , [ 3, [ 8 - +�#�%�-!#  

�(%#+5,!� , �  [ 4, [ 5, [ 9, [ 10 - -%1#'�%�-!#  �(%#+5,!�  !,*��+!�  *#2%�5,!!& . �  

%,*"�1-�-�  4(  #-%(4"04# 126 +()$,%)� !('  ��-#�  +�& 42 �-#4!#3#  ���*��"�,%(-"  

� 42, ;#  -��#5  ����#4  $�+-�,%+5"0  ��%!�)-1  %#*%�'"!���  (%(). 4.5). 

 

	-%(4��6(  +()$,%)�7  �#!#!!#3#  )$,�-%"  ���*��"�,%(-�  C42, 4#5,4#  

%#*3�&!"-(  *4�!( , &�� $#-%�2!# ��,)-(  "  $%#3%�4", ;#2  #2/()�(-(  )$,�-%  

�#!#!��  +�& )-%"�-"%(  C30 [114-116]. 8�  ���*�!#  "  +#+�-�"  1, +�!�  $%#3%�4� 

!�$()�!�  �* �(�#%()-�!!&4  $%(!�($"  "!��,%)��1!#)-�  $%#3%�4"��!!& , -#4"  �)�  

*4�!(  "  $%#3%�4� )-#)"7-1)&  �(6,  $,%6#< << /�)-(!(  – +,  *�+�7-1)&  )-�%-#��  

"4#�( . 

���(4  /(!#4 , !�4  $#-%�2!# �!,)-(  -���  *4�!( : 

 

pkoor:=[3,0,0],[0,3,0],[0,0,3],[2,2,1],[1,2,2],[2,1 ,2]: 
mkoor:=mc,mc,mc,mc,mc,mc: 
pkc:=6: 
atomc:=30:  

 
�  %,*"�1-�-�  #-%(4�04# 3%����  +()$,%)�< �#!#!!#3#  )$,�-%"  ���*��"�,%(-�  

C30, &�(  !��,+,!(  !�  %(). 4.6. 

���#5  $%#���6(  �!��#3�/!�  %#*%�'"!�(  +�& �#�(�!#3#  *#2%�5,!!& , 

#-%(4�04# !,*��+!,  *#2%�5,!!&  ���*��"�,%(-�  � 30 �  -#/��  �  *#!(  @%���7,!� : 

 

10987654321 75325643)( ttttttttttt +++++++++=R   (4.2) 

 
+,  [ 1, [ 2, [ 6, [ 7 — 7 #+!#�%�-!#  �(%#+5,!('  +()$,%)� !('  ��-#� , [ 3, [ 8 —

7 +�#�%�-!#  �(%#+5,!('  ��-#� , �  [ 4, [ 5, [ 9, [ 10 —23 -%1#'�%�-!#  �(%#+5,!('  

+()$,%)� !('  ��-#� , ;#  +�0 90 +()$,%)� !('  ��-#�  +�& 30 �-#4!#3#  ���*��"�,%(-"  

� 30. �,  -��#5  $�+-�,%+5"0  ��%!�)-1  !�6('  %#*%�'"!��� . 
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�() . 4.6. �()$,%)�&  �#!#!!('  )$,�-%��  ���*��"�,%(-"  C30, %#*%�'#��!�  $%( 

�(2#%� )(�#�('  �#!)-�!-  %��!(' : =1=1200 � /4, =2=690 � /4, =3=533 � /4,  

=4=480 � /4 [114-116]. 

 

�#*3�&+ � �!���*  #-%(4�!('  %,*"�1-�-��  *�2,*$,/"0  -��#5  4#5�(��)-1  #$()"  

�  $#*(��&'  )-%"�-"%(  $#%&+ * 4�)#�(4(    �!6('  ��*(/!('  '�%��-,%()-(� , -��('  

&� �,�-#%  *4�;,!!& . �,  �  )�#7  /,%3", +#*�#�&0 +#)��+5"��-(  *4�!"  )(4,-%�< $%( 

%�*!#3# %#+" ��*#�('  $,%,'#+�' . 8�!(  �(3�&+  4�)#�#<  4#+"�&�� !#<  �"!���<  

�(*!�/�-(4,  )-%"�-"%"  "*�3��1!,!#<  +(!�4�/!#<  4�-%(��  )���+!#3#  �%()-��� , ;#  

+#*�#�&0 +#)��+5"��-(  )$,�(���"  �#!#!!('  )$,�-%��  %,/#�(!  -($"  

���*��"�,%(-��  � 42 -�  � 30. 
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�#$!)1*#  /)  +)3/&'.  4 

 

1. �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�< #$()�!#  )-%"�-"%"  ���*��"�,%(-��  � 42 � 

� 30 &� .
�  * (8� ´ 8� ´ 8� ) – !�+F%�-�#7 . ��$()�!#  $#�!"  4!#5(!"  �##%+(!�-  

�"*���  F%�-�(  +�& -%1#'�(4�%!#< %,6�-�(  -($"  (8� ´ 8� ´ 8� ) ���*��"�,%(-�  (512 

�##%+(!�-  �"*���  F%�-�() -�  << 4#+"�&�� !�  �,�-#%(  (512 4#+"�&�� !('  

�,�-#%�� ). 

2. ��&  %#*3�&!"-#< 4#+,��  ���*��"�,%(-��  � 42 � � 30 %#*%�'#��!#  �#!#!!�  )$,�-%(  

"  �()#�#)(4,-%(/!('  !�$%&4��'  (� –X–M–R–� –M) (%(). 4.4, %(). 4.6 

��+$#��+!# ). �(!�4�/!�  4�-%(��  $%#-#�%()-���  D�� (k+qi) %#*%�'#�"���()1 , * 

�%�'"��!!&4  /#-(%1#'  �##%+(!��� !('  3%"$ -�  �(2%�!('  !�)-"$!('  )(�#�('  

$#)-� !(' : =1=1200 � /4, =2=690 � /4, =3=533 � /4 -�  =4 =480 � /4 ��+$#��+!# . 

	-%(4�!�  +()$,%)� !�  �%(��  &��)!#  $#�-#%77-1  %,*"�1-�-(  #2%�'"!���  +�& 

+�#6�%#�('  �"3�,�,�('  !�!#-%"2#� . 

3. .#2"+#��!#  $#�!,  �#�(�!,  *#2%�5,!!&  �  -#/��  �  *#!(  @%���7,!�  +�& #2#'  

���*��"�,%(-��  � 42 � � 30. ��&  ���*��"�,%(-�  � 42 #-%(4�!#  126 +()$,%)� !('  

��-#�  +�& 42 �-#4!#3#  �%()-��� , �  +�& ���*��"�,%(-�  � 30 – 90 +()$,%)� !('  

��-#�  +�& 30 �-#4!#3#  �%()-��� , #-%(4�!�  �()!#��(  )$��$�+�7-1  * �%�-!�)-7  

�#!#!!('  ��-#� . 
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�����  5. ��
��

��  �������C�  
��	�
�  
����
�  (D-Al2O3) 

 

5.1. �"#$  *+#$� '&,!)-  <+ �*#  $ "�&+.  (D-Al 2O3) 

 

.%# $�%�4,-%(  F%�-�(  �%()-���/!('  )-%"�-"% )�$��%"  =-Al 2O3, &�(  

*��+&�(  )�#<  $#6(%,!#)-�  "  $%(%#+�, $%#*#%#)-�, 4,'�!�/!� , '�4�/!�  � 

-,%4#)-� �#)-�  *!� 6#�  6(%#�,  $%��-(/!,  *�)-#)"��!!&  �  -,'!���    $#2"-� , 4(  

�5,  3#�#%(�(  "  %#*+��� 1.4 (%(). 1.4) [29, 37]. �#*3�&!,4#  +,-��1!�6,  �%()-���/!"  

)-%"�-"%"  )�$��%" , &�� , ���)!, ,   �(*!�/�0   #3# ��*(�# -'�4�/!�  ���)-(�#)-�  

�,6�-��  �#%"!+"  (=-Al 2O3) '�%��-,%(*"0-1)&  %#42#,+%(/!#7 )(4,-%�07  

R-3c (D6
3d ). �!��6,  << 4#5!�  #$()�-(  &� )��2#  )$#-�#%,!"  3,�)�3#!��1!"  ;��1!"  

"$��#��"  �()!,�('  �#!��  * 4��(4(  ��-�#!�4(  �  #�-�,+%(/!('  4�5�"*�&' , %(). 5.1-

%(). 5.2 [119-122].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�() .5.1. .%#,���<  3,�)�3#!��1!#<  ;��1!# -"$��#��!#<  

+�#�-#4!#<  �#4�%�(  )-%"�-"%(  a-Al 2O3 [122]. 

X Y 

Z 

X Y 

Z 
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�  3,�)�3#!��1!�  �#4�%��  ($�%�4,-%(  F%�-�(  a = 4.844 Å � c = 13.27 Å) 

�-#4(  Al *!�'#+&-1)&  �  $#*(��&'  (0,0,z; 0,0,1/2+z) !�  $#-%� !�  #)� , �  �-#4(  	  �  

$#*(��&'  (x,0,1/4; 0,x,1/4; x,x,1/4), +,  z = 0.3520, x = 0.306. ��+!#6,!!&  

3,�)�3#!��1!('  $�%�4,-%��  c/a *��,5!#  ��+  -,4$,%�-"%(  $%( !�3%���!!�  �%()-���  

*2��16"0-1)&  � +#)&3�0 *!�/,!!&  c/a = 2.7353 $%( 1940 K [123] � c/a = 2.739 $%( 

2170 K [124]. �,*"�1-�-(  )-%"�-"%!#3# "-#/!,!!&  $#��*��( , ;#  $%( $�+�(;,!!�  

-,4$,%�-"%(  �##%+(!�-(  �-#4��  � 1 *4�!77-1)&  �  !�2�3�-#  2��16�  4�%�, !�5  

�##%+(!�-(  �-#4��  	 . .%(  �1#4"  3,�)�3#!��1!�  ;��1!�  "$��#���  �-#4��  	  )-�0  

$%��(�1!�6� , �  �-#4(  � 1 *4�;"7-1)&  * �,!-%��  #�-�,+%��  "  !�$%&4�"  +# 

����!-!('  #�-�,+%(/!('  $#�#5,!1  !�  #)&'  -%,-1#3# $#%&+�". ��5�-#4!�  ��+)-�!�  

� 1–	  �  #�-�,+%�' : $%( 300 K – 1.852 � 1.971 Å; $%( 2170 K – 1.880 � 2.024 Å 

(%#*+�� 1.4). 

�() . 5.2. .%#,���<  %#42#,+%(/!#< ;��1!# -"$��#��!#<   

+�#�-#4!#<  �#4�%�(  )-%"�-"%(  a-Al 2O3 [122]. 

X Y 

Z 

X 
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�  %#42#,+%(/!�  �#4�%��  [125] �-#4(  4�7-1  !�)-"$!�  )$,����1!�  $#*(��< : 

41: (12) ) ±  (0,0,u; 0,0,u +1/2) rh; 

+ : (18, )± (v,0,1/4; 0,v,1/4; v, v,1/4) rh. 

��&  +#)�#!��#<  ;��1!#<  "$��#��(  �#!��  u -�  v %��!�  1/3. .%(  #$()�  $#*(��  

�  -,%4�!�'  3,�)�3#!��1!#3#  $),�+##),%,+�"  )(4�#�  rh #*!�/�0  $#�-#%,!!&  

�##%+(!�-  (mnp), ��+$#��+!('  3,�)�3#!��1!(4  #)&4, /,%,*  1/3, 2/3, 2/3 �  

2/3, 1/3, 1/3. 

�  %#42#,+%(/!�  �#4�%��  ($�%�4,-%(  F%�-�(  a = 5.12 Å, a = 55.3°) [126] 

4 �-#4(  ��74�!�7  *� 4�7-1  $#*(��7  4)  (' , ' , ' ; '  = 0.105) � 6 �-#4��  
()!7  — 

$#*(��7  6,  (' , 1/2-' , 1/4; '  = 0.303). 

	-5, , &� 2�/(4# , �%()-���/!�  )-%"�-"%�  � l2O3 )���+�0-1)&  * �-#4��  


()!7  -�  ��74�!�7 . �*�04!,  %#*-�6"��!!&  &�('  �,3�#  $%,+)-��(-( , &�;#  

)�#%()-�-()&  $%#)-#7 4#+,��7 , �  &��  %#�1 �-#4��  2"+"-1  ��+�3%���-(  �"�1�(  

%�*!#3# %#*4�%". @��16� – �-#4(  
()!7 , �  4,!6�  – ��74�!�7 . �$#/�-�"  

%#*3�&!,4# 4#-(�  %#*-�6"��!!&  -��1�(  �-#4��  
()!7 . ��!  ��+$#��+�0  

!� ;��1!�6�  3,�)�3#!��1!�  "$��#��� . ����  #2’04!�  "$��#���  �"�1#�  �('#+(-1 , 

&�;#  )$#/�-�"  %#*-�6"��-(  !� ;��1!�6(4  /(!#4  6�% �"�1#�  �  #+!�  $�#;(!�  

($#+�2!# +# -#3# &� �"��  %#*-�6#�"7-1)&  !�  2��1&%+!#4" )-#�� ). D+(!(  )$#)�2  

-��#3#  %#*-�6"��!!&  *#2%�5,!(  !�  %(). 5.3. .%(  �1#4"  �,!-%(  �)�'  �"�1  �,5�-1  

"  �,%6(!�'  %��!#)-#%#!!�'  -%(�"-!(��� , �  �#5!�  �"�1�� , �  )�#7  /,%3", 

-#%��0-1)& 6,)-(  �!6('  )")�+!�'  �"�1 . 

�  #-%(4�!#4"  6�%� (!�*�,4#   #3# � –6�%) 4�5  �"�1��4(  "-�#%&-1)& 

$#%#5!(!(  +�#'  -($�� . 	+!�  * !('  !�$%���,!�  �,%6(!�4(  ��,%'  (!�  0.2 Å) � 

$#*!�/,!�  2"��#7  � , �  �!6�  �,%6(!�4(  �!(*  (!�  0.2 Å) � $#*!�/,!�  2"��#7  � . 

8�;#  $#4�)-(-(  �"�1�(  �  $")-#-(  #+!#3# * -($��  �  /(  � , -# "-�#%(-1)&  !#�(  

;��1!#  "$��#��!(  6�%, �+,!-(/!(  $,%6#4" . �  )-%"�-"%�  �#%"!+"  #+!�  -%,-& 

$#%#5!(!  *��(6�0-1)&  ���1!#7 , � *�3��1!(  )���+  *’0+!�!!&  �(%�5�7-1  

�#%4"�#7  � l2O3. �  ��!�,�#4"  %,*"�1-�-�  �-#4(  ��74�!�7  "-�#%77-1  

3,�)�3#!��1!�  ���1�&  * �,!-%�4(  "  ����!-!('  $#%#5!(!�'  [127]. 
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�() .5.3. �#*-�6"��!!&  6�%��  �-#4��  "  )-%"�-"%�  �#%"!+" . 
 

�  �#5!#4"  * -%1#' $#)��+#�!('  6�%�� , +,  %#*-�6#��!�  �-#4(  ��74�!�7 , 

!,*� !&-#7  �(&��&0-1)&  �5,  �!6�  $#%#5!(!� , !�5  �  $#$,%,+!1#4". ��+$#��+!(  

'�%��-,%  /,%3"��!!&  �  %#*-�6"��!!�  �-#4��  ��74�!�7  $#��*�!(  !�  %(). 5.3. 


#5!�  -%( 6�%(  — 4#-(�  �  %#*-�6"��!!�  �-#4��  ��74�!�7 , ;#  $#�-#%70-1)&. 

 

 

5.2. 3d-2&+!#�  )"#$  �  /#! 2&*  "+)$�)+)1)-  <+ �*#  $ "�&+.  (D-Al 2O3) 

 

8�  *�*!�/��#)&  �(;, , F%�-�� )�$��%"  (=-Al 2O3), '�%��-,%(*"0-1)&  

$%#)-#%#�#7 )(4,-%�07  R-3�  (D6
3d ) [124, 128-130] -�  << 4#5!�  #$()�-(  &� �  

3,�)�3#!��1!�  (%().5.1) -��  � �  %#42#,+%(/!�  (%().5.2) ")-�!#���' . 

�#42#,+%(/!�  ,�,4,!-�%!�  �#4�%��  =-Al 2O3 4�)-(-1  +��  �#%4"�1!�  #+(!(�� , 

-#2-# 10 �-#4�� . ��&  -��#<  )-%"�-"%(  �#�(�!(  )$,�-%  4�)-(-1  30 �#!#!!('  

��-#� . �  3,�)�3#!��1!�  ,�,4,!-�%!�  �#4�%��  4�)-(-1  -%( �#%4"�1!�  #+(!(�� , 

-#2-# 15 �-#4�� , �  << �#�(�!(  )$,�-%  – 45 �#!#!!('  ��-#� . 

�,�)�3#!��1!"  �%()-���/!"  �#4�%�"  4#5!�  ��+!,)-(  +# )�4, )-��  * 

$%(%#+!#7 (3� ´ 3� ´ 12� ) – !�+F%�-�#7  [121, 122, 131], �  %#42#,+%(/!" 

�%()-���/!"  �#4�%�"  +# )�4, )-��  * (3� ´ 3� ´ 4� ) – !�+F%�-�#7 . .#*(��<  �-#4��  +�& 

#2#'  ")-�!#�#�  !��,+,!�  "  -�2� . 5.1 -�  -�2� .5.2. 
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��2�(�&  5.1. .#*(��<  �-#4��  "  %#42#,+%(/!�  �#4�%��  

)-%"�-"%(  )�$��%"  =-Al 2O3. 
 

��)2  X Y Z 
Al 
Al 
Al 
Al 
O 
O 
O 
O 
O 
O 

0.85220 
0.14780 
0.35220 
0.64780 
0.55630 
0.44370 

1/4 
0.94370 

3/4 
0.05630 

0.85220 
0.14780 
0.35220 
0.64780 
0.94370 
0.05630 
0.55630 

1/4 
0.44370 

3/4 

0.85220 
0.14780 
0.35220 
0.64780 

1/4 
3/4 

0.94370 
0.55630 
0.05630 
0.44370 

 

��  
#���1#�(4  	 .� . [67-69] #)!#�!�  $,%�#+( 3,�)�3#!��1!#<  )(!3#!�<  

$%#)-#%#�#< 3%"$( � ��
�  (R -3c) !�)-"$!� :  

 
� 	����� � � � �� � � 
  
� ������ � � � � �� � 
       (5.1). 
� ������ � � � � � �� � 
  

 
�  #)!#�!�  $,%�#+( #2,%!,!#< F%�-�( : 

 

�
�

�
	



�
= 0,0,

3

2*

1 t
p

b
�  

�
�

�
	



�
= 0,,

3

*

2 t
p

t
p

b
�                   (5.2). 

��
�

�
		



�
=

z
b t

p2
,0,0

*

3

�
 

 
��&  $#2"+#�(  $#�!#< 4!#5(!(  �,�-#%��  4#+"�&��< , +�& !�6#3#  �($�+�" , 

!�4  !,#2'�+!#  �),  $%(�,)-(  +# 3� 1, 3� 2, 2# x-��  -�  y-��  $#*(��&  �-#4��  "  $#*(��&'  

1/3, 2/3…., ;#2  �#4$,!)"��-(  +%�2 (*�4�)-1  [  2,%,4# 3[ ). �  %,*"�1-�-�  #-%(4"04# 

$#�!"  4!#5(!"  �,�-#%��  4#+"�&��<  (+�& 3,�)�3#!��1!#<  F%�-�(  – 108 '�(�1#�('  
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�,�-#%�� , +�& %#42#,+%(/!#< – 36 '�(�1#�('  �,�-#%�� ) -�  ��+$#��+!"  $#�!"  

4!#5(!"  $#*(��  �-#4��  )�$��%"  �  #2#'  ")-�!#���' . 

 
��2�(�&  5.2. .#*(��<  �-#4��  "  3,�)�3#!��1!�  �#4�%��  )-%"�-"%(  )�$��%"  =-Al 2O3 

(�* &�('  *� !&-�  �(6,  15 $#*(�� , ;#  $#*!�/,!�  *�%#/�#7 ). 

 
��)2  X Y Z 

Al* 
Al* 
Al 
Al 
Al* 
Al 
Al* 
Al 
Al* 
Al 
Al* 
Al 
O* 
O 
O* 
O* 
O 
O 
O 
O 
O 
O* 
O* 
O* 
O 
O 
O 
O* 
O* 
O* 

0 
0 
0 
0 

1/3 
1/3 
1/3 
1/3 
2/3 
2/3 
2/3 
2/3 

0.30630 
0.69370 

0 
0.69370 

0 
0.30630 
0.63963 

1/3 
0.02703 

1/3 
0.02703 
0.63963 
0.97297 

2/3 
0.36037 

2/3 
0.36037 
0.97297 

0 
0 
0 
0 

2/3 
2/3 
2/3 
2/3 
1/3 
1/3 
1/3 
1/3 
0 
0 

0.30630 
0.69370 
0.69370 
0.30630 

2/3 
0.97297 
0.36037 
0.36037 

2/3 
0.97297 

1/3 
0.63963 
0.02703 
0.02703 

1/3 
0.63963 

0.35220 
0.64780 
0.85220 
0.14780 
0.01887 
0.51887 
0.31447 
0.81447 
0.68553 
0.18553 
0.98113 
0.48113 
1/4 
3/4 
1/4 
1/4 
3/4 
3/4 
11/12 
11/12 
11/12 
5/12 
5/12 
5/12 
7/12 
7/12 
7/12 
1/12 
1/12 
1/12 
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.#$,%,+!�  $#*(��<  �-#4��  Al2O3 2"�(  $#+�!�  �  3,�)�3#!��1!�  )()-,4�  

�##%+(!�- . �#+"�&�� !�  �,�-#%(  4(  #-%(4��(  �  +,��%-#��  )()-,4�  �##%+(!�- . 

�#4"  +�& *%"/!#)-�  %#*%�'"!���  $,%,�,+,4#  �* 3,�)�3#!��1!#<  �  +,��%-#�"  

)()-,4"  �##%+(!�-  � $#*(��<  �-#4��  �#%"!+" . �  )�4, : 

 

��2�(�&  5.3. .%,+)-���,!!&  $#*(��  �-#4��  )�$��%�  "  3,�)�3#!��1!�  -�  

+,��%-#��  )()-,4�'  �##%+(!�- . 

 

�)3#9&-  Al �)3#9&-  �  
�  ;�*$ ;)! '(!&�  

$#!;)!&-  
�  /�* +�)1&�  

$#$��2& 
*))+/#! �  

�  ;�*$ ;)! '(!&�  
$#!;)!&-  

�  /�* +�)1&�  
$#$��2& 

*))+/#! �  
(1/3,2/3,0) (�! " �

�
 #!  � ) (1/3,0,3/6.) (�! " �

�
 � !  #$) 

(2/3,1/3,0) (%!" �

�
 �  � ) (0,1/3,3/6) (0,2� ,3) ) 

(0,0,2/6) (0,0,2) ) (2/3,2/3,3/6) (%!" �

�
 
%!

�
 #$) 

(0,0,4/6) (0,0,4) ) (1/3,1/3,5/6) (�! " �

�
 !  &$) 

(2/3,1/3,2/6) (%!" �

�
 �  �$ ) (2/3,2/3,5/6) (%!" �

�
 
%!

�
 &$) 

(1/3,2/3,4/6) (�! " �

�
 #!  '$ ) (2/3,0,5/6) (%!" �

�
 �

%!

�
 #$) 

  (2/3,0,1/6) (%!" �

�
 � �!  $) 

  (1/3,1/3,1/6) (�! " �

�
 !  $) 

  (0,2/3,1/6) (0,4� ,) ) 

 

.#+��16�  %#*%�'"!�(  2"+,4#  $%#�#+(-(  +�& �+,��1!#<  )-%"�-"%(  )�$��%�  

(+�& &�#< � 2"+,4#  $()�-(  $%#3%�4" +�& #-%(4�!!&  �#!#!!('  )$,�-%�� ), �  )�4, , 

+�& $%#-#�%()-��" , &�(  *��5+(  4�0  )(4#%�!"  3%"$" )(4,-%�<, &��  !,  4�)-(-1  

!,,�,4,!-�%!('  -%�!)�&��  (!,  4�)-(-1  *4�;,!1  0,5|z). �$,%6"  $,%,�,+,4#  

$#*(��<  �-#4��  %,��1!#< %#42#,+%(/!#< )-%"�-"%(  "  ,������,!-!�  $#*(��<  $%���*(  
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(-�2� . 5.4). ��*!(�7  4�5  *!�/,!!&4(  x-<, y-< -�  z-< �#4$#!,!-  +�& %,��1!#< 

)-%"�-"%(  -�  $%���*(  -,5  !��,+,!#  "  -�2� . 5.4. 

 

��2�(�&  5.4. .#*(��<  �-#4��  %,��1!#< -�  �+,��1!#<  (%#42#,+%(/!(' )  

)-%"�-"% )�$��%� . 

 

 �)3#9&-   �)2&1  
+� '(!)-  

+)2%)�/+#,!)-  
$�+.*�.+#  $ "�&+  

 

�)3#9&-   �)2&1  
"+ � 3#  
$ "�&+  

�2&E�!!:  "+ � 3#  
$ "�&+  1&/!)$!)  �);)  

+� '(!)-  $�+.*�.+#  
Fx  Fy  Fz 

Al  0.8522  0.8522  0.8522 

   G  

10/12  10/12  10/12 ] 0.0189 ] 0.0189 ] 0.0189 

0.6478  0.6478  0.6478 8/12     8/12    8/12 ^0.0189 ^0.0189 ^0.0189 

0.1478  0.1478  0.1478 2/12     2/12    2/12 ^0.0189 ^0.0189 ^0.0189 

0.3522  0.3522  0.3522 4/12     4/12    4/12 ] 0.0189 ] 0.0189 ] 0.0189 

	  0.5563  0.9437  0.25  

G  

 

7/12     11/12  3/12 ^0.027 ] 0.027 0 

0.25      0.5563  0.9437 3/12     7/12    11/12 0 ^0.027 ] 0.027 

0.9437  0.25      0.5563 11/12   3/12     7/12 ] 0.027 0 ^0.027 

0.4437  0.0563  0.75 5/12     1/12     9/12 ] 0.027 ^0.027 0 

0.75      0.4437  0.0563  9/12     5/12     1/12 0 ] 0.027 ^0.027 

0.0563  0.75      0.4437 1/12     9/12     5/12 ^0.027 0 ] 0.027 

 

	-5,  �#4$#*(�� !�  #)#2�(�#)-�  %,���*���<  )���+!('  �%()-����  $# 

4,'�!�*4"  *�$#�!,!!&  -%�!)�&�� !#  �!��%��!-!('  $#*(�� , ;#  *�+�7-1)&  2�*()#4  

$%#-#�%()-��� , �-#4�4(  %�*!#3# )#%-", ���7/�7/(  ����!)�< , �#3�/!#  

#'#$�77-1)&  �#!�,$��07  !�+$%#)-#%#�#< )(4,-%�<. .%(  �1#4"  4#5"-1  2"-(  

�%�'#��!�  %�*!� �#42�!���<  )$����+!#6,!1  2�*()��  $%#-#�%()-���  -�  )���+!#3#  

�%()-��� , �  -��#5  �)�  4#5�(��  ��%��!-(  �#4$#*(�� !#3#  *�$#�!,!!& . 
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5.3. 
)3+ 0.!)*  /#$"�+$&- �)!)!!);)  $"�*�+.  *+#$� '  a-Al 2O3 

1 +)2%)�/+#,!)2.  ! %'#7�!!&  

�  ")1!�  *)'#1!�  3)%+ 7�!!:  $ "�&+.  1 9()2.  ! %'#7�!!&  

 

��&  $#2"+#�(  +(!�4�/!#<  4�-%(��  -�  %#*�’&*�"  4�-%(/!#3#  %��!&!!&  (3.14) 

��+!#)!#  Y2(k), +�& #-%(4�!!&  +()$,%)� !('  *��,5!#)-,  �#!#!!#3#  )$,�-%�  �  

-#/��  �  +�& �+,��1!#<  )-%"�-"%(  =-Al 2O3 �(�#%()-�04#  $#2"+#��!"  !�4(  

$%#3%�4" %#*%�'"!�" , &��  #$()�!�  "  +#+�-�"  1. ��&  �1#3# �!,),4#  #-%(4�!�  �)�  

$#*(��<  �-#4��  �#%"!+"  -�  4#+"�&�� !�  �,�-#%( , $#���+,4#  4�)(  �-#4��  

��74�!�7  -�  
()!7  "  *� !&-�  $#*(��< . ��+�4#  4�5�-#4!�  ��+)-�!�  ��+$#��+!('  

�##%+(!��� !('  3%"$ -�  <' )(�#��  �#!)-�!-(  -�  *��"/(4#  +�7  ��+$#��+!('  

$%#�,+"% (+#+�-#�  1). 

.%(  %#*%�'"!��'  �#!#!!#3#  )$,�-%"  �%()-��"  =-Al 2O3 4(  2"+,4#  

#2%�'#�"��-(  3 !�$%&4�( : � –K–Z, � –J–J_, � –?–D !�)-"$!(4  $��,-#4  $%#�,+"%: 

 

> o:=1:#Z( ����� ): 
for i from 0 to graphdensity do 
 print(o,i); 
 EgV:=EV(0,0,Pi*i/(3*2*c*graphdensity)): 
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgV[j]: 
 end do: 
end do: 
save EgVals||o, "d:\\EgVals"||o||".txt"; 
> o:=2:#K( � _����	� _����	�  
	��
 ): 
for i from 0 to graphdensity do 
 print(o,i); 
EgV:=EV((Pi/(3*a*sqrt(3)))*i/graphdensity,(Pi/(3*3* a))*i/grap
hdensity,0): 
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgV[j]: 
 end do: 
end do: 
save EgVals||o, "d:\\EgVals"||o||".txt"; 
> o:=3:#M( � _����� _� ): 
for i from 0 to graphdensity do 
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 print(o,i); 
 EgV:=EV((Pi/(3*a*sqrt(3)))*i/graphdensity,0,0): 
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgV[j]: 
 end do: 
end do: 
save EgVals||o, "d:\\EgVals"||o||".txt";  

 

.%(�,+,4#  3%���/!,  ��+#2%�5,!!&  #-%(4�!#< +()$,%)� !#<  *��,5!#)-�  

�#!#!��  )�$��%�  =-Al 2O3: 

 

 

�() . 5.4. �()$,%)�&  �#!#!��  �%()-��"  a-Al 2O3 �  !�$%&4��'  

� –K–Z, � –J–J_, � –?–D %#*%�'#��!�  $%( �(2#%� )(�#�('  $#)-� !('  %��!(' : 

=1=125 � /4, =2=163 � /4, =3=273 � /4, =4=239 � /4 [121, 122, 131]. 

 

	-%(4"04#  30 ��-#�  +�& 10 �-#4!#3#  �%()-��" . 
��1��)-1  ��-#�  "  3 %�*( 

2��16,  !�5  �-#4�� , &� � $,%,+2�/�0-1)&  -,#%�07. 	+,%5�!�  %,*"�1-�-(  !��,+,!�  !�  

%(). 5.4 -�  "  -�2� . 5.5. 
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��2�(�&  5.5. ��)-#-�  !#%4��1!('  4#+ )�$��%�  �  -#/��  q = 0. 

 

�+�/$� 1'�!!:  
�*$"�+#2�!� '(!&   

3! ,�!!:  [129, 130, 134] 
H, �C9  


)3+ 0.!)*  (! @& 
/ !& ) [122, 131] 

H, �C9  

A1g 19.35 20.432 

A2u 
17.50 
26.13 

19.932 
25.681 

A2g 
23.33±0.5 

17.00 
24.394 
16.240 

A1u 
22.4±0.5 
15.9±0.2 

21.497 
16.224 

Eg 22.53 26.501 

Eu 

19.05 
17.07 
13.26 
11.55 
27.03 
18.72 
11.60 

18.535 
16.785 
13.521 
11.439 
26.511 
17.768 
11.969 

 

.#2"+"04#  $#�!,  �#�(�!,  *#2%�5,!!&  +�& %#42#,+%(/!#< ")-�!#��(  

+�!#3#  �%()-��" . ��&  �1#3# �(�#%()-�04#  $%#)-#%#�" 3%"$" R-3�  (D 6
3d ) $# 


#���1#�"  	 .� . [67-69], ��+$#��+!�  $#�#5,!!&  �-#4��  ��74�!�7  -�  
()!7 , -�  

*3�+!# �#%4"�  (2.17) - (2.19) #-%(4�04#: 

 

654321 553322)( ttttttt +++++=R    (5.3), 

 

+,  [ 1, [ 2, [ 3, [ 4 (Ag1, Au1, Ag2, Au2 – ��+$#��+!# ) – #+!#�%�-!#  �(%#+5,!�  !,*��+!�  

*#2%�5,!!& , [ 5, [ 6 (Eg, Eu – ��+$#��+!# ) +�#�%�-!#  �(%#+5,!� . �#  -��#5  +�0 30 

+()$,%)� !('  ��-#�  +�& 10 �-#4!#3#  )�$��%�  =-Al 2O3, ;#  ����#4  )$��$�+�0  * 

%,*"�1-�-�4(  %#*%�'"!��� , &�� #$()�!�  "  [119, 120, 129, 132] (%(). 5.4): 

 

EuEgAuAgAuAgR 553322)( 2211 +++++=t  (5.4). 
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�() . 5.5. :#!#!!(  )$,�-%  =-Al 2O3, %#*%�'#��!(  * 4#+,��  5#%)-�('  �#!��  [124, 

129]. �(4�%&!�  �#!#!(  �*&-# * ,�)$,%(4,!-��1!('  +#)��+5,!1  !, -%#!!#3#  

%#*)�7��!!& . �(4�#�(  $#*!�/�7-1  %�*!� )#%-( �,�-#%��  #2,%!,!#< F%�-�(  Khkl:  

`  h,h,h $�%!�, a h,h,h !,$�%!� , b h,l,h $�%!�, c  h,l,h !,$�%!� , dh,0,h $�%!�. 

 

�,-#+#4  !,$%"5!#3#  %#*)�7��!!&  !, -%#!��  ��-#%�4(  [119, 120, 129, 

132] �(4�%&!�  +()$,%)� !�  )$����+!#6,!!&  +�& �#!#!��  "  �%()-���'  )�$��%�  

�*+#�5  +�#'  3#�#�!('  !�$%&4���  )(4,-%�<: +�& 4#+ L  (�  !�$%&4�"  #)�  -%,-1#3# 

$#%&+�") � D (�  !�$%&4�"  #)�  +%"3#3# $#%&+�") (%(). 5.5). �  $,%6#4"  �* !�$%&4���  

#/��"0-1)&  20 %�*!('  �#!#!!('  4#+. �*  !('  2"�(  �+,!-(���#��!�  * �(�#%()-�!!&4  

$%��(�  ��+2#%" +�& )-%"�-"%!#3# ���-#%�  /#-(%(  ���*�$#�*+#�5!�  4#+(  (�#5!�  

�(+"  L 1 � L 2) � 5 ���*�$#$,%,/!('  4#+ L 3. .#%��!&!!&  #2/()�,!('  !�4(  

+()$,%)� !('  �%(�('  (%(). 5.4) * +�!(4(  !,$%"5!#3#  %#*)�7��!!&  !, -%#!��  

(%(). 5.5) $#��*��# , ;#  �  !�$%&4�"  -%(3#!��1!#<  #)� ,�)$,%(4,!-��1!�  � 
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-,#%,-(/!�  %,*"�1-�-(  *�+#���1!#  "*3#+5"7-1)&  4�5  )#2#7 . 

.,%6�  ,�)$,%(4,!-��1!�  %,*"�1-�-(  * +(!�4��(  F%�-�(  =-Al 2O3 2"�(  

#-%(4�!�  4,-#+�4(  �#42�!��� !#3#  %#*)�7��!!&  (
� ) )��-��  -�  �!�%�/,%�#!#<  

(�� ) )$,�-%#)�#$�<  [120, 124, 129, 132, 133] !�  $#/�-�"  70-'  %#��� 4(!"�#3#  

)-#%�//&, -#2-# -#+�, �#�(  ;,  !,  2"�(  ��+#4�  �(���+,!�  �(;,  #)#2�(�#)-�  

+(!�4��(  F%�-�(  )�$��%� . 

.#�&%(*#��!�  )$,�-%(  �#42�!��� !#3#  %#*)�7��!!&  )��-��  �  �%()-���'  

)�$��%� , �(4�%&!�  $%( ��4!�-!�  -,4$,%�-"%� , !��,+,!�  !�  %(). 5.6 [119].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	-5, , $#%��!&!!&  %#*%�'#��!('  +()$,%)!('  �%(�('  (%(). 5.4) * +�!(4(  

!,$%"5!#3#  !, -%#!!#3#  %#*)�7��!!&  [134], �#42�!��� !#3#  %#*)�7��!!&  [119, 

130] -�  �� -)$,�-%��  [124] �%()-����  =-Al 2O3 (-�2� . 5.5) $#��*��# , ;#  "  !�$%&4�"  

-%(3#!��1!#<  #)� -,#%,-(/!�  -�  ,�)$,%(4,!-��1!�  %,*"�1-�-(  +#2%, 

"*3#+5"7-1)&  4�5  )#2#7 . 
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�#$!)1*#  /)  +)3/&'.  5 

 

1. �%#2�,!#  +,-��1!(  �%()-��#3%���/!(  #$()  F%�-�(  )�$��%"  (=-Al 2O3), &��  

'�%��-,%(*"0-1)&  $%#)-#%#�#7 )(4,-%�07  R-3c (D6
3d ). �  !�+$%#)-#%#�#4" 

$�+'#+�  << #$()�!#  &� 3,�)�3#!��1!"  �%()-���/!"  �#4�%�" , ;#  !��,5(-1  +# 

)�4, )-��  * $%(%#+!#7 (3� ´ 3� ´ 12� ) – !�+F%�-�#7  -�  &� %#42#,+%(/!" 

�%()-���/!"  �#4�%�" , ;#  !��,5(-1  +# )�4, )-��  * (3� ´ 3� ´ 4� ) – !�+F%�-�#7 . 

2. 	-%(4�!#  $#�!"  4!#5(!"  �,�-#%��  4#+"�&��<  -�  $#*(��  �-#4��  )�$��%"  

(=-Al 2O3) &� +�& 3,�)�3#!��1!#<  F%�-�( , �,  108 '�(�1#�('  �,�-#%��  -�  

$#*(�� , -��  � +�& %#42#,+%(/!#< F%�-�(  – 36 '�(�1#�('  �,�-#%��  -�  $#*(�� . 

3. .#2"+#��!#  $#�!,  �#�(�!,  *#2%�5,!!&  +�& %#42#,+%(/!#< �#4�%�(  

�#%"!+" . 

4. ��&  %#*%�'"!�"  +()$,%)�< �#!#!��  -�  #-%(4�!!&  �#!#!!#3#  )$,�-%" , 

"*�3��1!,!#  ��3#%(-4  $#2"+#�(  +(!�4�/!#<  4�-%(��  )���+!#3#  �%()-��"   

=-Al 2O3, &� �#4$#*(�� !#  �$#%&+�#��!#< !�+F%�-�(  * �%�'"��!!&4  

4#+"�&��  )(�#�('  $#)-� !('  (=1=125 � /4, =2=163 � /4, =3=273 � /4 -�  

=4=239 � /4), �,�-#%��  4#+"�&��<  -�  $#*(��  �-#4��  "  �%()-���/!�  )-%"�-"%�  

)�$��%" . �,*"�1-�-#4  /#3# 0 #+,%5�!!&  +()$,%)�< �#!#!��  �%()-��"  a-Al 2O3 

�  !�$%&4��'  � –K–Z, � –J –J_, � –?–D (%(). 5.4). .#%��!&!!&  %#*%�'#��!('  

!�4(  +()$,%)!('  �%(�('  * +�!(4(  !,$%"5!#3#  !, -%#!!#3#  %#*)�7��!!& , 

�#42�!��� !#3#  %#*)�7��!!&  -�  �� -)$,�-%��  �%()-����  =-Al 2O3 (-�2� . 5.5) 

$#��*��# , ;#  -,#%,-(/!�  -�  ,�)$,%(4,!-��1!�  %,*"�1-�-(  +#2%, 

"*3#+5"7-1)&  4�5  )#2#7 . 
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1. �$,%6, , !�  2�*�  4#+,��  *� ’&*�#�#< ���,!-!#)-� , %#*%#2�,!# +��  %#*%�'"!�#��  

)',4(  +�& $%#3!#*"��!!&  �+,��1!('  #�)(+!('  $�%#'�#%!('  )-%"�-"% -�  

�!���-(/!"  4,-#+(�"  %#*%�'"!�"  *!�/,!1  $�%�4,-%��  ��  (r0; b), &�"  2"�#  

�(�#%()-�!#  +�& �(*!�/,!!&  !�+� !('  *!�/,!1  $�%�4,-%��  ��  +�& �#!!('  $�% 

Al 3+/O2– (r0 = 1.62 Å; b = 0.42 Å), B3+/O2– (r0 = 1.37 Å; b = 0.35 Å) -�  P5+/S2– 

(r0 = 2.125 Å; b = 0.37 Å). �  �(�#%()-�!!&4  #+,%5�!('  !�4(  $�%�4,-%��  �� , 

�)-�!#��,!# , ;#  %#*3�&+"��!�  �  ��  %#2#-� )-%"�-"%(  a-Al 2O3, B2O3-I, B2O3-II 

� Cu6PS5X (X – Cl, Br, I) 0 )-� �(4( , �  <' )-%"�-"%!�  4#+,��  �)-�!#��,!#  * 

�()#�#7  +#)-#��%!�)-7 . 

2. �  �#!�,$��<  !�+$%#)-#%#�#< )(4,-%�< #$()�!�  (3+d)-4�%!� )-%"�-"%(  

$�%#'�#%�� -($"  � 2� 2> 6Y -�  )"$,%�#!��(  -($"  Cu6PS5Br &� $%(%#+!� 

(4� ´ 4� ´ 0)-!�+F%�-�(  !�  3%�!,�,!-%#��!#4"  2�*()� , )-%"�-"%(  ���*��"�,%(-��  

� 30 � � 42 &� .
�  * (8� ´ 8� ´ 8� )-!�+F%�-�#7 , �#4�%��  )�$��%�  =-Al 2O3 �  

3,�)�3#!��1!�  ")-�!#���  * $%(%#+!#7 (3� ´ 3� ´ 12� ) – !�+F%�-�#7  -�  �  

%#42#,+%(/!�  ")-�!#���  * (3� ´ 3� ´ 4� ) – !�+F%�-�#7 . 	$()  4#+,�,  �)�'  

)-%"�-"% *�#+(�)&  +# $#2"+#�(  )"�"$!#)-,  �,�-#%��  4#+"�&��< , �(*!�/,!!&  

4�)#�('  4#+"�&�� !('  �"!���  �
=

D-=D
s

j

nni
jjj

jjennM
1

)(*
*

),(),( bqbq4 , 

�#%4"��!!&  "*�3��1!,!#<  +(!�4�/!#<  4�-%(��  )( iD qk +ab
, &� )"$,%$#*(��<  

+(!�4�/!('  4�-%(�1  #+!#�-#4!('  )-%"�-"%, �  ���)!�  *!�/,!!&  +()$,%)� !('  

*��,5!#)-,  #+!#/�)-(!�#�('  *2"%,!1 #-%(4�!�  !�  �()#�#)(4,-%(/!('  

!�$%&4��'  *#!(  @%���7,!� . 

3. ��&  %#*%�'"!�"  +()$,%)�< �#!#!!('  )$,�-%��  $#2"+#��!#  $%#3%�4!� 

$%#+"�-( , �  &�('  +(!�4�/!�  4�-%(��  $%#-#�%()-���  D�� (k+qi) 

%#*%�'#�"���()1 , * �%�'"��!!&4  �(6,  2�(5!�'  �$�(�#�('  �##%+(!��� !('  

3%"$ � )(�#�('  $#)-� !('  <'!1#< �*�04#+�<: +�& $�%#'�#%� In2Mn2O7  

=1=3400 � /4, =2=850 � /4; +�& )"$,%�#!���  Cu6PS5Br =1=114 � /4, =2=2.4 � /4, 
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=3=0.8 � /4, =4=0.6 � /4, =5=0.5 � /4, =6=0.6 � /4; +�& ���*��"�,%(-��  � 30 � � 42 

=1=1200 � /4, =2=690 � /4, =3=533 � /4 -�  =4=480 � /4; +�& )�$��%�  =-Al 2O3 

=1=125 � /4, =2=163 � /4, =3=273 � /4 -�  =4=239 � /4. :#!#!!�  )$,�-%(  #-%(4�!�  

"  �()#�#)(4,-%(/!('  !�$%&4��'  � –X–M–R–� –M. ��&  )�$��%�  =-Al 2O3 

�#!#!!(  )$,�-%  $#2"+#��!#  �  !�$%&4��'  � –K–Z, � –J –J_, � –?–D. 

.#%��!&!!&  %#*%�'#��!('  +()$,%)!('  �%(�('  �* -,#%,-(/!(4(  -�  

,�)$,%(4,!-��1!(4(  +�!(4(  �!6('  ��-#%��  ���*"0  !�  +#2%, "*3#+5,!!& , �  

)�4, , +�& Cu6PS5Br -,#%�&/,�)$,%(4,!- /!�6�  +�!� : F2 – 74.2 )4 -1/74 )4 -1/ 

78.3 )4 -1, F1 – 80.8 )4 -1/78 )4 -1/79.3 )4 -1, F2 – 211.0 )4 -1/245 )4 -1/126.8 )4 -1, +�& 

=-Al 2O3 ,�)$,%(4,!- /!�6�  +�!� : A1g – 19.35 ���  /20.432 ��� , A2u – 26.13 ���  

/25.681 ��� , Eu – 11.55 ���  /11.439 ��� . 

4. .#2"+#��!#  +()$,%)�7  �#!#!��  $,�!('  4#+,�,  �#4$#*(�� !('  )-%"�-"%!('  

"-�#%,!1  �%()-��"  Cu6PS5Br 6�&'#4  *�!"�,!!&  +,&�('  4�)#�('  

'�%��-,%()-(� : a) – MBr=0; b) – MBr=0, MCu=0; c) – MBr =0,MCu=0, MS(1)=0. 

5. 	+,%5�!#  %#*���+  �#�(�!#3#  *#2%�5,!!&  !�  !,*��+!�  *#2%�5,!!&  �  -#/��  �  

*#!(  @%���7,!�  �)�'  +#)��+5"��!('  !�4(  �%()-���/!('  )-%"�-"%. �#  

)-#)"0-1)&  �%3�%#+(-� Cu6PS5Br, !�+$%#)-#%#�(  $�+'�+  +#*�#�(�  #��!(-(  

����+  �#5!#3#  �-#4�  �  �#�(��!!&  �%()-���/!#<  F%�-�(  -�  #-%(4�-(  !,*��+!,  

*#2%�5,!!&  +�& $%���*(  )-%"�-"%(  Cu6PS5Br "  �()#�#)(4,-%(/!('  -#/��'  

*#!(  @%���7,!�  �  +#+�-#�  +# ���)(/!#3#  $�+'#+" . 

6. .%#�,+,!#  ab initio %#*%�'"!�(  ,�,�-%#!!('  )$,�-%��  $,�!('  4#+,�1!('  

)-%"�-"% �%()-����  Cu6PS5Br, &�� ��+%�*!&�()&  %�*!(4(  �#!��3"%���&4(  �-#4��  

S � $#�#5,!1  �#!��  Cu, ;#  *�2,*$,/"7-1  �()#�"  �#!!"  $%#��+!�)-1 . .%#�,+,!�  

%#*%�'"!�(  ���*"7-1  !�  �)-#-!"  *4�!"  �,�(/(!(  *�2#%#!,!#< *#!(  �  

*��,5!#)-�  ��+  $#*(�� !#3#  �$#%&+�"��!!&  �%()-���/!#<  F%�-�(  �%3�%#+(-��. 

���  %#*%�'"!�(  $#��*"7-1 , ;#  *4�!�  $#�#5,!1  �#!��  Cu * $#*(��<  (0.865, 

0.378, 0.378) +# (0.976, 0.523, 0.523) $%(�#+(-1  +# *4�!(  6(%(!(  *�2#%#!,!#< 

*#!(  ��+  0.39 , V +# 1.31 , V. 9(%(!�  *�2#%#!,!#< *#!( , %#*%�'#��!�  +�& 

%,��1!#< )-%"�-"%( , )-�!#�(-1  0.19 – 0.59 , V, �  ,�)$,%(4,!-��1!,  *!�/,!!&  

0.3-0.4 , V. 
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������	  1. ���)/#*  +)3+ 0.!*.  /#$"�+$&- �)!)!&1  *1 3&�.'�+#�&1  
 42 

�  
 30 

 

��&  #$()"  )-%"�-"%(  ���*��"�,%(-"  C42 !,#2'�+!#  *�+�-(  $,�!�  "4#�(  +�& 

%#*%�'"!�" : %#*4�%!�)-1 F%�-�(  (hr), #$#%!� $#*(��<  �-#4��  (pkoor), 4�)(  #$#%!('  

�-#4��  (mkoor), ���1��)-1  #$#%!('  �-#4��  (pkc), *�3��1!"  ���1��)-1  �-#4��  

)-%"�-"%(  (atomc), �-#4  ��+!#)!#  &�#3# %�'"0-1)& �#!#!!(  )$,�-%  (basicatom), 

3%�!(�7  *#!(  @%���7,!�  (graphborder), 3")-(!"  -#/#�  #2%�'"!�"  �  *#!�  

@%���7,!�  (graphdensity), 4��)(4��1!,  *!�/,!!&  /�)-#-( , �(;,  &�#< << ���5�-(  

!,)��!/,!�)-7  (graphmax), *�3��1!"  ���1��)-1  !�$%&4���  (directions), ���1��)-1  

!�$%&4��� , &�� 2"+"-1  ��+#2%�5�-()&  *����  ��+  !"�&  (onleftside), ���1��)-1  

�$�(�#�('  �##%+(!��� !('  3%"$ (indx), <'!7  ��+)-�!1  (alphaindex[i,1]) � 

�#,����0!-  <'!1#< �*�04#+�< (alphaindex[i,2]): 

> restart: 
hr:=8: 
a:=1: 
mc:=12: 
pkoor:=[3,0,0],[0,3,0],[0,0,3],[2,2,0],[2,0,2],[0,2 ,2],[2
,2,1],[1,2,2],[2,1,2]: 
mkoor:=mc,mc,mc,mc,mc,mc,mc,mc,mc: 
pkc:=9: 
atomc:=42: 
graphborder:=Pi/8: 
graphdensity:=100: 
graphmax:=1000000: 
directions:=6: 
onleftside:=2: 
basicatom:=[3*a,3*a,3*a]: 
indx:=5: 
alphaindex:=Matrix([],indx,2): 
alphaindex[1,1]:=sqrt(1*a^2): 
alphaindex[1,2]:=1200: 
alphaindex[2,1]:=sqrt(2*a^2): 
alphaindex[2,2]:=960: 
alphaindex[3,1]:=sqrt(3*a^2): 
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alphaindex[3,2]:=640: 
alphaindex[4,1]:=sqrt(4*a^2): 
alphaindex[4,2]:=533: 
alphaindex[5,1]:=sqrt(5*a^2): 
alphaindex[5,2]:=480: 
hrc:=hr*hr*hr: 

��)-"$!(  �%#� – ��-#4�-(/!,  3,!,%"��!!&  $#�#5,!1  �)�'  �-#4��  (!�  

#)!#��  #$#%!(' ) "  �,�-#%  koord � ��+$#��+!#  <' 4�)  – "  �,�-#%  mkoord. ��  #)!#��  

�('  �,�-#%��  2"+,  $#2"+#��!(  �,�-#%  %#*$#+��" 4�)  (m), &�(  � 

�(�#%()-#�"0-1)&  "  $#+��16('  #2%�'"!��' : 

> gkoor:=[hr,hr,hr]: 
p:=0: 
koord:=Vector([],atomc): 
mkoord:=array(1..atomc): 
for i from 1 to pkc do 
  p:=p+1:   
  koord[p]:=pkoor[i]: 
  mkoord[p]:=mkoor[i]: 
end do: 
print(p); 
 for j from 1 to 3 do 
  for i from 1 to p do 
  if koord[i][j]<>0 then 
  p:=p+1; 
  koord[p]:=koord[i]: 
  mkoord[p]:=mkoord[i]: 
  koord[p][j]:=gkoor[j]-koord[i][j]: 
  end if; 
end do: 
end do: 
print(koord); 
�,*"�1-�-  #2%�'"!���  -��( : 

 
[3,0,0] [0,3,0] [0,0,3] [2,2,0] [2,0,2] [0,2,2] [2,2,1] 
[1,2,2] [2,1,2] [5,0,0] [6,2,0] [6,0,2] [6,2,1] [7,2,2] 
[6,1,2] [0,5,0] [2,6,0] [0,6,2] [2,6,1] [1,6,2] [2,7,2] 
[6,6,0] [6,6,1] [7,6,2] [6,7,2] [0,0,5] [2,0,6] [0,2,6] 
[2,2,7] [1,2,6] [2,1,6] [6,0,6] [6,2,7] [7,2,6] [6,1,6] 
[0,6,6] [2,6,7] [1,6,6] [2,7,6] [6,6,7] [7,6,6] [6,7,6] 
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����  �!���704#  4�-%(�7  4#+"�&�� !('  �,�-#%�� .  

���  &� -%1#'4�%!� %,6�-��  -($"  (8� ´ 8� ´ 8� ), 4�)-(-1  512 4#+"�&�� !('  

�,�-#%�� , -# !�6�  4�-%(�&  4�0  2"-(  %#*4�%!�)-7 512́ 3, #+!��  +�& $#+��16#< 

*%"/!#)-� , 4(  �(�#%()-�04#  )-#�$/(�#�"  �,�-#%!"  *4�!!" , &��  *�$#�!(-1)&  

%&+�#�(4(  �,�-#%�4( : 

> ro:=Vector[row]([],3): 
  r:=Vector(r0,512):  

��$#�!(4#  4�-%(�7  4#+"�&�� !(4(  �,�-#%�4( , &�� !,#2'�+!�  +�& #$()"  

!,*��,5!('  4�)#�('  )-�!��  "  �#5!#4"  �"*�� : 

> o:=0: 
for i from 0 to hr-1 do 
 for j from 0 to hr-1 do 
   for h from 0 to hr-1 do 
    o:=o+1: 
    r[o]:=[1,1,1]: 
    r[o][1]:=r[o][1]*2*i*Pi/(a*hr): 
    r[o][2]:=r[o][2]*2*j*Pi/(a*hr): 
    r[o][3]:=r[o][3]*2*h*Pi/(a*hr): 
  end do: 
 end do: 
end do: 
print(o); 
print(r); 

�!��#3�/!#  +# 4#+"�&�� !('  �,�-#%�� , )-�#%(4#  4�-%(�7  �##%+(!�-  

�"*���  F%�-�(: 

> n:=Vector(r0,hrc):  
> o:=0: 
for i from 0 to hr-1 do 
 for j from 0 to hr-1 do 
   for h from 0 to hr-1 do 
    o:=o+1: 
    n[o]:=[1,1,1]: 
    n[o][1]:=n[o][1]*i*a: 
    n[o][2]:=n[o][2]*j*a: 
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    n[o][3]:=n[o][3]*h*a: 
  end do: 
 end do: 
end do: 
print(o); 
print(n);  

��)-"$!4  �%#�#4 0 %#*%�'"!#�  !,*��,5!('  4�)#�('  �#4$#!,!-  "  �"*��'  

%,6�-�( , -#2-# 3,!,%���&  4�-%(��  %#*$#+��" 4�) : 

> m:=array(1..hrc): 
for i from 1 to hrc do 
 m[i]:=0: 
end do: 
for i from 1 to atomc do 
 j:=hr*hr*koord[i][1]+hr*koord[i][2]+koord[i][3]+1;  
 m[j]:=mkoord[i]: 
end do: 
print(m); 

�,*"�1-�-(  !��#+(4#  2,*  $�+)-�!#��(  *!�/,!!&  *4�!!#<  mc: 

[0,0,0,mc,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,mc,0,0,0,mc,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
mc,0,0,0,0,0,0,0,0,0,mc,0,0,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
mc,0,0,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,mc,0,0,0,mc,0,0,0,0,0,
0,0,0,0,0,0,mc,0,0,0,mc,0,0,0,mc,0,0,0,mc,0,mc,mc,0,0,0,0,0,mc,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,0,0,0,mc,mc,0,0,0,0,0,mc,0,0,mc,0,0,0,mc,0,mc,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0
,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0
,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,mc,0,0,0,mc,0,0,0,mc,0,0,0,mc,0,mc,mc,0,0,0,0,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,mc,mc,0,0,0,0,0,mc,0,0,mc,0,0,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,
0,0,mc,0,0,0,mc,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,mc,0,0,0,mc,0,0,0,
0,0,0,0,0,0] 

�*  )-�#%,!#< 4�-%(��  %#*$#+��" 4�) , #-%(4�04# !�+$%#)-#%#�(  #$()  

���*��"�,%(-�  C42 *�  +#$#4#3#7 $,%,-�#%,!!&  :"% ’0: 

> FO := Matrix(hrc, hrc); 
 for i to hrc do 
  for j to hrc do 
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   FO[i, j] := exp(I*(n[i][1]*r[j][1]+n[i][2] 
               *r[j][2]+n[i][3]*r[j][3])): 
  end do: 
 end do: 
FO1 := Matrix(hrc, hrc); 
for i to hrc do 
 for j to hrc do 
  FO1[i, j] := exp(((-1)*I)*(n[j][1]*r[i][1]+n[j][2 ] 
               *r[i][2]+n[j][3]*r[i][3]))/hrc: 
 end do: 
end do:  
> rr := array(1 .. hrc): 
rr := evalm(`&*`(FO1, m)):  

�#*%�'#��!�  4�-%(�&  rr &��&0 )#2#7  $#�!(  !�+$%#)-#%#�(  #$()  

���*��"�,%(-�  C42. 

��&  $,%,��%�(  $%��(�1!#)-�  %#*%�'"!��� , �(�#%()-�04#  #2,%!,!,  :"% ’0 

$,%,-�#%,!!& , �  %,*"�1-�-�  /#3# 4�04#  #-%(4�-(  +��3#!���*#��!"  4�-%(�7  MMM, 

&��  4�0  !�  +��3#!���  ,�,4,!-(  4�-%(��  m. 

��&  $%()�#%,!!&  #2%�'"!���  *�+�04#  ���)!"  �"!���7  $,%,4!#5,!!&  +�#'  

4�-%(�1 : 

> mult:=proc(A,B,k) 
 local C,i,j,h: 
 C:=Matrix([],k,k):  
 for i from 1 to k do 
  for j from 1 to k do 
   C[j,i]:=0: 
   for h from 1 to k do 
    C[j,i]:=C[j,i]+A[h,i]*B[j,h]: 
   end do: 
   C[j,i]:=simplify(C[j,i]): 
  end do: 
 end do: 
return C; 
end proc;  

	-5,  *%#2(4# $,%,��%�" : 

> RRR:=Matrix(hrc,hrc): 
for i from 1 to hrc do 
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 for j from 1 to hrc do 
  qq:=r[i]-r[j]: 
  for g from 1 to 3 do 
   if evalf(eval(qq[g],a=1))<0 then 
    qq[g]:=simplify((2*Pi/a)+qq[g]): 
   end if: 
  end do: 
 for h from 1 to hrc do 
   if (qq=r[h]) then 
    RRR[i,j]:=rr[h]: 
    break: 
   end if: 
  end do: 
 end do: 
end do: 
> MKKM:=Matrix([],hrc,hrc): 
MKKM:=mult(mult(FO1,RRR,hrc),FO,hrc):  
> interface(rtablesize=hrc); 
print(MKKM);  

���(4  /(!#4 , $%(�,+,!#  $#�!(  3d-#$()  �%()-���/!#<  ��*(  ���*��"�,%(-�  

C42, ;#  �%()-���*"0-1)&  �  $%#)-�  �"2�/!�  %,6�-�� , #$()�!�  4�)#��  4#+"�&�� !�  

�"!���<  +�& �)�'  512 �,�-#%��  4#+"�&��< . ��  %,*"�1-�-(  +#*�#�&7-1  $,%, -(  +# 

+#)��+5,!!&  �#�(�!#3#  )$,�-%"  ��%��)!('  )-%"�-"% ���*��"�,%(-" . 

.�)�&  $%#�,+,!!&  �(;,  #$()�!('  +� , $%()-"$(4#  +# %#*3�&+" 4,-#+"  

#2%�'"!�"  �#!#!!#3#  )$,�-%" . 

�#*%�'"04#  *2"%,!!& , &�,  �$�(��0  !�  ���)!�  *!�/,!!&  +(!�4�/!#<  4�-%(�� : 

> B:=Matrix([],hrc*3,hrc*3): 
for i from 1 to hrc do 
 for o from 1 to hrc do 
  for p from 1 to 3 do 
   B[((i-1)*3)+p,((o-1)*3)+p]:=evalf(RRR[i,o]): 
  end do; 
 end do; 
end do; 

.%#�,)  )-�#%,!!&  +(!�4�/!#<  4�-%(��  $#+��(4#  !�  +��  /�)-(!( : 
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.,%6�  – )-�#%,!!&  4�-%(��  %#*4�%#4 3×3, &��  2"+,  4�)-(-(  �)�  %,*"�1-�-(  

$#�-#%7��!('  #2/()�,!1 : 

> Buf:=Matrix([],3,3): 
nn:=Vector[row]([],3): 
 for x from 1 to 3 do 
  for y from 1 to 3 do 
   print(x,y); 
   mid:=0: 
     for p from 1 to hrc do 
       nn[1]:=basicatom[1]-n[p][1]: 
       nn[2]:=basicatom[2]-n[p][2]: 
       nn[3]:=basicatom[3]-n[p][3]: 
       dist:=(nn[1]^2+nn[2]^2+nn[3]^2): 
       bool:=false: 
       for indd from 1 to indx do 
        if alphaindex[indd,1]=sqrt(dist) then 
         alpha:=alphaindex[indd,2]: 
         bool:=true: 
         break: 
        end if: 
       end do: 
       if not bool then 
        alpha:=0: 
       end if: 
       if (dist<>0) and (alpha<>0) then       
        mid:=mid+(alpha)*(nn[x]*nn[y]/dist)*(1-
exp(I*((Kx-Qx)*nn[1]+(Ky-Qy)*nn[2]+(Kz-Qz)*nn[3]))) : 
       end if: 
     end do:    
   Buf[x,y]:=simplify(mid): 
  end do: 
 end do:  

�%"3�  – %#*%�'"!�( , &�� �!+(��+"��1!�  +�& �#5!#3#  !�$%&4�" . .#)��+!&  

/�)-(!�  #2’0+!�!�  �* �"!���07  *!�'#+5,!!&  ���)!('  *!�/,!1  +(!�4�/!#<  4�-%(��  

� *2"%,!!& :  

> EV:=proc(Kxx,Kyy,Kzz) 
local EgVal,Dab,i,xx,yy,x,y; 
Dab:=Matrix([],hrc*3,hrc*3): 
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for i from 1 to hrc do 
 for xx from 1 to 3 do 
  for yy from 1 to 3 do 
   x:=((i-1)*3)+xx: 
   y:=((i-1)*3)+yy: 
Dab[x,y]:=evalf(subs(Kx=Kxx,Ky=Kyy,Kz=Kzz,Qx=r[i][1 ],Qy=r
[i][2],Qz=r[i][3],Buf[xx,yy])): 
  end do: 
 end do: 
end do: 
EgVal:=Eigenvalues(Dab,B): 
return EgVal: 
end proc;  

����  $�+��7/�04#  2�2��#-,�"  ��!� !#<  ��3,2%(  -�  )-�#%704# 4�-%(�� , �  

&�('  2"+"-1  *2,%�3�-()& %,*"�1-�-(  %#*%�'"!���  ���)!('  *!�/,!1 : 

> with(LinearAlgebra): 
for i from 1 to directions do 
 EgVals||i:=Matrix([],graphdensity+1,hrc*3): 
end do: 
� *�$")��04#  $%#�,)  #2%�'"!�"  +�& �)�'  !�$%&4���  (�  !�6#4"  �($�+�" , 4(  2"+,4#  

#2%�'#�"��-(  6 !�$%&4��� : � -� -� -X-� -R-� ): 

> o:=1: 
for i from 0 to graphdensity do 
 print(o,i); 
EgV:=EV(graphborder*i/graphdensity,0,graphborder*i/ graphd
ensity): 
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgV[j]: 
 end do: 
end do: 
> o:=2: 
for i from 0 to graphdensity do 
 print(o,i); 
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgVals||1[graphdensity-i+1,j]: 
 end do: 
end do: 
> o:=3: 
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for i from 0 to graphdensity do 
 print(o,i); 
 EgV:=EV(graphborder*i/graphdensity,0,0): 
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgV[j]: 
 end do: 
end do: 
> o:=4: 
for i from 0 to graphdensity do 
 print(o,i); 
 EgV:=EV(graphborder,0,graphborder*i/graphdensity):  
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgV[j]: 
 end do: 
end do: 
> o:=5: 
for i from 0 to graphdensity do 
 print(o,i); 
EgV:=EV(graphborder,graphborder*i/graphdensity,grap hborde
r): 
 for j from 1 to hrc*3 do  EgVals||o[i+1,j]:=EgV[j] : 
 end do: 
end do: 
> o:=6: 
for i from 0 to graphdensity do 
 print(o,i); 
 EgV:=EV(graphborder*(graphdensity-
i)/graphdensity,graphborder*(graphdensity-
i)/graphdensity,graphborder*(graphdensity-
i)/graphdensity): 
 for j from 1 to hrc*3 do 
  EgVals||o[i+1,j]:=EgV[j]: 
 end do: 
end do: 

�(  #-%(4��(  �)�  ���)!�  /�)-#-(  ���*��"�,%(-"  +�& 6 !�$%&4���  (EgVals||i). 

��&  -#3#, ;#2  $%(�,)-(  %,*"�1-�-  "  3%���/!#4"  �(+� , $%#�,+,4# #2%#2�" 

%,*"�1-�-��  %#*%�'"!��� , *2,%,5,4#  %,*"�1-�-(  "  *#�!�6!�  �� �(  � )-�#%(4#  

6"��!(  3%���� : 
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> for i from 1 to directions do 
 EgValsRe||i:=Matrix([],graphdensity+1,hrc*3): 
end do: 
> for o from 1 to directions do 
 for i from 1 to graphdensity+1 do 
  for p from 1 to hrc*3 do 
   ReR:=Re(EgVals||o[i,p]): 
   if (ReR>graphmax) or (ReR<-1*graphmax) then 
    ReR:=-1: 
   end if: 
   EgValsRe||o[i,p]:=ReR: 
  end do: 
 end do: 
end do: 
> for i from 1 to directions do 
 save EgValsRe||i, " � :\\EgValsRe_"||i||".txt"; 
end do:  
> Max:=0: 
for j from 1 to directions do 
for i from 1 to hrc*3 do 
for h1 from 0 to graphdensity do 
 if Max<EgValsRe||j[h1+1,i] then 
  Max:=EgValsRe||j[h1+1,i]: 
 end if: 
end do: 
end do: 
end do:  
> with(plots): 
for j from 1 to directions do 
for i from 1 to hrc*3 do 
 l||j||i:=[seq([evalf(graphborder*(j-onleftside-
1)+graphborder*h1/graphdensity), EgValsRe||j[h1+1,i ]], 
h1=0..graphdensity)]: 
 r||j||i:=plot(l||j||i, kx=graphborder*(-
onleftside)..graphborder*(directions-onleftside), 
w=0..Max*(1.03), style=point, symbol=point, color=b lack): 
end do:  
end do:  
> for j from 1 to directions+1 do 
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 lb||j:=[[evalf(graphborder*(j-onleftside-1)), 
0],[evalf(graphborder*(j-onleftside-1)), Max*(1.03) ]]: 
 rb||j:=plot(lb||j, kx=graphborder*(-
onleftside)..graphborder*(directions-onleftside), 
w=0..Max*(1.03), style=line, color=red): 
end do: 
> display 
({seq(seq(r||j||i,i=1..hrc*3),j=1..directions),seq( rb||i,
i=1..directions+1)}); 

.,%,��%��  !�  ��%!�)-1  %#*%�'"!���  *+� )!70-1)&  !�)-"$!#7  $%#�,+"%#7, 

%,*"�1-�-#4  &�#< 0 �(�,+,!!&  ���1�#)-�  ��-#�  )$,�-%"  /�)-#-  � ���1�#)-�  �-#4��  "  

)-%"�-"%� : 

> j:=0: 
for  
i from 1 to hrc*3 do 
 if EgValsRe||3[1,i]<>-1 then 
  j:=j+1: 
 end if: 
end do: 
print(j); 
j:=0: 
for i from 1 to hrc do 
 if m[i]<>0 then 
  j:=j+1: 
 end if: 
end do: 
print(j). 
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