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 .,  .,  . «    

    », . . .  . 
 

   є ’     
 ’є   GeS2,     .  

      
      

,        
  -GeS2     

 -GeS2    α-GeS2 
 .   є     

      ,  
     2=1273 K  V2=1.5·102 K/   

  1V1 ( 1=1193 K, V1=102 K/ )  T3V2 ( 3=1373 K),   
     c-GeS2 ( 2V2)   

 α-GeS2 ,      -GeS2 ( 1V1)  -
GeS2 ( 3V2).    c-GeS2 ( 2V2)   

   є « »   2.82  3.0 , 
     GeO2      

 .     ,   
1V1  T3V2, є     ,   

   GeOx.    
      3V2,   

  c-GeS2 ( 3V2) « » 5-     
Ge-Ge ’     « »     

   c-GeS2 ( 3V2)  1.60, 1.89,  1.98   
     -OGeX3 (X=OGeH3)   

  GeOx.     c-GeS2 
    . 

 :  , , , 
-  ,  ,  . 
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  Ь 

 

 ––   ; 

––   ; 

 ––   ; 

 ––   ; 

––    ; 

XAFS –– (X-Ray Absorption Fine Structure) ––    

 ; 

XANES –– (X-ray Absorption Near Edge Structure) -   

   ; 

 ––  ; 

 –– ; 

H  –– ; 

p -GeO2 ––   ; 

 ––   ; 

- GeO2––     ; 

q- GeO2   ––    .
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     ( ),  

    ( ) [1].    

      ,     

 [2-10].      ,  

         

, ,    [5-10].    

  є     GeS2  

       

 ,      

,   є   є   [8,9-

11].    GeS2 є      

’є        ’є     

 .     

     -    

 є     є   ,  

є      [10,12].    

  ,    ’є   GeSe4    

 є  є        

  [12]. є       

          

  є     [6,710-18].  

 ,    Ge   ( ) -

GeS2,      Ge   (2-D) 

   -GeS2 [6,7,10,13-17].   

 2-D  -GeS2,   -  

     -GeS2,   

«  -  » [13-17]. ,    2-
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D  ,   Ge-S є , 3-D 

  α-GeS2,      

 GeS4, ’   [7,18].    

   [19] ,    

   ,   -GeS2   

     α-GeS2,    -GeS2.  

   -GeS2,   α-GeS2      

[20-25].      -GeS2   

  « »,  Ge-Ge  S-S ’  [16,17]. 

   ,       [26] 

   ’   -GeS2  ,   [27]   

   ’    -GeS2.    

  [28]  ’     

     ’  -GeS2   

    .   , 

     ,   

’  S-S  Ge-Ge   є .    є   

   ’є        є 

    [29-34].  

       

  [35-38]. 

       

         

є     ,      

    .   

’    є     

        

     [17]. ,    

  (a-Ge)   (a-Si)   

  ’є       [39].    -Si є  
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    ,     ’є    

 є      [39].   

 Ge-S        

  ~2.2  [40],     є ,   

є   ,      ( /2) 

[29-31,34].     2.2 - 2.3  є   

    GeO2,  

GeO2,  GeO2,    Ge [41-48].  

   ,  ’      Ge-S  ’є  

 ,      , 

є     .  

  GeO2 ’      

GeOx [48].        

    [41-48].   

           

 ,  є     

          

      [48]. 

      

    ( )   

          

 .   -   

       

        

        

     ,     

       . 

  є ’       

       (  . . 

)        
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 - ,    
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       , 

          

     ,     

    ,    -  

       

,   є  .  

   ь.      
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 ь є    

          . 

 .   ґ   

  є     

         

. : 

–  (ab initio)     

       

Gaussian-09, GAMESS (US), HyperChem     

       ( . 

); 

–     , , -   

  -   Renishaw 1000; 

–          

 "Fluorolog FL 3-22"   "HORIBA Jobin-

Yvon Inc.", ; 
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 1. 

 
  

 

1.1.        
 

 

. 1.1.    -GeSe2 [55]. 

 

 1953         

-  ’  ( -As2S3),     [49,50]. 

  -As2S3,      , 

 [51],     , -As2S3  ,    

     -  SiO2,   

   -As2S3    , 

      .    60-70  

   ,     

  ( )     є -

 [52-60].    2  14      

,   ,  ,    [53-60].  

  '        
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      ( . 1.1) [53,55,56].  

,  ’    ’   є , є 

      450 - 1350 -1 ( .1.1) 

[56]. 

 

 1.1 

       

    Ge(As)-S(Se) [53,56]. 

 
  , 

    
 

 
   

 ,  
 

OH- 2.92 
S-H 4.01; 3.65; 3.11; 2.05 

Se-H 
7.8; 4.57; 4.12; 

3.53; 2.32 
Ge-H 4.95 
As-H 5.02 
P-H 4.35 
H2O 6.31; 2.86; 2.79 
Ge-O 12.8; 7.9 
P-O 8.3 
CO2 4.33; 4.31; 15.0 

C-O-S 4.95 
CSe2 7.8 
CS2 6.68; 4.65 

As-O 
15.4; 12.7; 9.5;  

8.9; 7.9; 6.0 
Se-O 10.67; 11.06 
Si-O 9.1-9.6 

  4.65; 5.17; 5.56; 6.0 
 

        

 (S, Se,Te)  ,    
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    10-4-10-5 .%.,    ,  

 , ,      (10-2-10-3 

.%) [55].            

         , 

       [53-57]. 

  є  ,    

        [14,55,56]. 

   ’      70-   

        

 -  ,    

    -   -  

,     [15,54,55-57].   

    [54]       

         

 [56-59]. 

 1.2 

       (ppm wt) [55]. 

 
  

 15-3, ppm wt 

 , 

ppm wt 

Bi, Cd, Co, Cr, Mn, Mo, 
Ni, Pb, Sb, Sn, Ti, V, Zn, 

Ag, Ca, 
<(0.03÷1) <(0.03÷1) 

Al 0.2 ≤0.1 

Cu 0.02 <0.01 

Fe 0.2 <0.1 

Mg 0.1 0.04 

Si 200-30 0.1 

  
 50-100 . 

 
>109 

 
<104 -3 
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       -

      є  [54-56,58,59]   

       

 .       

     ,   

   є      [55].   

    [54-56].    

     .1.2. 

   ’    ,    

     [55,59].    

 ’        

    ,     [55]. 

 . 1.3   -   ’ , 

  [56],      є   . 

 

 1.3 

   ’ ,   є  

( - -   , ppm wt) [56]. 

 
 

   
 

   

Mn, Bi, V, Mg, Sn, 
Ni, Pb, Ti, Ca, Co, 

Sb 
<(0.02÷2) <(0.02÷2) 

Cu 0.1 ≤0.02 
Al 0.1 ≤0.1 
Ca <1 <1 
F  0.2 0.03 
Ag 0.03 <0.007 
Si ≤0.5 <0.5 

 

        є   

    є    
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 ,    ’  As-O  S-S.    

    As-S є    

   ( .1.1) [56].    

 Ge-As-(Sb)S [57]  ,    As (Sb)   

  є     ,  

        ( .1.2).  

       GeAs(Sb)S   .1.3. 
 

 

 

. 1.2.     GeSbS 

   є  z= 2,75 [57]. 

 

 

 ,  ,       

,     ~ 2050 -1    C-O-S  

[56].        

       [56]. 
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 1.4 

      є   

 ( -1)      GeAs(Sb)S   

   (z) [57]. 

 

Z 

3500 
c -1 

(H2O) 
 

3240 
c -1 

(SOH) 

2490 
c -1 

(SH) 

2330 
c -1 

(H2S) 

2050 
c -1 

(COS) 
 

1580 
c -1 

(H2O) 
 

1300 
c -1 

(SO 
 As4O6) 

 As2S3GeS2 

2.43 0.28 0 0.28 0 0 0.20 0.05 
2.48 0.29 0.01 0.37 0 0 0.10 0.12 
2.53 0.16 0.03 0.50 0 0 0.02 0.11 
2.63 0.04 0.03 0.56 0 0 0 0.09 

 Sb2S3GeS2 

2.50 0.22 0 0.30 0.10 0 0.10 0.05 
2.53 0.15 0 0.39 0.12 0 0.05 0.05 
2.55 0.09 0.03 0.45 0.10 0 0.02 0.06 
2.59 0.06 0.04 0.60 0.11 0 0 0.06 
2.63 0.04 0.05 0.67 0.12 0 0 0.06 

 As2S3Ge2S3 

2.56 0.15 0.04 0.90 0 0 0.04 0.08 
2.64 0.12 0.06 1.10 0 0.01 0.02 0.11 
2.72 0.07 0.04 0.86 0 0.01 0.01 0.16 
2.76 0.05 0.04 0.80 0 0.03 0 0.10 

 

         

        

  .   '      

є  ,       

       .  

    , , , 

     [53-55,59-61]   
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       ’є      , 

       . 

      20    

    [55].  [55]   є  

    , ’    , 

   ( .1.3).    .1.3.,   

   S-H  2  є  104 / . 

     12 /   2.2     

 As2S3    10-7, ,  - 10-6 .%, 

  - <104 -3 [60]. 

 

 

.1.3.         

As-S(Se)-Te (         

.) [55]. 

 

є          

 є    [60,61]    . 

           GeSe4  
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  [12].    . 1.4.,    40 0   

           

 є  є .     GeSe4 

  (1)  (2) [12]. 

 

GeSe2 + 4H2O → Ge(OH)4( .) + 2Se2- + 4H (1) 
 
Ge(OH)4( .) ↔ GeO2( .) + 2H2O (2) 

 

 

. 1.4.     -GeSe4  

        [12]. 

 

       

   .  ’    

         [62-65]. 

      є    

   .       

   ’є    

 є   [41-48]. 
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1.2.      

 ’є ,     

 

1.2.1. -      

       

 

 
 

. 1.5.  Ge3d    15    

 Ge   [011 ]     

   ( ): 1 - 0.05; 2 - 0.5; 3 - 5; 4 - 50; 5 - 150; 6 - 300; 7 - 

450; 8 - 600; 9 - 760.    є   Ge3d 

    Ge [68]. 

 

      

          

 SiO2       
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     [66].   

  ,  , є     

     ,      [67]. 

 

 
 

. 1.6.     є  

,   - -   

       [68]. 

 

        

    ( .1.6).    

є ,     є      

є  [67].   ,       

   [67].   є   

        

 [69].   ,  є    

    є    

[70]. ,       є    

     [67-69]. 
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. 1.7.      Ge3d -

       

( )       

        220 0   ( ) є   

 ( )  3  [70]. 
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 . 1.5.  ,      Ge3d 

   29.6       

є    [71].       0.5  

є  ,  є   ~32 ,   

     ,  є   33  [70]. 

         

-    ,    

'  Ge-O   0.85       

   Ge3d  є       

   GeO2 є 3.4      

   Ge [73].   Ge3d     

     ( .1. 7).    . 1.7, Ge3d 

 є     є   Ge,  

  Ge1+, Ge2+, Ge3+, Ge4+    0.85   

 .  1-4  Ge    ’  Ge-

O.  . 1.7. ( ) ,         

     , є  

   є  4,  є GeO2.    

    є   , є   

  [71-74].     ( .1.10, ( )) 

 ,    є      

є        є   

 є 13%.      Ge3d  є   

33     є  ,     

     GeO4 ( .1.7, ( )).   , 

’           

-       

  [75].       

        є   

,  , ’      
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, є  .    ’   

     GeO2 [75].     

є   ,    Ge є 40 , 

   – 24  [75].        

є   .  є  

       

 1750 ,  ’        

  1600 ,  ’      

 [75].       ’  

       

 ,   ’   -  

  .       , 

     [76-78]. 

 

1.2.2.       

  

 

      

        

[79,80].         

,  є      

 . ,     

 є  ,     

    ,  є   

   [80].    ,  

      -  

   ,     [81-

84].        

      

 ,       
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   -   [79].    

   1  5      

 -Si є       400-800  

(1.55-3.1 ),        

    Si.        

 -Si є        ~2.5  

( . 1.8) [80].    ’    ,   

є  ,        

        

       [77]. 

 

. 1.8.     p-Si   

    1  5      

 ( )    ( ) [79]. 

 

          

    .      
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     Si є  ,  є  

 ,     [80-84]. 

 

 
 

. 1.9.    Ge (   

  .)   SiO2 [78]. 

 
 є      Si. 

,   Ge   0.9-5.3    SiO2   

      – 1.54 - 0.88  (800 - 1400 ) 

( .1.9).     є   є   

  ,         

     (  ) Ge [77].  [85],  

        Ge  є 

         

 Ge (0.66 )       є  
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   Ge ( . 1.9),    p-Ge.   

є        

        [82-89].  

     [89]  ,  

  2.2 - 2.4 ,     ,   

   GeOx.  

 
 

. 1.10.      

       [89]. 

 

 ,      [90,91], 

,    ,      2 - 3 

,   ’      Ge    

 .  ,    -    

 2.2  (560 ),    q-GeO2 [93].  

  q-GeO2 є ~5.5  [85,86],     

     .    

 r-GeO2  -   є  
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 ~3.2  [84].  -    GeO2,  

     ~2.2  [84]. 

    -GeO2   q-GeO2 

’       -  GeO4  

      [85].     

   q-GeO2  -GeO2 [86].    

 ( )   GeO2  A1  

 263, 330, 444,  881 c −1; E   123 (TO+LO), 166 (TO+LO), 212 

(TO), 330 (TO), 516 (LO), 593 (LO), 860 (TO), 960 (TO),  973 c −1 (LO). E 

  372 (LO), 385 (TO), 492 (TO), 583 (TO) and 949 c −1 (LO) [86].  

       

    150–1200 c −1  173 (B1g), 701 (A1g)  873 (B2g) 

c −1 [86]. 

 

 

. 1.11.     

      [41]. 

 

   SiO2 [84] ,    

    , '     



 30 

,       GeO2 (   

 ) [49].       

   [84].     

[49]:    (E’- );   

 =Ge;    ( ); - є  

’  Ge-Ge;    ( );  

  ; « »   ( ). 

         

Ge/GeOx     

   є  3.82  (325 ) [41].  

,      10  300   

 є,       

  є .      

є   ,   є   

 [41].    ,    

     Ge  =300  [41]:  387  (3.2 

e ), 402  (3.1 ), 433  (2.86 )  483  (2.57 ). 

 
 

 
1.3.     q-GeO2  

   (XEOL)   

     (XANES) 

 

        

     , є   

  (   XAFS - X-Ray Absorption 

Fine Structure) [41,90,91]. XAFS-     є 

   ,  ' є     

      

,   . XAFS є   XANES  



 31 

NEXAFS (X-ray Absorption Near Edge Structure -   

   )  EXAFS (Extended X-ray 

Absorption Fine Structure -      

).      1s  

     (XEOL) є 

. 1.12.      Ge L-    (1214.0 

),  (1219.4 )    ,   

    є      

( .1.24,( )).        є  

O K-  (530 ),  (536.5 )   (555 ) 

        

є  ( .1.24 ( )). 

 

 

 
 

 

   

. 1.12.      1s   

        (XEOL) [91]. 



 32 

       ) 

 
) 

. 1.13. XEOL      

   GeO2: 

(a)   Ge L- ,   Ge L  
(1214.0 e ),  (1219.4 e ), -  (1234.0 ),   

 XANES (      
)  Ge L- ; 

( )   O K- ,   O K  
( 530 e ),  (536.5 e ),  ( 555 e ),   

 XANES (      
)   -  [41]. 
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         2.3  (540 ) 

       

, ’   .  Ge  O  ,   

  ( ),  1:1.8,    

   . 

 

 
 

.1.14.    

 q-GeO2      = 

3.06  ( 405 ) [41]. 

 

      

 GeO2 ( .1.14) [41]     = 3.06  (405 ) 

[41] є XEOL     

 GeO2 ( .1.15).  XEOL     

      ,     

 : 1.9, 2.17, 2.42  2.7  ( . 1.15.a).      

 450-500 0  XEOL  є     

є          є        ( . 1.15. );                 



 34 

 

 
) 

 
) 
 

.1.15.  XEOL       

 ( )  X      ( ) [41]. 

 

    1.9  2.17 ,   (2.7 )  -

 (2.42 )  є. 



 35 

       (z) 

 2.4  3.9  z є      

є  GeO2 (z=4.0).   ,    

  є  є   , 

        1.9 - 2.9 . 

 є      

   2.42  2.7  ( . 1.15. ). 



 36 

 2. 

 
 Ь    

Ь 

 

2.1.         

 

   GeS2    

  « » -5    ,   

[64].        Ge-S [7]. 

  ,     [64],     

  10-7       ,   

       

.        

   400-450 K       

   10-4  [64]. 

      250 K/    

800 K.           

       5-  . 

       1200 K  

   100 K/  [64].      

   10       

,      V=1.5*102 K/ . 

     . 

  ,       . 

    ,       

    .    

 10-4   .      

 100 K/     i ( 1=1173, 2=1273  3=1373 K).  

 1=1170 ,      



 37 

    , .=1110  

[7].  , 2=1270 ,     

   [7].     

3=1373   ,   є    

 .    i   

 10     1= 1173 K    

V1=102 K/c ,    2  3 - V2= 1.5*102 K/  [64]. 

        

        

 10  5.      

  0.5. 

      

     10 %.    

1:3.   (h)      

. 

 

 

2.2.     

 

               

     -46,  

   є   ,   

     130  1110  [98].     

      : , 

    ,  ,  є  

  (      ).     

           -46   . 2.1. 

є       

    R  : 
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2 4 2 2(1 ) (1 ) 41
ln

2

R R T R

d T


   
 , (2.1) 

 

 d –  . 

 

 
 

 

. 2.1.    -46: 1 - ; 2 - 

; 3 -  ; 4 - є -  

; 5 -  . 

 
 

     є    

    є  : 

 

  ln= ( ) [h-Eg( )],  (2.2) 

 

      Eg –  . 
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    As2S3-GeS2 (Eg)   

  = 5*103 -1   =f(h). 

 

2.3.   -   
 

 
 

. 2.2.   Renishaw System. 

 

 

 

. 2.3. -  . Renishaw 1000 

 (  ). 



 40 

 

  -       – 

Renishaw System 1000 ( . 2.2, .2.3).    

    ’є . 

        

 : 1)       .1 = 785 . (  

  .1 = 1.58 ); 2) Ar-   ( .2 = 514.5 .). 

 

2.4.     
 

 

 

 

. 2.4.  Fluorolog FL 3-22 [102]. 

 

     

"Fluorolog FL 3-22"   "HORIBA Jobin-Yvon Inc." ( , 

http://www.jobinyvon.com),  є       

      . 

 (  - )     

-ґ       є  

 



 41 

 2.1 

    Fluorolog FL 3-22 

   
, :  

   

   

200 - 950  

200 - 950  

 є  , :  

  

  

 

200 - 950  

200 - 1550  

    
,   

 
0 - 15  

 ,   0.0625 - 100  

    1  - 160   

     1.TCSPC -   -
  .  

2. -   є 
    

 .  

3.  .  

4.  (20 - 80 °C)  
 1×1  .  

  , 
/   

 150  

      450 W   
 .  

   (370 
).  

      200 - 850 , 
 DSS-IGA020L ( -  

)   850 - 1550   
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   є     є  

 .    є  

      

  -    ,   ,    

 .       

        

. 

 

2.5.       
 

 
 

. 2.5.    -GeS2 [7]   

  . 

 

    «ab initio» (   

)    Gaussian 09 [96,97].   -GeS2 



 43 

        ,    

’ , є       

( .2.5).        

  .       

  . 

,    –  ,  є   

  ,     

       є  [97-99]. 

     ,   , 

     ’ ,   -  

[98, 99]. 

   – є (   , )  

      –  , 

    [98,99].  

      

 –  ,   (  ,  

)    (*),   .   (**), 

  ,         ( , ). 

       

,  є         

 :         

є  1s- ,        

   — p-  [97, 100]. 

        ,   

   +,   (++),   ,   

     (   ) [96]. 

       , 

  AM1, 3LYP, PM3, 6-311G**   ,    

.          є  
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3LYP,   є  ,     

 є     . 

 

2.6.     

 

        

      (Atomki), . 

  Specs GmbH, , .     

   Ar-  .  

     Mg K (hν = 1253.6 )  

 .    

 Ge 3d, S 2s, C 1s  O 1s     1  

   PHOIBOS 100 MCD. 

 

 

 

. 2.6.    (Specs GmbH, , ) 

   . 
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      .   

       

.   -    Ge 3d, S 2p, 

O 1s, and C 1s        

 [92,93].         

     .    3d5/2  3d3/2, 

  -   ,  

  3:2. 

34 33 32 31 30 29 28

Ge43S57

 

Ge
2+

 

Е ія 'я , В

Ge
4+

 

Ge36S64

 

-GeS2

[Ge
4+
]

 

І
і

ь,
 

і
. 

.

 

 

GeS [Ge
2+
]

 

. 2.7.      [94]  

 Ge-S     -GeS2 
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36 35 34 33 32 31 30 29 28 27 26

Ge 3d

І
і

ь,
 

і
.

.

Е ія 'я , В

GeS

Ge0

 

) 

36 35 34 33 32 31 30 29 28 27 26

Ge 3d

Ge4+
Ge3+

Ge2+

Ge1+

Ge0

І
і

ь,
 

і
.

.

Е ія 'я , В  

) 
 

. 2.8.      

( )   ( )  Ge [89]. 
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    ’є      

 ’   ,    1,    

,   . 2.7  2.8. 

 ,       

    Ge 3d   c-GeS, 

 c є 30.1  ( . 2.7) [94].     

    Ge-S  ’  є 31.1  ( .2.7) 

[194].   Ge  ’  є 29.0 - 29.6 , . 2.8 

[89].       ’  

є 32.8 ,      3-    

 GeOx  є   32.0  [89]. 
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 3. 

 

Є ’     -

  GeS2 (TiVj)   
  Ь    

  Ь   GenSm 

 

3.1.     GenSm   

Gaussian 09 

 
     GenSm  

 «ab initio» (   )    Gaussian 

09.  ’       .  

         

,         

 .  

 

 3.1 

     ’   GenSm  

  

 
  

’  
Ge-S, Å 

є 
 , 

°, S-Ge-S 

є 
 , 

°, Ge-S-Ge 

Ge2S7H6 2.222 109.432° 105.233 
Ge2S6H4 2.217 109.370° 81.818 
Ge3S9H6 2.257 112.444° 112.508 

 

  . 3.1     

   Ge2S7H6  4-    Ge2S6H4  

, ’   ( .3.1),    Ge-S,   

 -GeS2  2.19-2.23 Å [95,96].  6-    

 Ge3S9H6 є    ’  Ge-S ( .3.1.) 
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   -  0.027-0.067 Å     Ge-

S   -GeS2.    S-Ge-S 109.432°  109.370°  

 Ge2S7H6    Ge2S6H4  ( .3.1.)  

    109.47°    GeS4 [65].  

6-    Ge3S9H6    S-Ge-S 

   3°         

GeS4.    81.818° Ge-S-Ge  4-   

 Ge2S6H4 ( . 3.1.) є    ’   

, ’  .      82.1° 

     -GeS2 [7]. 

. 

 3.2 

   Ge2S6 

 
  

 ( ) 
 

  
 

( ) 

 
 

 ( ) 

  
( ) 

 

AM1 -10.11897 -3.394343 -6.724627 -50.95661341 

PM3 -9.925267 -3.992313 -5.932954 -49.88257648 

B3LYP -9.289387 -4.134596 -5.154791 -41.07235291 

 

 

        

    1, 3, 3LYP ( .3.2) (  

   Hyper Chem  Gaussian (US)).   

         

  Gaussian 09,   ,   

3LYP, LYP, HSEh1PBE.      

  ,   .3.1. 
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 3.3 

   Ge2S7 

 
  

 ( ) 
  

 ( ) 

 
 

 ( ) 

 
, 

( ) 

AM1 -9.254757 -3.290185 -5.964572 -59.16614678 

PM3 -9.142091 -3.784425 -5.357666 -57.92666446 

B3LYP -9.032567 -4.354059 -4.678508 -50.48374577 

 

  3.2  3.3 ,    Ge2S7  Ge2S6   

     .    

       ’  Ge-S   

 є   4-  .    

       Ge-Se [62],  є 

  Ge-S.  є  ,   

    2-D    

 -GeS2   -GeS 2 [62]    : 4- 

6-     1:2; 6-    GeS4, 

’  ; 4-     GeS4, ’  . 

  2-D   -GeS2   Ge-S є  (3-

D)   α-GeS2,     ’  

  GeS4    ,   

 6-   ( .3.5) [7]. 

        

 Ge2S6, Ge3S9 ( .3.1).      

LANL2DZ   HSEh1PBE,    

       

   ( .3.2). 
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) 

 

 

( )   

 

. 3.1.  Ge2S6 ( ),  Ge3S9 ( )    . 
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4

3

2

1

376

Ч  , -1

І
і

ь,
 

і
. 

.

400

235
255

345

360

340

433

370

0

0

0

0

 

. 3.2.   -   ’є є  -

GeS2 (TiVj),      λ .1=1064 . (1.17 , 

Nd:YAG, Bruker IFS 66/FRA 106): 1 - T1V1; 2 - T2V2; 3 - T3V2; 4 - -GeS2 

[64]. 

 

   4-     

  HSEh1PBE ,      

  ,        

 ,   372 => 370 -1  435 => 433 -1 ( . 
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3.2 - 3.3).        

          

  ,        

     ( . 3.3, . 

3.4).  

 

. 3.3.     Ge2S6H4. 

 

. 3.4.     Ge3S9H6. 
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     ,    

 - LANL2DZ.      

HSEh1PBE   LANL2DZ. ,     

 Ge3S9H6 ( .3.4) є -  (adamantane-H4Ge4S10 [10]) 

          

є        

    c-GeS2(TiVj). 

 

3.2. є ’    c-GeS2(TiVj)   

      GenSm 

 

       [12-17],  

      -GeS2 

( .3.2.) є    340 -1.   є 

 6-  ,    ’   ( . 

3.1).     ,     

  (360 -1)     -GeS2 

( . 3.2,  5). 

      -  -GeS2 

    200-300 -1 ( .3.2).    ( .3.2) (  

3),    -GeS2,      

(T3=1373 K), ’ є        255 c -1. 

            

  ,    T2 ( .3.2.,  

2).        255 c -1  

  235 c -1.       -GeS  

 є  Ge   [63].     

-GeS2 (T Vj) (i=2-4, j=1)    -GeS2 є  ,   
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       -GeS2 (TxVy)    

    ~370  433 -1. 

 
 

. 3.5.      

α-GeS2 [7]. 

 

    340, 370  433 -1   -GeS2 (T Vj)  

=2, j=1 ( .1,  2).     -GeS2 (T2V1)  

   λ .1=1064 . (1.17 ) є  

   495 -1,  ’      

     ’  S-S [63].   

є         

     (λ .4=514.5  λ .5=488 .).  

   370  433 -1      -GeS2 

(TiVj) [63]     GeS4/2, ’є  .  

 -GeS2 (T2V1)       -GeS2 



 56 

(TiVj)     -   -GeS2 (TiV1)  , 

  ,    ’  S-S  Ge-Ge, 

 . 
 

200 250 300 350 400 450 500

3

2

1

339

376

Ч  , -1

І
і

ь,
 

і
. 

.

400255
345

360

433

370

0

0

0

 
. 3.6.         

 ’є є  -GeS2 (TiVj),     

 λ .1=1064 .: 1 -   -GeS2 (T1V1)   -

GeS2 ( 2V2); 2 -   -GeS2 (T3V2)   -GeS2 ( 2V2); 3 

–   -GeS2. 
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      -GeS2,    

  ,      

 ( . 3.6.).          

     340 -1.  .3.7. ,   T  = 1173 

K (      )   

{IRGeS2(TiV1)-IRGeS2(T2V1)}       

360, 370, 400  433 -1.  ,    360 -1 є  

    -GeS2 ( .3.2,  4).  , 

      «  »   

  Ge3S3+6/2   6 ( . .2.5),  є   4-

   Ge3S3+6/2  2-    Ge2S2+4/2. 

 2  ’       . 

,   370  433 -1     Ge-S 

’     Ge2S2+4/2  6 ( . . 2.5). 

       

 [94],        

  -GeS2    : 4-  6-  

, ’   2-D  ( .2.5.); 6-    GeS4, 4-

 .  ,      

  є   ’    - 

GeS2  [26].     ~400 -1  ’   

    GeS2 (T1V1) « » 5-   

 ( .2.5.,  8),  Ge-Ge '     

 255 -1.    [16]     

« » ( .2.5.,  7).    

 6 ( . 2.5)      ( . 3.6, 

 1),  ,   ,     -GeS2 

( 1V1,T3V2)  4-6     

-GeS2.      3, є   
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     6-   4-   

Ge2S2+4/2,   є     370  433 -1 

( . 3.3,  2, 3). 

 

200 250 300 350 400 450 500

Ч  , -1

І
і

ь,
 

і
. 

.

370
380

403 439

235
255

423

340

340

4

3

2

1

0

0

0

 

.3.7.  {IRGeS2 (TiV1) - IR -GeS2}   

  α-GeS2 [22]. 

 

      2  3   

     є   , 

  « » 5-    8  10 ( .3.6.)  

 Ge-Ge (  8)  S-S (  9) ’  ( .2.5).  
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   8  Ge-Ge  ’  ( .2.5)    

     ~ 250 -1    400 -1 

( .3.6.).    S-S ’      

11 ( .2.5)      492 -1.  

   {IRGeS2(TiV1)-IRGeS2(T2V1)} є   

~339 -1 ( . .3.6),  є      

   α-GeS2 ( .3.5.) [22,24,25].  

3=1373   є      {IRGeS2(TiV1)-

IRGeS2(T2V2)} .    , 

    α-GeS2,   

   -GeS2 [25]. 

        

 ’     ,    

,         

   .    

    ,    α-GeS2  

   [7, 96]       .  

  24 ’       

,    6-   [7].    

  GenSm,        

 ,      є   α-GeS2 [7] , ,  

   Ge3S6  '  Ge-S c   

~330 -1. 

       340 -1,  

 α-GeS2    -GeS2,    {IR 

GeS2(TiV1)-IR -GeS2}    α-GeS2 ( . 3.7)  ,  

,    α-GeS2,       

.      -GeS2 ( iV1) , 

      3-D    2-D  

,  ,     -GeS2 є   
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 2-D   ,   3-D 

  .     

   є     [15],   

        c   

  GeS2 (TiVj) [97-99]. 

 

 

3.3.      GeS2 (TiVj) 

  -      

100 200 300 400 500 600

600 700 800 900

3

2

1

, -1
Ч

І
і

ь,
 

і
. 

.

Ч  , 
-1

 

. 3.8.     -GeS2 (TiVj),   

   λ 2=750 .   -    

   :1 - T1V1; 2 - T2V2; 3 - T3V2. 
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. 3.9.    GeO2   -

  [86]. 

 

 10      ,   

( . 3.11),      -   ’є 

є  -GeS2 (TiVj) ( .3.2).   . 3.8.  ,   

    [86]     

650  900 -1,         

( .3.9),  є        

(  10 ).    ( . 3.6)   

   q-GeO2  440 -1 ( .3.9) є   

      . . GeS4, ’    ( . 

. 2.5) ,        . 

       ,   

,     α-GeS2,   

   ( .3.10.),     -GeS2 

(T1V1; λ .=1064 ), . 3.2,   -GeS2 ( 1,V1; λ =750 ), . 3.10.  

. 3.10  ,      -GeS2 (TiVj)  

   10     

є  є     ,     
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 α-GeS2,      

 .  -   -

GeS2 (TiVj)    є     700 - 800 -1, 

  GeO2 ( . 3.8) [86]. 

200 250 300 350 400 450 500

6

4

3

1

2

5

340

435

260

0

0

0

І
і

ь,
 

і
. 

.

Ч  , -1
 

 

 3.10.      є    

       10-  : 

(1,2) -  -GeS2 (T1,V1; λ =1064 )  -GeS2 ( 1,V1; λ =750 

); 

(3,4) –  -GeS2 (T2,V2; λ =1064 )   -GeS2 ( 2,V2; 

λ =750 ); 

(5,6) -   -GeS2 (T3,V2; λ =1064 )   -GeS2 ( 3,V2; 

λ =750 ). 
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        є  

  [100]   [101-

108],   є       

     ,    . 

 

3.4.     GeS2  

   

 
 

0.8 1.0 1.2 1.4 1.6 1.8

Е ія і , В

І
і

ь,
 

і
. 

.

1.25

 

 

 
 

. 3.11.     

GeS2 ( 2V2),     . 

 

 . 3.12    -GeS2 (T2V2)  

  .      , 

     ,     

    (     
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 ).       , 

         

2V2,     (E . = 1.25 )   

 .    є   , 

  [29]. 

 

2,0 2,4 2,8 3,2 3,6
10

0

10
1

10
2

10
3

  

( )

( )
( )

( )

 

( ) - T
2
,V

2 
(293 K)

( ) - T
3
,V

2
 (293 K)

( ) - T
2
,V

2
 (80 K)

( ) - T
3
,V

2
 (80 K)

( ) -GeS
2
 (293 K)

іц
іє

 
я,

 
-1

Е ія і , В

( )

 

. 3.12.        -GeS2: ,  

– (T2V2)  ,  – (T3V2).     (293 K)   (80 

K) .    -GeS2 ( ) 

   [63]. 

 

  є    ( . 3.12).  

    є ,    

   ,   є ( . 3.13).  

 є ,   , є  є  
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    . ,   ,   

,    .    

  -  є     

  ,   (  ),   

   .    є  

      . 

     ( .3.13)  

є     ( .3.12) ,  

      є,   

       0(GeS2) 

= 3.2 .     ’       

    ( .3.13) [37]. 

 

 
                             ( )                                                    ( ) 

 

. 3.13.        

 D-  D+  ( )   -    

 N(E)   (ΔEg2=EC-EV –   

 ,  ΔE0=EA-EB –   ) [37]. 

 

.   .  [36]  .  [35]   

    -  -   (VAP – 

valence alternation pair).     є  

    є ,  є  
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  ’    (   - ) [37].  

 є     ’     

 (D- )       

.  D0-  є    

       

 ( ).     є  D-

- ,     – D+- .    

    ’  ,   

.       

    ,   , 

       [37,65]. 

 VAP є     ,    

є        [64]. 

  ,    є    (  

        

   ) [64]. 
 

 
 

. 3.14.  ,     

     GeS2-GeO2 [85]. 
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      GenSm  [65] 

    ( . 3.2).  [65]   

    GenSm    

 (E0≈3.2 e )     ρ(E)  -GeS2. 

  ρ(E)      ,      

      HOMO  LUMO  

    " " (Ge-Ge, S-S) ’    

  ’є   [65].    

 є       

,  SGe3/3.     GenSm  

є     -GeS2,   . 

3.11. 

 

 3.2 

    GenSm,    

HOMO  LUMO  (ΔEg1) (BLYP/6-311G*)     є  

     (ΔEg2) (TD-BLYP/6-311G*) [65]. 

 ΔEg1 (e ) ΔEg2 (e )  ΔEg1 (e ) ΔEg2 (e ) 

GeS4/2 3.43 3.60 SGe3-S6/3 2.89 3.08 

Ge2S1+6/2 3.15 3.23 GeS3/3 3.96 4.46 

Ge2S2+4/2 2.99 3.08 Ge2S6 (S-S) 1.71 1.74 

Ge2S2+6/2 (S-S) 2.99 3.16 

Ge2S6/2 2.87 3.20 Ge3S3+6/2 2.97 3.01 

SGe3/3 2.72 2.89 Ge3S5+4/2 (S-S) 2.31 2.43 
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   . 3.14    GeO2    

  GeS2-GeO2
        

  [28]  x=30.       

  є  3.03  ’ є    ~ 2.0 .    

  є   2.2  ( =80).  =0   GeS2 

   1.3    є    

    GeS2 ( .3.11)   

 .  є,     ’є  

GeS2,       GeO2,    GeS2
  

       ,   ,  

 [101-108]. 
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 4. 

 

    

     

  -GeO2,  β-GeS2  GeS 

    GeS2 

 
 

4.1.       

,      

  -GeO2,  -GeS2  GeS   

  

 

 

4.1.1.     -GeO2 

 
 . 4.1   є      Ge3d, 

O1s, C1s    GeO2.   

     3  ,    

   GeO2 є   21.6 % Ge, 73.4 % O s  5% . 

  C1s  ( .4.1.) є,    

        : -  (  

’  284.6 )  -  (286.0 ).    O1s 

 (531 ) є  ,   є    

 ’  O-H [95, 103,109].    Ge3d 

 31.6      GeOx [93]. 
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) 
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І
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і
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) 

. 4.1.  : Ge3d ( ) O1s ( )  C1s 

( )   -GeO2. 
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4.1.2.     -GeO2  
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І
і

ь,
 

і
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Е ія, В

 
 

. 4.2.     -GeO2 

   (  ) ,    

  : 1 - . = 1.77  (λ . = 700 

); 2 - . = 2.07  (λ . = 600 ); 3 - . = 2.25  (λ . = 550 ); 4 - 

. = 2.48  (λ . = 500 ); 5 - . = 2.75  (λ . = 450 ); 6 - . = 3.10 

 (λ . = 400 ); 7 - . = 3.54  (λ . = 350 ); 8 - . = 4.59  (λ . = 

270 ). 

 

        

     q-GeO2    (  

)        -

GeO2,    q-GeO2  ( . 4.2).   

   ~1.60     (E1=1.77 , 700 

).     є    
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   ~1.85  1.95  ( .4.2).   

      1.6, 1.85  1.95  

   -GeO2 [109]   -  

   -OGeX3 (X=OGeH3) [49]. 

 

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

1 2 3

4 5

6 7 8

9 10

Е ія, В

І
і

ь,
 

і
. 

.

 

 

 

. 4.3.      

GeO2    (  ) ,   

   : 1 - . = 1.77 

 (λ . = 700 );2 - . = 1.90  (λ . = 650 ); 3 - . = 2.07  (λ . = 

600 ); 4 - . = 2.25  (λ . = 550 ); 5 - . = 2.48  (λ . = 500 ); 

6 - . = 2.75  (λ . = 450 ); 7 - . = 3.10  (λ . = 400 ); 8 - . = 

3.54  (λ . = 350 ); 9 - . = 4.13  (λ . = 300 ); 10 - . = 4.59  

(λ . = 270 ). 

 

     .4.3.  

     ~ 1.6, 1.85, 1.95  ( .4.2, . 

4.3),        2.12, 2.25, 2.37, 2.55, 2.7, 
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2.8, 2.95  [108-111].      

      ( . 4.3)  ,   

  2.12  2.8     .     

     ?   є  . 

    2.1-2.5  ( . 4.6) є     

        3.5  [85]. 

      Ge (nc-Ge) є 

   [49].     nc-Ge  

      2.2-2.3  є [84]. 

  [49]   ,    2.1   

       E´ -   

  (E´-OV) ( . 4.8),      - -   

 ’  -  (  3 - 2).  

 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6
1.9

2.0

2.1
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2.4

2.5

2.6

2.7

2.8

2.9

3.0

В

 

Е ія,

П
я 

Ф
 

, 
В

 
 

. 4.4.        

       GeO2. 

 

  є      

   4     5-   [85].    
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 є   ’      Ge 4 [86].  

     Ge- -Ge ,   

       E’- ,  

      ( . 4.5).  , 

         

  ,     

 O2A<. , є   -    

     O=A< ( . 4.5.). 

 

 

 

 

 

 

 

   E’-    

   

 

  

O2A< ( ) O=A<  ( ) 

 

. 4.5. ,      [48]. 
 

 ,  [49],       

    1.5  2.0      

    E’- ,   є  ~2.1  -  

     E´ -     
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(E´-OV) ( .4.5).       ~ 3.0  ( . 

4.5),        ( . 4.7)  

    є    ,  

   ,      

,  .     [49]  

  (H3Ge'O)3Ge-Ge(O(Ge"H3)3)3 ( .4.2)    

S1     3.1 ,     S2 –  3.3 . 

 ,     Ge (=Ge●●)   q-

GeO2     ~ 3.1      

4.6  [48].        

є       [48]. 

 

 4.1 

  (  )       

   -OGeX3 (X=OGeH3). MRCI,  B2 [48]. 

 
. 12A" 12A' 22A' 22A" 

42A' 
2.90, 

.015 
2.86, 

.006 
1.12, 

.075 

1.59, 

.054 

32A' 
2.18, 

10-4 
2.10, 

.002 
0.55, 

.012 
1.04, 

.102 

32A"a 1.98, 

.054 

2.05, 
.014 

0.20, 
.009 

0.91, 
.001 

32A"b 1.89, 

.010 

1.44, 
.001 

-0.45 
0.65, 

.00005 

32A"c 2.32, 
.001 

2.84, 
10-4 

0.93, 
10-4 

0.73, 

.036 

22A" 0.31, 
10-5 

0.62, 

.017 
-1.25 0.00 

22A' 
(D2=>D0) 

1.84,  
10-6 

1.81, 
10-4 

0.00 - 



 76 

 

 

 

 4.2 

  ( , )    (f, )   

   OV  DOV   , 

    [48]. 

 
,   ,                                           ,       

 
E(Sn),   

f(0-n) 
OV,    (H3Ge'O)3Ge-Ge(O(Ge"H3)3)3,                       S1, CIS(D); 

CCSD 
2.72,   

0.80; 3.08 

OV,    (H3Ge'O)3Ge-Ge(O(Ge"H3)3)3,                       S2, CIS(D); 
CCSD 

2.98,   
0.10; 3.31 

DOV, (H3Ge'O)3Ge-Ge(OGe"H3)2-Ge(OGe"'H3)3,   S2, CIS(D); 2.19,   
0.45 

DOV, (H3Ge'O)3Ge-Ge(OGe"H3)2-Ge(OH)3,           S2, CIS(D); 
CCSD 

2.17,   
0.43; 2.63 
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.4.6.    

 q-GeO2   [107]. 
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        -

GeO2  2.6  ( . 4.8)  є     

є     [48]    GeO2, 

 H3Ge'O)3Ge-Ge(OGe"H3)2-Ge(OH)3 ( .4.2).  GeO2   

є    ~ 2.8  ( . 4.2.)    

3.54  (350 ) [109].  ,     

   GeO2 ( .4.5),     ~ 2.6 ,  

« », є      . 

 

4.2. ,      

    -GeS2   

 

 

4.2.1.      -

GeS2    

 

 . 4.7.     -GeS2  

   .     ’  Ge-S 

   100  500 -1     3.    

,    ’  Ge-S,    

    ~600 -1,    

’  Ge-      GeO2 ( .  1).  

        

-GeS2        

[111].  . 4.8  . 4.9. . Ge3d, O1s, C1s  O1s -

   -GeS2 [108].    

     ,    

   : 23 % Ge, 44 % S, 23 % O  10 % C. 
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      -GeO2 ( .4.5.)   

   . 

 

200 300 400 500 600 700 800

380
410

433
344

221

360

Ч  , -1

І
і

ь,
 

і
. 

.

 

. 4.7.    -GeS2,   

    785 . 

 

   Ge3d   

( .4.8)  ,           

  32.8, 31.8  31.1 .     

   ’       є  

   [109] ,  GeO2    GeOx. 
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Е ія 'я , В
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. 

. 532,3 - GeO
2

 

) 

. 4.9. C1s ( )  O1s ( ) -   

 -GeS2      

. 
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   31.1     ’  Ge-S  

 GeS2 [103,105].    є  

   S2p   ( .4.8.),  

   ’  Ge-S  c-GeS2 [106].  C1s   

 ( .4.9),     GeO2,   -  (  

’  284.6 )  -  /  -S (286.0 ). O1s  (532.3 ) є 

,    ’  Ge-O  [105-109]. 

 

4.2.2.       

 -GeS2    

 

 

. 4.10.    -GeS2  

  (  ) ,    

  . 
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2.992.802.552.37

2.252.02
2.12

1.72

87

 

6

5

4

3

2

1

 

 

.4.11.     

-GeS2         

  : 1 - 1.77 ; 2 -2.06 ; 3 - 

2.25 ;  4 - 2.48 ; 5 - 2.75 ; 6 - 3.1 ; 7 - 3.51 ; 8 - 4.13 . 

 

         

1.72, 2.02, 2.12, 2.25, 2.37, 2.55, 2.80  2.99  ( . 4.10, . 4.11). 

      

  -GeS2    (  

)       -GeO2 ( .4.2) 

    (  )     .  

 ,    1.72  2.02     

[49]         

 -OGeX3 (X=OGeH3)   ,    

  (     E’- ).  

   2.25  (550 )  3.54  (350 ) є  
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  ( .4.12). Є      -GeS2 

( . 4.10)  GeO2 ( .4.6) є  ,    

  -GeS2 (   2.75 ) є    

  2.37     2.55 ,     

   GeO2 ( .4.6.) є   2.57  (  

 3.1 ).     

 GeO2    3.05     

      ~2.3  [113] ( .  1). 
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. 4.12.       

       -GeS2. 

 

   ,  

  (XEOL, X- ray Excited Optical 

Luminescence)   536.5 ,  є   -  

(O K-edge)  ,      
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,     (GeONWs)  

    . = 3.05 .   

,      

 ,      

( . 4.10)   ’      [44]. 

     -GeS2   

  (2.75 )      -GeO2 є  

,        [110],   -GeS2
 

     є    

  ’  Ge-S  4-  6-   ,  

 Ge(OH)4     GeO2   

      ,  : 

 

(GeOH)4 ↔ GeO2 + 2H2O 

 

4.3.         

 GeS    

 

4.3.1.    -GeS    

 
 . 4.13.     ( ) -GeS. 

       4.3.    

   ,   [111] ( .4.14).   

 [111],        -GeS   

  ( . 4.3).       -

GeS2 ( . 4.7),    -GeS ( .4.13.)  ,  

 -GeS,     ~ 440, 520  590 
-1,    GeO2 ( .  1).    

      -GeS [111]. 

      ( .4.13)      

   k-GeS [106]. 
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. 4.13.      

-GeS   E . = 1.58 . 

 

   k-GeS,      

 ( .4.15), є 1.6 .      

     k-GeS. 
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. 4.14.    -GeS [115]. 
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. 4.15.    -GeS   Eǁb  

   (    ) [112]. 
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 4.3 

   k-GeS   . 

λ =785  
  

λ =676/4  [112]  [112] 

 
212 

 
 

240 
 

268 
 

290 
 

312 
329 

 

 
212, 213, 212 

 
 

238, 239,  298 
242, 281 

269 
215,245 

 
 
 

329 

 
B3g 

 

 

Ag 

B2g 

Ag 

B1g 

B2g 

 

B2g 

 

 
 

 

4.3.2.    [  -

 -GeS    

 

      ,   

 (3.15 ),      

  ( .4.16).       

    -GeS ( .4.17).  

  GeO2  80 ,   

    Ge [113], є ,   

   . 4.16.,  8.    [48] 

    3.1  3.3      

  (H3Ge'O)3Ge-Ge(O(Ge"H3)3)3,   2.66  2.84  ( . 

4.16,4.17) -   (H3Ge'O)3Ge-Ge(OGe"H3)2-Ge(OH)3 [49], 
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  є  ~ 2.1  -      

 E´ -     (E´-OV) ( . 4.8.),    

  Ge- -Ge   ’  Ge-Ge (  3Ge-Ge 2) 

[49].        

        GeS  

    ( .4.18) [108]. 

 

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

І
і

ь,
 

і
. 

.

Е ія, В

2.001.74
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2.84 3.15

75 84
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21

 

 

 

. 4.16.      

 -GeS: 1 - 1.77 , 2 - 2.06 , 3 - 2.25 , 4 - 2.48 

, 5 - 2.75 , 6 - 3.1 , 7 - 3.51 , 8 - 4.13 . 
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.4.17.    -GeS   

 (  ) ,    

  : 

1 - . = 1.77  (λ . = 700 ); 
2 - . = 2.07  (λ . = 600 ); 
3 - . = 2.25  (λ . = 550 ); 
4 - . = 2.48  (λ . = 500 ); 
5 - . = 2.75  (λ . = 450 ); 
6 - . = 3.10  (λ . = 400 ); 
7 - . = 3.54  (λ . = 350 ); 
8 - . = 4.59  (λ . = 270 ). 
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. 4.18.       

 -GeS     . 

 

 

 

4.4.       -

GeS2 (TiVj)    

 

4.4.1.     GeS2 (T2V2) 

   

 

    Ge3d  O1s 

( .4.10   4.20)  є      

  -GeO2 [118]. 

 S2p        

( . 4.20, ).      161.8  

є     ,    

 [111].    163.4  є  

 Ge-S-S [119].     є : Ge - 2.3 %; S - 
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1.2%; O - 32.8%; C - 63.7%.     10-   

 є   . 
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. 4.19. Ge3d    

 -GeS2 (T2V2)  10-  . 

 

  Ge3d  S2p   

 ( .4.20)  є      

  GeO   GeS [108].  

    O1s  531.3  

   OH  [110].    163.4  

є   Ge-S-S [114-118].    

 є : Ge - 13.0 %; S - 13.5%; O - 62.8%; C - 11.5%.  

 ,       , 

  30 . 
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  -GeS2 (T2V2)  10-   . 
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. 4.21. Ge3d ( )  S2p ( ) -   

  -GeS2 (T2V2)   5-   

 . 
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. 4.22. O1s    

 -GeS2 (T2V2)  5-   . 

 

я

ч  

Ш   
Ge(OH)4( .) ↔ 

GeO2 + 2H2O

Д
GeOx

С  GeS2

А
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. 4.23.     -GeS2     

        

  [110]. 

 



 96 

 
 

. 4.24.   -    

 GeS2 (T3V2)      10 . 

 

 

. 4.25.   -    

 GeS2 (T3V2)  12     

( ). 
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      [110]  

   . 4.23.   -   

  -GeS2 (T3V2)      10-  

   . 4.24,   –  . 4.25. 

 

4.4.2.    -GeS2 (TiVj)    

 ,     2.48  
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. 4.26.   -GeS2 (TiVj),    

 2.48  : 1 - T1V1; 2 - T2V2; 3 - T3V2. 

 
   [117-120],       2 

 3       ~ 1.59  1.86 

 ( . 4.26.).     ~1.59  1.86 

 є       -GeS2 (TiVj)  ~ 250 -1   

 400 -1 ( . 3.7)     Ge-Ge  Ge-S 

’   « » 5-    8    

’  (  8, . 2.7).        
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 1.5-2.0         

’  Ge-Ge  300 -1
      

 ( .  1) [89]. . .       1.85  

     -    

q-GeO2 [49]          

GeO2.   [48]   ,  ,  

     , є   -OGeX3 

(X=OGeH3).     2.2 - 2.3  ( . 4.26.) є   

          3.5 

 [49].       Ge (nc-

Ge) є    [48].     nc-Ge  

      2.2 - 2.3  є [48]. 

 
 

 

4.4.3.    -GeS2 (TiVj)    

 ,     3.1  

 
 . 4.27    -GeS2 (TiVj),  

   3.1 .    ,   2.48 

 3.1  є,   ,     3.1  ( . 

4.26)       2.12, 2.25, 2.37, 2.55  2.7  

[114-118].    [48]     2.6 

,    -GeS2 (T1V1) ( .4.26.),    

    (DOV) (H3Ge'O)3Ge-Ge(OGe"H3)2-

Ge(OH)3.       

 -GeS2 (TiVj) ( . 4.27.)  є    

     q-GeO2 [90], ( . 

1.14.)     « » ’     -GeS2 

(T3,V2) є   ,   є  

 2.6  2.7  ( . 4.27).  ( . 4.27.)    
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  2.83       « » 

’  -GeS2 (T2V2). 

 

.4.27.    -GeS2 (TiVj),   

  3.1 : 1 - T1V1; 2 - T2V2; 3 - T3V2; 4 -  GeO2  

 [69]. 

 

       

  GeO2   [69]   ,    

 -GeS2 (T2V2)     q-GeO2.  

      ( .4.28). 

    ( .4.27),  ,    

« » ’   -GeS2 (T2V2)    

      2.12, 2.25, 2.37, 2.55  2.7  

(    GeO2 ( . 4.28),     

       -GeS2 (T1V1)  -GeS2 (T3V2),   

’  є ( . 4.27). 
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. 4.28.    ,   . 4.27. 
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. 4.29.    q-GeO2,  5 [41]    

   -GeS2 (TiV1),     3.05 : 

1 – T1 = 900 C°; 2 – T2 = 1000 C°; 3 – T3 = 1100 C°,  ; 

 4 – T3 = 1100 C°,  
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  , OV, 

  

 

  , DOV, 

  

 

. 4.30.  (OV)  ,  ;  

  (DOV),   [48]. 

 

 

      

      

   -  є  ,   

       

       ’     

   [90].   ,      

   1.55; 1.8; 2.12; 2.37, 2.55  2.7 ’   

   ( .4.29)  -  

  ,        GeO2  

 (    2.83 ). 
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4.4.4.    -GeS2 (TiVj)    

 ,     4.6  
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. 4.31.   -GeS2 (TiVj),    

  4.6 e : 1 - T1V1;  2 - T2V2; 3 - T3V2. 

 

  -GeS2 (TiVj) ( . 4.31),    

  4.6 ,    -   

 Ge    ,   [87]    

3.81 .   [90]      Ge   

 ~387  (3.2 e ), 402  (3.1 e ), 433  (2.9 e )  483  (2.6 e ),  

         ( . 

4.30.)    1.55, 2.05, 2.7, 2.95, 3.0, 3.2, 3.4, 4.2  [102-

109,114-117].   -     2,7, 

2.95, 3.0, 3.2, 3.4, 4.2        

     ( є  <111>) [116]. 

   q-GeO2 є    4.6 

 (268 ),       є  3.49  

(   355 )    є  

 2.82  (438 ) [118].  
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. 4.32.     -GeS2 (T1V1)  

  : 3 - 2.48, 2 - 3.1  1 - 4.6 . 

 

  ,  ,     

 ~ 2.8  ’    .    . 4.29,   

   GeO2    

 є .  ,     

  4.6      -GeS2 (TiVj) 

( . 4.31)      є    ~2.0 . 

   є       

    3.1  ( . 4.31).  ,  

  є      

’   –      -GeS2 

(TiVj),     « » Ge-Ge ’ .  , 

  ,     X3Ge–

GeX2 ( X= –O–GeH3) ,       

2.0 - 2.1 .      4,6    

 -GeO2    [85].    

[84]          1.5 

 2.0 ,     4.6  -GeS2 (TiVj),   
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      E’- .  

  (H3Ge'O)3Ge-Ge(O(Ge"H3)3)3  ( .4.2)    

S1     3.1 ,     S2 –  3.3 . 

 ,     Ge (=Ge●●)   c-

GeO2    ~3.1     4.6  [84].  

      є   

    [84]. 

 

 

 

. 4.33.     -GeS2 (T2V2), 

   : 3 - 2.48 ; 2 - 3.1 ; 1 - 4.6 . 

 

 . 4.32     

   -GeS2 (T1V1, T2V2).  ,  

 є      2.83 , 

   GeO2   [69].    

   -GeS2 (T1V1, T2V2, T3V2),   

  4.6 ,   ( .4.34),     

  є  ,    

q-GeO2   [69].  ,        
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  є  ,  є    

   Ge(OH)4. 

 

 

 

 

 

 

. 4.34.      -GeS2  

(1-  T1V1,  2-  T2V2, 3-  T3V2),     4.6 . 
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4.4.6.        

 GeS2-As2S3 

 

. 4.35.    (As2S3)x(GeS2)100-x: 1 -  = 0; 2 -  = 10; 3 -  

= 20; 4 -  = 30; 5 -  = 40; 6 -  = 50; 7 -  = 70; 8 -  = 90; 10 -  = 100  [119]. 

 

   . 4.35  ,   . 4.3,    

GeS2     103 -1 є   2.3  (  = 0)  3.12 

 (  = 100) [119]. 

         -

As2S3 ,       - 

     [120-129].   

    (As2S3)100-x(GeS2)x ( . 4.36)  
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     є  4.03 ,  

  GeS2    є     

2.2 - 2.3 ,     q-GeOx [38].  є    

,      2.2 - 2.3  ’    

.          

    GeS2 є  ,    

   (As2S3)100-x(GeS2)x   -GeS2 (T1V1, T2V2, T3V2)   

       GeOx    

 . 

 

 4.3 

   -  

 0,   (GeS2)1-x(As2S3)  [119]. 

 
 

 

 

 
E0,  x 

1 2.30 1.0 

2 2.42 0.8 

3 2.50 0.75 

4 2.62 0.6 

5 2.71 0.5 

6 2.78 0.4 

7 2.85 0.3 

8 2.92 0.2 

9 3.01 0.1 

10 3.12 0.0 
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. 4.36.     (GeS2)x(As2S3)100-x  . = 

3.03 : 1 - x = 20; 2 - x = 30; 3 - x = 40; 4 - x = 60; 5 - x = 70. 
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1.      

   360, 370  433 -1     

{IRGeS2(T1V1,T2V2)-IRGeS2(T2V2)}.   360 -1  

 Ge-S ’    ,  , 

'  .    370  433 -1    

Ge-S ’     Ge2S2+4/2,    

 GeS4   ’  6-     2-D  

  -GeS2. 

2. ,      {IRGeS2(T1V1, T2V2)-

IRGeS2(T2V1)}   ,     2-D 

 (360, 370  433 -1), є    339 -1,  є 

      3-D  

α-GeS2 .       

{IRGeS2(T1V1,T2V2)-IRGeS2(T2V1)} є   

      

   -GeS2. 

3. ,      -GeS2 

(TiVj)       10   є  

є  ,          

    α-GeS2,   

    .  

-   -GeS2 (TiVj)     є  

   700-800 -1,    q-GeO2. 

4.       1  3  

     {IRGeS2(T1V1,T3V2)-

IRGeS2(T2V2)}     255 -1   410 -1,  

« » 5-       

Ge-Ge ' . ,    ,  є 

  {IRGeS2 (T3V2) - IRGeS2 (T2V2)}.   
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  ’  Ge-Ge   -GeS2 (T3V2)    

 ’  Ge-S       

   (T3)    Ge-Ge ’  

    . 

5.     -GeS2(T3V2)   

 « » 5-  ,      

  ,     -OGeX3 

(X=OGeH3)  ~1.50, 1.86  1.98 .     

 ,     ,   

 ,   2=1273     

V2 = 1,5*102 K/ ,      ,   « » 

  Ge-Ge ’ ,  . 

6.     ,   

1V1  T3V2,      2-D  -GeS2  

 « »    Ge-Ge ’ ,   

  є     2.60 ( 1V1)  2.70 (T3V2) . 

           

   2.30      GeO   

    2.60 . 

7.    c-GeS2 ( 2V2),    

   α-GeS2      

« » ,      є 

« »   2.82  3.0 ,     

      q-GeO2  . 
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