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1.1.1.  SnS.  

 ( . 1.1) [38]: -

 (SnS),  (SnS2), , -

 (Sn2S3), .  

 (Sn3S4  Sn4S5),  [39–

42], .  

(1154  2 K) SnS  3.34 103 ,  SnS2 (1143 K) –  

 4 106  43 . 

 858 875 K  SnS ,  

 [40, 44]. -

 SnS  295  1000 K -

 45, 46 , -

  ( 16,  

. . Pbnm)   TlI  ( 33,  

. . Cmcm).     2- . -

 Sn  S  

[100].  .  

 Sn2S3 -

-, -, -   ( . 1.1) 

[47].  Sn2S3 , 

 -, -   Sn2S3 -

,  [47].  Sn2S3 -

 1018 K  [41]  1033 K  [47]. 
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1.2.1.  SnS–Sb.  Sn–S–Sb  

 SnS–Sb ( . 1.4)  56  

, -

. -

, , -

 200  623 K -

.  SnS–Sb , -

 Sb (96 .% Sb)  888 K.  

SnS–Sb   ( -

 SnS). -

  SnS  

848 K.  SnS(1–x)Sbx -

 2 . %. 

-

,  ,  

-

.  

SnS(1–x)Sbx (x =  0.5;  1.0   1.5  .%)   

,  1.2  (  

0.5 . % Sb)  1.05  (  1.5 .% Sb) [56]. 

1.2.2.  SnS Bi.  SnS 

 [57] -

 Sn–S–Bi,  SnS–Bi ( . 1.5, )  SnS–Bi2S3 ( . 
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1.3.  

1.3.1.  SnX. -

 

 GeS (B16), -

. ,  

-

 [58],  230 -

 61 . -

. , 

 16
2hD : Pnma (a, b, c),  

Pmnb (a, b, c  b, a,  –c), Pbnm (a, b, c  c, a, b), Pcmn (a, b, c  –c, b, a), 

Pmcn (a, b, c  b, c, a), Pnam (a, b, c  a,  –c, b).  

 

-

 16
2hD  –  (Pmcn) [59], (Pbnm) [45, 60], (Pnma) 

[61], (Pcmn) [40, 62],  ( . 1.1). , 

 SnS  SnSe  

 (001),  a  b -

,  c  (001), -

 Pcmn 

(c > a > b), , 

, .  

- ( )  ( )  SnS  SnSe -

 Pcmn ( 16
2hD )  Bmmb ( 17

2hD ) . 

  

 SnX .  -SnX  
, -

,  
. 1.6) [63]. 
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 1.1.  

 SnS  SnSe. 

 T, K 
, 

 
 

 
 

, Å 
   

 
 

a b c  x y z 

-SnS  
, 

16
2hD , Pmcn 

3.99 4.34 11.20 
Sn 0.25 0.115 0.118 4c 

[59] 
S 0.75 0.522 0.15 4c 

-SnS  
, 

16
2hD , Pcmn 

4.340 3.980 11.180      [40] 

-SnS 295 
, 

16
2hD , Pbnm 

4.334 11.200 3.987 
Sn 0.1198 0.1194 0.25  

[60] 
S 0.4793 0.8508 0.25  

-SnS  
, 

16
2hD , Pnma 

11.180 3.982 4.329 
Sn 0.11937 0.25 0.1194  

[61] 
S 0.1493 0.75 0.5201  

-SnS 295 
, 

16
2hD , Pbnm 

4.336 11.143 3.971 
Sn 0.1199 0.1194 0.25  

[45] 
S 0.4787 0.8511 0.25  

-SnS 905 
, 

17
2hD , Cmcm 

4.148 11.480 4.177 
Sn 0.0 0.120 0.25  

[46] 
S 0.0 0.349 0.25  

24
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-SnS 1000 
, 

17
2hD , Cmcm 

4.128 11.48 4.173 
Sn 0.0 0.1251 0.25 4c 

[45] 
S 0.5 0.8503 0.25 4c 

-SnS  
, 

5
hO , Fm3 m 

6.0   
Sn 0.5 0.5 0.5 4b 

[67] 
S 0.0 0.0 0.0 4a 

-SnS  
, 

5
hO , Fm3 m 

5.80   
Sn 0.5 0.5 0.5 4b 

[68] 
S 0.0 0.0 0.0 4a 

-SnSe 295 
, 

16
2hD , Pcmn 

4.46 4.19 11.57 
Sn 0.103 0.25 0.118  

[62] 
Se 0.479 0.25 0.855  

-SnSe 295 
, 

16
2hD , Pbnm 

4.445 11.501 4.153 
Sn 0.1035 0.1185 0.25  

[60] 
Se 0.4819 0.8548 0.25  

-SnSe 295 
, 

16
2hD , Pbnm 

4.445 11.501 4.153 
Sn 0.1032 0.1186 0.25  

[45] 
Se 0.4818 0.8551 0.25  

-SnSe 825 
, 

17
2hD , Cmcm 

4.310 11.705 4.318 
Sn 0.0 0.120 0.25  

[46] 
Se 0.0 0.356 0.25  

-SnSe 829 
, 

17
2hD , Cmcm 

4.293 11.62 4.282 
Sn 0.0 0.1248 0.25 4c 

[45] 
Se 0.25 0.8558 0.25 4c 

-SnSe  
, 

5
hO , Fm3 m 

5.99   
Sn 0.5 0.5 0.5 4b 

[67] 
S 0.0 0.0 0.0 4a 25
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 [64]  -

, -

 (Sn).   S–S  (Se–

Se) ,  (001) ( . 1.7, ).  

 

Sn S (Se),  Sn , -

 Sn Sn [64].  3:3  

,  Sn  

 Na l) -

 [SnX6] ( . 1.7, ), -

 SnX . 

,  

 4d105s25p2  3s23p4 (  4s24p4),  SnS  

,  

 3s23p6  S  4d105s25p0  Sn.  

,  SnS  II.   

5p ,   

5s .  

, -

, 

 

[SnS5•E•],  •E• – .  

 Sn, ,  

 XY ( . 1.7, ).  

,  0.33 Å, -

 2.93  Å,   

 ( . 1.8, ). 

 Sn -

, -

 (



27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ), -

 (001). . 1.7, -

  [SnS5•E•], -

.  Sn  S -

. -

.   

 (001), -

 . 

. 1.6.   SnS.  

 

c 

a 
b 

. 1.7.   

 SnS  [64] ( )   

 [SnS5•E•] ( ) (•E• – ). 
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•E•
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•E•

a
b

c

S Sn
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1.3.2.  SnX, .  

 878 K  SnS  807 K  SnSe  

 (B16, 

Pcmn)  (B33, Bmmb)  TlI,  

 [45, 46, 65, 66]. -

 a  b -

,  Tc  a/b 

 a/b > 1  a/b < 1 ( . 1.9).  -

: V = 0.8 % (878 K)  SnS 

 V = 0.2 % (807 K)  SnSe [65]. -

  SnS  SnSe  [45] -

, -

. 1.8. -SnS  YZ ( )  XZ ( ).

c 

b 

 

c 

a 

 
Sn

S  
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. -

:  x, -

 , -

 a/b  (a/b < 1) [45].  

  SnS . 1.10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

. 1.9.  (a, )  
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. 1.10.  ( ),   [SnS5•E•] ( )  
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1.3.3.  .  -   

  [67, 68],  

. 1.1, . -

,  

 [67, 68]. -

 NaCl- ,  

T  = 423 K  SnS  473 K  SnSe [67]. 

 -SnS (  NaCl, 

 5
hO , 3Fm m )  

. 1.11)  Z = 4  SnS,  

 –  SnS.  

:  Sn  a,  S – -

 b – Sn(a)S(b) , Sn(b)S(a). -

 – , -

, .  -SnS 

 a  b ,  

 

. 

SSn

c

a

b

ca
b

. 1.11.  ( )  [SnS6] ( )  

  Fm3 m SnS. 
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1.4.  

 

-

, . 

 

, -

. , -

 SnS  SnSe  

, ,  

, -

 ( . 1.2). . 1.2  SnS 

 SnSe . 
 

 1.2. 

 SnS  SnSe. 

  
 

, 
,  

–1
–1

, 
T 

= 
30

0 
K

 

 
, 

p,
 

–3
 

 
, 

, 
2

    
, 

   
 

, 
  

SnS 

  1–3 1018 90–100   [39] 
 1.9 10–2 2.68 1015 48   [74] 

- 
 

|| = 1.93 10–1 
 = 6.3 10–2 

5.07 1013  
Ea|| = 0.091 

 = 0.075 
Eg|| = 1.106 

g  = 0.564 
[72] 

 1.12 10–3 6.78 1020 12.17 10–4 0.2022  [77] 

SnSe 

  1017–5 1018 115   [70] 
-

 
 9.72 1017 154   [71] 

 4.9 10–1 2.48 1016 125   [74] 
 

-
 NH4Cl) 

|| = 2.18 10–1 
= 4.7 10–6 

1.934 1016 214.41 
0.06 
0.22 

 [76] 

-
 

|| = 4.42 10–3 
 = 6.9 10–3 

3.52 1012 || = 7835.9 
 = 7274.7 

 
Eg|| = 0.98 

g  = 0.25 
[73] 

 5.54 10–3 8.53 1020 86.76 10–4 0.1856  [77] 
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-

 SnS  SnSe. -

 

 39, 69, 70 .  SnS,  

 1233 K ,  -

 (1–3) 1018 –3. -

,  [39] -

. -

,  ( ||), -

,  

 ( ).  39 -

 SnS -

 ( / 5.5 0.5a c ),  

( / 1.15 0.1a b ),   – ,  ,   b – 

  b. 

 SnS, ,  

 = 300 K  90–100 2 –1 –1. -

 20–600 K, -

,  max = 1000  2 –1 –1 

  = 50 K, -

 ( . 1.12).  200–600 K  

 -2.2,  

. -

 20 50 K  1.5, -

, -

,  

 SnS  < 2.5 10–16 –3. , -

,  [39] -
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.  1.4  2.1 , -

. 

, -

 SnSe p ,  

,  30–300 K -

 [71]. . 1.13. -

 SnSe  9.72 1017 –3,  

  = 154 2 . . 1.13  

 30  100 K  

SnSe . -

 100 K , -

, -

 ( . 1.13,  3). -

,    T–1/3  

T < 130 K,  T > 130 K –   T–2.25. 

, -

, -

.  

. 1.12.  

 SnS,  [39]. 

10

T–2.2

20

50

100

200

500

1000

2001005020 500 1000
T, K

, 
2

2
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 SnS  SnSe,  

 [72, 73]  [74, 75],  

. 

. 1.14  1.15 -

,  SnS  SnSe,  

.  

(141–523 K) -

 [72, 73].  

 SnS. . 1.14  log  = f(103/T)  

.  

 141–334 K  

, -

 Ea|| = 0.091   = 0.075 , -

 ( . 1.14),  

( 2
SnV ).  SnS  334 K  

, -

 (  3, . 1.14). -

. -

. 1.13.  (1),  (2) 

 (3)  SnSe [71] 

10 20 30
1017

1018

1019103 

102 

10

103/T, K–1

, 
–1

–1
 

1

p,
 

–3
 

3

1

2

10
102

103

1000

T > 130 K

T, K

T < 130 K

e1/T 

u T–1/3

u T–2.24

, 
2

 

2

3

100
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  416–523 K -

 Eg|| = 1.106  (  gE  =  1.08  [39])    

g  = 0.564 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

2

. 1.14. ,  (1) 

 (2) ,  (3)  SnS,  

 [72]. 

7.56.04.53.01.5
–2.0 

–1.5

–1.0 

–0.5 

lo
g 

, 
–1

–1
 

1

103/T, K–1,

12.5

13.0

13.5

14.0

14.5

lo
g 

p,
 

–3
 

3

3

2.1 2.3 2.5 2.7 2.9 3.1 3.3
103/T, K–1

0

1

2

3

4

5

6

3

1

4

2

. 1.15.  SnS (1, 2)  

 SnSe (3, 4), ,  (1, 3)  

 (2, 4)  [74]. 

lo
g 

, 
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1.5.  

-

.  SnS  SnSe  

-

.  

 

 [78–95]. 

-

 16
2hD  (Pmnb [78, 81, 

93], Pcmn [79, 80, 88], Pnma [82–87, 89–91, 94, 95]) -

.  

 SnS  SnSe. -

, -

 SnS  SnSe, -

 [82, 96–100], -

 [98] -

 [100]. -

 

-

.  

-

. 

1.5.1.  -SnS.  

-SnS  [78], -

 [79, 80],  (EO 

LCAO) [81], ab inito  (Localized 

spherical wave – LSW) ,  

 (ASW)  [82],  

 (FP-LAPW) [83], ab inito  
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 DFT [84–88]. ,  

 -SnS , 

, -

.  

 [78] -

 -SnS  

. .  

 [79],  -SnS (  = 4.33, b = 3.98  

c = 11.98 Å, Pcmn – 16
2hD )  -

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 . 1.16.  SnS,  

 [79] 

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

 X D S T Z S CY 

0
1
2
3
4
5
6
7
8
9

10
11 
12
13
14
15
16
17
18
19
20

,
 

,
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 ( . 1.16).  [79] 

 c, b   x, y  z . 

-

,  

 (SnS2)  ( ) -

. -

 

 ( ). ,  

[101],  
2

1 2
2

3 4

( )( )
1 exp( ( ))

a q aV q
a q a ,     

(1.1)
 

 q – ,  i (i = 1, 2, 3, 4) – , 

 -

.  

 |k+G|2  70.7 ,  247 -

 .  

 0.2 .  

 [79]  SnS  

. 1.16.  

-

,  (20 )  

. 

-SnS  Pnma -

 16
2hD ,  

(LSW) , . 1.17,  [82]. -

, ,  1/4 -

 Z  Z ,  – -

 (  ). ,  
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. 1.17.  SnS,  

LSW [82] ( )  DFT [86] ( ). 

EF

8.0
6.0
4.0
2.0
0.0

–2.0
–4.0
–6.0
–8.0

–10.0
–12.0
–14.0
–16.0

, 

Z U X Y S XR U Z T R S Y T

c2 v2

c1 v1

   

 

 

5

0

–5

–10

–15

, 
 

XSY  YT ZU XZ 
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 Egi = 1.6 ,  

. 1.3).  

Egd = 1.8 -

 ( . 1.3). 

. 1.17, -SnS,  

 

 (FP-LAPW), -

 WIEN2k [86].  

 Pnma  16
2hD  (  a = 11.200, 

b = 3.987, c = 4.334 Å  X, Y, Z  

).  

, -

,  

 DFT -

.  

 DFT  (U),  

.  2).  

1.5.2. -SnSe.   

-SnSe  [89–91], 

 (EO LCAO) [81], -

 (FP-LAPW) [83], ab inito  

DFT [86, 94],  [95]. 

-SnSe, 

 

 Pnma  16
2hD  (a = 11.57, b = 4.19, c = 4.46 Å), -

 [89–91]. -

 ai(Sn)  ai(Se), i = 1, 2, 3, 4  [102], -

. -

 [90] ,  
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.  

 E(k)  

-SnSe . 1.18. -

 [90], -

,  

 z = 0.083,  . -

 

Egi = 2.1 , . -

, . 1.18,  -SnSe  

, -

, , -

.  

 [91] -SnSe -

 – –Z  

 Sn  Se -

, -

. -

 14 . 

 SnSe  

[92].  s-,  

 5s ; -

. -

,  

 V . , -

, 7- . 

 440 . -

-

-

.  

. -
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 SnSe  

,  N(E) -

.  [92],  

  

 

. 1.18.  SnSe  B, H, , , G, A,  [90].

 

1
4

1
1
3

4

1.2

0.8

0.4

0

–0.4 

–0.8

–1.2 

Z B T H Y   X G U A Z
1
11

1
1

1
1 1

3
6
8

1
1 1

1 1

1

1 1
1

111
111 1

6
3
8
5272

3

4

4

4

1
1 1 1

1

13
6
84

1

111
1

1

1

86723

8
44

`2
3

4

1
1

1
61

1

1

1
1
1

2
2

, R
yd

 

8
63



44 

 

 

, -

. 

 [93] -

 SnSe  

-

,  

 [91].  270 -

,  

,  4.8 Ry. -

 SnSe (a = 4.46, b = 4.19, c = 11.57 Å [62])  

 x, y, z  

 b, c,  Pcmn  

 16
2hD ,  Pmnb. 

 SnSe, -

 [93], . 1.19. -

 SnSe  

 SnS.  

, . 1.18, -

 SnSe . 

. 1.19,  SnSe -

 V(0, 0, k),  

,  (k, 0, 0)  

 –  (0, 0, 0). ,  

SnSe  

 Egi = 1.15 , -

 Egi = 0.9 . 

 [93] ,  SnSe  

-
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 AIVBVI  16
2hD . -

, -

  0.5 .  V i -

 (V1 – V1, 

V4 – V4, 4 – 1, 2 – 3) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 [83, 86, 94, 95], -

 SnSe. -

 Pnma (a > c > b) -

 16
2hD , .  

. 1.19.  SnSe  F, A, , , D, E, V [93].
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1.6.  SnS  SnSe 

-

 

. ,  

, -

 

 E  

. 

 

 SnS  SnSe  

 [103, 104] ( . 1.20  

1.21). ,  SnS  SnSe -

 

,  ,   

 GaS,  

.  

 

.  [103]  E || b -

 SnS  SnSe  ( . 1.20, -

 1, 4).  E || a  E || c  

  (hv – Eg)n -

, . 

 SnS  SnSe -

, -

. -

,  

 = f(hv).  

, -

 ( )  1018–

1019 –3.  
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 SnS  SnSe  [39, 69, 80, 103–115] -

  (hv – Eg)n, -

, .  

-

 ( . . 1.3).  

. 1.20.  SnS (4–6)   

SnSe (1–3): 1, 4 – E || b; 2, 5 – E || a; 3, 6 – E || c. T, K: 1, 3 – 295; 2, 4 – 95 [103]. 

Eb 
Eb 

SnSe SnS 

0.8 1.0 1.2 1.4  

, 
–1

 
1   

104 

103 

102 

101

1.6
hv, 

1 2

3

4 5

6

. 1.21  SnSe:  

1, 2 – E || b: 3, 4 – E || a. T, K: 1, 3 – 295; 2, 4 – 95 [104].  

1.31.21.11.0 1.4
100

101

102

103

104

0.9

1 2 3 4

, 
–1

 

1

hv, 
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 1.3.  

 SnS  SnSe. 

 Egi, ; 
E || a 

dEgi/dT, 
/K; 

E || a 

Ep,  
E || a 

Egi, ; 
E || b 

dEgi/dT, 
/K; 

E || b 

Ep,  
E || b 

Egd, ; 
E || a 

dEgd/dT, 
/K; 

E || a 

Egd, 
; 

E || b 

dEgd/dT, 
/K; 

E || b 

-
 

SnS 

1.142 –4.05 10–3 33 
38 1.095 –4.37 10–3 82 

113     [105] 

1.076 –0.24 20 10 1.049 –0.36 33 9   1.296 –0.563 [107] 
1.089 (3D) 
1.136 (2D) 

–0.45 (3D) 
–0.34 (2D) 

80 (3D) 
80 (2D) 

1.068 (3D) 
1.088 (2D) 

–0.43 (3D) 
–0.53 (2D) 

62 (3D) 
58 (2D)     [113] 

1.08 ( )  40 ( )        [39, 69] 
1.06 ( )      1.21( )    [115] 

      1.6  1.3  [103] 

SnSe 

1.01 54 20 0.907 43 18 
15 1.236 44 1.051 44 [104] 

0.948 (3D) 
0.949 (2D) 

–0.54 (3D) 
–0.53 (2D) 

54 (3D) 
21 (3D) 
54 (2D) 
20 (2D) 

0.902 (3D) 
0.900 (2D) 

–0.46 (3D) 
–0.47 (2D) 

41 (3D) 
20 (3D) 
45 (2D) 
22 (2D) 

    [112, 113] 

0.898 –0.32 23 5 0.903 –0.29 11 3 1.238 –0.43 1.047 –0.43 [111, 112] 
0.94  22 0.891  9     [114] 
0.939   0.898       [110] 

0.923 ( )          [71] 
0.932 –4.3 10–4  0.889 –4.3 10–4      [108, 109] 

      1.24  1.05  [103] 

 – ; 3D – ; 2D – . 

48
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-

-

.  

 SnSe -

 E || b ( . 1.22) [106]. 

 

5 , ,  

n = 1.  f, -

 Emax . ,  [106]  

 Emax = 1.15 ,  f -

. , -

-

 

.  1.15  E || b  [106]  

 1
4

1
4,  ( )  

  E ||  – , , -

.  1.34  

 E ||  

 1V1
1V1, . 

, ,  

-

. ,  

,  Egi + Ep  Egi – Ep, ,  

.  Egi – Ep .  

, 

. -

,  Egi + Ep . 

, . -

-

 Egi,  Ep [116]. 
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 SnS  SnSe -

 [111, 112] ( . 1.23, 1.24). ,  

,  

. -

: 

0
( )t g qhv E k ,          (1.2) 

: 

( )t ghv E .      (1.3) 

, ,  

.  

 

 SnSe -

,  [111, 112]. . 1.23,   

 E || a  

E || b, .  

1.0 1.2 1.4

2

0

4

6

8

10

12

2

2

h , 

·1
0–3

, 
–1

 

1 

. 1.22.  SnSe,  

,  E || a  E || b  T, K:  

1– 1,8; 2 – 4,2; 3 – 40; 4 – 150; 5 – 240 [106]. 

E || b 

E || a

·1
0–3

, 
–1

 

1 

1.0 1.1 1.2
h , 

2

0

4

6

8 1
2
4
5

3E || b 
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, 1, 2, E3 4, -

: , ,  

. 

-

, -

 
2

3 3
/ - /

1

1 1) ( )
1 1i i

ai ei
i g i g iT T

i

B BE E k E E k
E e E e

,  (1.4) 

 Bai  Bei – ,  i -

. 1.23.  ( iE)1/3  E || a ( )  

E || b ( )   T, K: 1 – 300, 2 – 201, 3 – 92 [112]. 

. 1.24.  ( i)1/2  E || a ( )  E || b 

( )   T, K: 1 – 300, 2 – 201, 3 – 92 [112]. 

0.8 0.9 1.0 1.1

1

2

3

4

5

6

hv,  
 

(
iE

)1/
3 , 

–1
/3

1/
3

1/
3

1/
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E2E1 E3 E4

E2E1 E3E4
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6
E1 
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E2 E3 E4 

E2E1 E3 E4 

E2E1 E3 E4 
3
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(
iE

)1/
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–1
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1/
3 

1/
3

1/
3 

1 2 3

0.8 0.9 1.0 1.1
0
2

4

6

8

10
12
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1/
2 , 

–1
/2

 

1/
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3
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, E – , Eg – , i – -
,  Epi = k i (Epi –  i -

). 
 

: 
2

2 2
/ - /

1

1 1) ( )
1 1i ii ai g i ei g iT T

i

C E E k C E E k
e e

,  (1.5) 

 Cai  Cei – ,  i -
. 

, . 1.23, ,  SnSe -

-

.  [112],  

 

. -

 ( . 1.23),  

 ( . 1.24), ,  

,  

 SnSe -

,   ( .  1.3).   [110]  SnSe   

, -

,  

,  [112] ( . . 1.3). 
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 1 

 

. 

1.  Sn–X  (X  =  S,  Se)   

: SnX, SnX2, Sn2X3, -

 II, IV  II-IV.  

 (VSn),  

. 

2. -  

-, -   SnX.  

 SnX -

 16
2hD  

(Pmcn, Pbmn Pnma), -

 Pcmn. ,  

-SnX. 

3. -

,  

 ( , -

, ,  

, ), 

 

,  

,  

. , -

, -

,  

,  Eg, -

, , -

. 
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 2 

 

 

 E(k) -

, , -

.  ( )  

,  

. -

 ( , , -

),  k . -

-

,  E(k), , -

, . 

 1, -

 SnS  SnSe,  

 [79, 80, 89–91, 93], -

 ( ) [81], -

 (LSW)  [82], -

 (FP-LAPW) [83]  

(DFT) [84–88, 94],  

[95],  

,  

 k . ,  

SnX . -

-

, -

-

.  [19, 21, 22]  

 SnX  Pcmn -
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 16
2hD ,  a  b ,  -

, . 

,  

,  

, , -

 

. , -

 

 

 SnX. -

-

. 

2.1.   

 

-

,   

(DFT – Density Functional Theory).  

, -

-

. 

-

 N : 

1 1( ,..., ) ( ,..., )N NH Er r r r .    (2.1) 

 (2.1) -

.  

,  ,  -

 ( 1023),  -

. -

, -
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.  – , 

, -

, 

.  

.  

,  

 

.  

-

, -

 .  

 (2.1)  

 

. -

. ,  

 [117],  

.  

 ( ) (Rn)  -

, -

.  -

: 
2

2

1 1
( ) ( )

2

N N N

i i i j
i i i j

H V U
m

r r ,r ,   (2.2) 

 U ,  

 V  

.  

 [118–120]  

 

-

.  
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 [121], -

 1( ,..., )Nr r -

. . -

-

. -

 Ee( ), ,  

: 

( ) ( ) ( ) ( )total e ext n nE E E E .    (2.3) 

, ,  

, -

.  

 Ee( ) .  

 EH( )  EXC( ): 

( ) ( ) ( ) ( ) ( ) ( )total kin ext H XC n nE E E E E E ,  (2.4) 

 Ekin( ) – , EH( ) –  

) , En–n( )  Eext( ) 

 Nn  Zn  

: 

3 31 ( ) ( )( )
2 | |HE d dr r r r

r r
 ,    (2.5) 

3( )( )
| |

nN
n

ext
n n

ZE dr r
r R

,    (2.6) 

3( )
| |

nN
n n

n n
n n n n

Z ZE d r
R R

    (2.7) 

 (2.3) -

, -

 [122]. , -

, -

, . -

 Vs -
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,  

.  Vs   
2

3( )( ) ( ) ( )s XC s
eV V d r Vrr r [ r ]
| r r |

,   (2.8) 

 – , -

 ( ) -

,  VXC -

.  

 (2.4)  ( )i r -

 [122], : 

( ) ( )i i ih r r     (2.9) 

 
2

2 ( ) r ( ) ( ) ( )
2 ext ee XCh V d V V

m
r r r [ r ]. (2.10) 

 

: 
2

2 ( ) ( )
2 s i i iV

m
r r .   (2.11) 

. 

-

. , -

 (r),  

 Vee(r)  Vs(r) : 
2 2( ) 4 ( )eeV er r .               (2.12) 

 Vs (2.8) ,  

 .  (r) -

: 

2( ) ( ) ( )
Ndef

s i
i

r r | r | .    (2.13) 
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 XC -

 XCV [ (r)] ,   

 (2.9), (2.10).  

 (2.13),  

,  

. -

 ( )i r  

 i , . 

 

,  

: 

( )( )
( )

XC
XC

EV [ r ][ r ]
r

.    (2.14) 

,  

 

.  

, , , 

,  

,  (  

).  

 

,  

.  

, , 

.  

 

. -

. 

 

 (LDA – Local Density Approximation) [123]  
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 (GGA – Generalized Gradient Approximation) [124].  

.  LDA -

-

-

 r ( ). -

 (LDA) -

 ( )  

XC (r) ,  

3( ) ( )LDA
XC XCE d rr r .    (2.15) 

 ( )XC r  

, .  LDA-

 

. -

, , -

.  

, -

. 

.  GGA -

,  

: 
3( ) ( ) ( )GGA

XC XCE d r,r r r .  (2.16) 

 GGA ,  LDA , 

. 

,  

 (  «  

»). , -

 

, -

.  
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, -

.  

, ,  

, -

. , -

 

 LDA  GGA : -

 (U),  (Self Interaction Correction), -

, GW , .  

 

 (DFT) [121, 122] -

 ABINIT [125, 126]  SIESTA [127, 128].  

ABINIT  (PW),  SIESTA –  

 (LCAO). -

 ab initio  

[129, 130] :  Sn – [Kr] 5s25p2, 

 S – [Ne] 3s23p2, Se – [Ar] 4s24p4. 

, [Ne], [Kr], [Ar] –  

. -

 (LDA) [123]  (GGA) [124]. 

,  LDA  GGA -

 Eg, -

 LDA+U  GGA+U [131, 132].  

 (self-consistent) -

 (U) .  

 [133]  

. ,  

: U,  

,  J,  [134, 135]. 

 Ueff = U – J (  J = 0.1U) 



62 

 

[136].  U -

, -

,  [134].  U -

, ,  

.  

 U = 3  LDA+U  SnX  

.   

 

, -

.  ABINIT (SIESTA)  k  

 « » 20 Å, , , -SnS  

-SnSe  220  180  k  

 8  .   k  

Monkhorst-Pack [137]. ,  

,  200–300 .  

, -

. -

,  

,  

.  

,  

 0.1  

 

0.01 /Å.  

 

[138].  i,k(r)  

 Ei(k) -

 [139] 

2 ( ( ))
BZ

i
iBZ

N E E E d( ) k k ,    (2.17) 
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2( ) ( ( ))
BZ

sl
i

iBZ

n E Q E E dk k k ,   (2.18) 

 i – , BZ – , slQk  -

 l , , -

 s- . 

. -

-

. -

 

.  (ABINIT  SIESTA)  

 LDA, GGA, LDA+U, GGA+U -

, -

. 

2.2. - 

  

-

. -

,  

, -

 [140]. , 

 

.  ,  -

, -

. , -

-

,  

. , ,  

,  
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.  ( , -

), ,  

 E(k).  

,  

 [141].  

-

. -

,  

-

 (  GeS  TlI).  

, -

 SnS . 2.1  2.2, -

, 

 – .  

2.2.1.  -

.  

 . 

 16
2hD  (  Pcmn) : 

{h1(x, y, z)|(0, 0, 0)};  

{h2(x,–y, –z)|(1/2,0,1/2)};  

{h3(–x, y, –z)|(0,1/2,0)}; 

{h4(–x, –y, z)|(1/2,1/2,1/2)};  

{h25(–x, –y, –z)|(0, 0, 0)};  

{h26(–x, y, z)|(1/2,0,1/2)}; 

{h27(x, –y, z)|(0,1/2,0)};  

{h28(x, y, –z)|(1/2,1/2,1/2)}, 

 hi –  [142],  

.  g(f)  

 gr ,  

r  = gr (f r),  [140]. ,  

, -

 ( -

)  
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 (  

).  

 g  

 [143]. 

 ( ) -

. -

 ( ) 

, -

.  

 

 

 

 

 

 

z 

x 

y C 
S DX

G Q
Y

H

E 

T B Z AU
R F 

   

  

C 

x 

D S 

Y 

X 
 

 

y 

 

 

 

a
b

c

. 2.1.  ( )  ( )  ( (0, 0, 0),  

R(1/2, 1/2, 1/2), S(1/2, 1/2, 0), U(1/2, 0, 1/2), X(1/2, 0, 0), Z(0, 0, 1/2),  

Y(0, 1/2, 0), T(0, 1/2, 1/2))   

  SnS ( , ). 
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:  

 , , -

, -

 . -

,  

. -

 k -

 (i)Dk  Gk. -

 (i)
k   nki = nimk,   

ni –  (i)Dk , mk –  k. -

 

,  

-

. -

, . -

 

, . 

. 2.2.  -  SnS 

( ) ( (0,0,0), Y(1/2, 1/2, 0), S(0, 1/2, 0), T(1/2, 1/2, 1/2), Z(0, 0, 1/2), R(1/2,0,1/2)) 

  SnS ( ) ( (0, 0, 0), L(1/2, 1/2, 1/2), Xy(1/2, 0, 1/2),  

W(1/2, 1/4, 3/4), K(1/4, 1/4,1/2)). 

T A Z B 
R
D

S

H

G

b2/2
 
FY y

x

z

b1/2

b3/2

y

x

z

X S U
W KZ

L
W

Q

X
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-

-

, ,  

, -

,  

, .  

  -

 16
2hD . 2.1 – 2.10.  

 

 2.1.  

 16
2hD  (0,0,0). 

 1h
 4h  3h  2h  h25 28h  27h  26h  

1 1 1 1 1 1 1 1 1 
2 1 1 1 1 –1 –1 –1 –1 
3 1 –1 –1 1 1 –1 –1 1 
4 1 –1 –1 1 –1 1 1 –1 
5 1 –1 1 –1 1 –1 1 –1 
6 1 –1 1 –1 –1 1 –1 1 
7 1 1 –1 –1 1 1 –1 –1 
8 1 1 –1 –1 –1 –1 1 1 

 

 2.2.  

 16
2hD  X(1/2, 0, 0)  Z(0, 0, 1/2). 

 h1 2h  3h  4h  h25 26h  27h  28h  
Z1 (X1) 2 0 0 0 0 0 2 0 
Z2 (X2 2 0 0 0 0 0 –2 0 

 

 2.3.  

 16
2hD  Y(0, 1/2, 0). 

 h1 2h  3h  4h  h25 26h  27h  28h  
Y1 2 0 0 0 0 –2 0 0 
Y2 2 0 0 0 0 2 0 0 
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 2.4.  

 16
2hD  R(1/2, 1/2, 1/2)  

. 

 h1 2h  3h  4h  h25 26h  27h  28h  
R1 2 0 0 0 0 –2i 0 0 
R2 2 0 0 0 0 2i 0 0 

{R1 R2} 4 0 0 0 0 0 0 0 
 

 2.5.  

 16
2hD  U(1/2, 0, 1/2)   

. 

  h1 2h  3h  4h  h25 26h  27h  28h  

  
 [142] 

 
         

U1 1U  1 i 1 i 1 i 1 i 
U2 1U  1 i 1 i –1  –i –1  –i 
U3 2U  1 i –1  –i 1 i –1  –i 
U4 2U  1 i –1  –i –1  –i 1 i 
U5 4U  1 –i 1 –i 1 –i 1 –i 
U6 4U  1 –i 1 – i –1 i –1 i 

U7 3U  1 –i –1 i 1 –i –1 i 

U8 3U  1 –i –1 i –1 i 1 – i 
{U1 U5}  2 0 2 0 2 0 2 0 
{U2 U6}  2 0 2 0 –2 0 –2 0 
{U3 U7}  2 0 –2 0 2 0 –2 0 
{U4 U8}  2 0 –2 0 –2 0 2 0 

 

 2.6.  

 16
2hD  S(1/2, 1/2, 0). 

 h1 2h  3h  4h  h25 26h  27h  28h  
S1 2 0 0 –2 0 0 0 0 
S2 2 0 0 2 0 0 0 0 
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 2.7.  

 16
2hD  T(0, 1/2, 1/2)   

. 

 h1 2h  3h  4h  h25 26h  27h  28h  
T1 2 0 0 2i 0 0 0 0 
T2 2 0 0 –2i 0 0 0 0 

{T1 T2} 4 0 0 0 0 0 0 0 
 

 2.8. 

 16
2hD   (kx, 0, 0).  

 1h  4h  26h  27h  
1 1   2 
2 1  –  – 2 
3 1 –  –  2 
4 1 –   – 2 

2ie , 1
20,  

 

 2.9. 

 16
2hD  (0, ky, 0). 

 1h  3h  26h  28h  
1 1  1  
2 1  –1 –  
3 1 –  –1  
4 1 –  1 –  

ie , 1
20,  

 

 2.10.  

 16
2hD   ( 0, 0, kz). 

 1h  2h  27h  28h  
1 1  1  
2 1  –1 –  
3 1 –  –1  
4 1 –  1 –  

ie , 1
20,  
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,  

,  

 SnS : 

 : 1, 4, 5, 8, 5, 8, 1, 4, 1, 5, 3, 8, 4, 2, 7, 1, 6, 4, 5, 

8  5, 8, 5, 1, … 

 X: X1, X1, X1, X1, X1, X2, X2, X1, X1, X1  X1, X2, X1, X1 … 

 Y: Y2, Y1, Y1, Y2, Y2, Y1, Y2, Y1, Y1, Y2  Y2, Y1, Y1, Y2… 

 Z: Z1, Z1, Z1, Z1, Z2, Z1, Z1, Z1, Z2, Z1  Z1, Z1, Z2, Z1, … 

 U:  {U4 U8}, {U1 U5}, {U1 U5}, {U4 U8}, {U4 U8}, {U1 U5}, 

{U2 U6}, {U3 U7}, {U1 U5}, {U4 U8}  {U1 U5}, {U4 U8}, {U3 U7}, 

{U2 U6} … 

 S:  S1, S2, S2, S1, S2, S1, S1, S2, S1, S2  S2, S1, S2, … 

 R:  {R1 R2}, {R1 R2}, {R1 R2}, {R1 R2}, {R1 R2}  {R1 R2}, 

{R1 R2} … 

 T: {T1 T2}, {T1 T2}, {T1 T2}, {T1 T2}, {T1 T2}   {T1 T2}… 

. -

, -

 [144, 145].  

 SnS  

 (x, ¼, z): 

2Z1 – 2X1 – 1 4 5 8 – Y1 Y2 – 4{R1 R2} – {U1 U5} {U4 U8} – 

{S1 S2} – {T1 T2}  (4 ) 

2Z2 – 2X2 – 2 3 6 7 – Y1 Y2 – 4{R1 R2} – {U2 U6} {U3 U7} – 

{S1 S2} – {T1 T2}   (1 ) 

,  SnX -

, . 

,   

. -
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, -

. -

 ( , -

.) .  

, ,  

. -

 [143].  

 [144, 145].  

 16
2hD  (Pcmn) -

 [142]:  (0, 0, 0); b (1/2, 0, 0); 

c (x, ¼, z); d (x, y, z). , -

 ( . 2.11) , 

 ab inito , ,  

c(x, ¼, z),   Sn,  S   Sn–S.   SnS  

 c(x, ¼, z),  

. 

,  c(x, ¼, z) -

  SnS.  

 

,  

,  

. -

-

. , 

 

 ( , -

).  

.  

,  



72 

 

-

 [143]. -

, -

-

. 

 2.11.  

 16
2hD ,  

 a(0,0,0), b(½,0,0)  c(x,¼, z) 

 (a) 

 , U X, Y, Z, T, S, R 
I1 1 3 5 7 X1 X2 
I2 2 4 6 8 X1 X2 

 (b) 

  X, Y, Z, 
T, S, R U 

I1 1 4 5 8 X1 X2 U2 U4 U6 U8 

I2 2 3 6 7 X1 X2 U1 U3 U5 U7 

 ( ) 

 , U X, Z Y, T, S, R 
I1 1 4 5 8 2X1 Y1 Y2 
I2 2 3 6 7 2X2 Y1 Y2 

 

, -

,  

 [146].  

-

, . 

, -

 

.  
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.  

, -

 « »,  

 ( ) 

. 

,  SnS -

 ( . 2.1, ),  

 [146]. -

.  

. -

,   

 7
2vC  (P21nm) : 

{h1|0}; {h2(x,–y,–z)|(1/2,0,0)}; {h27(x,–y,z)|(0,1/2,0)};{h28(x,y,–z)|(1/2,1/2,0)}. 

 ( 16
2hD ) -

 ( 7
2vC ) ( . 2.12) , : 

1

1

4

G

G

G

, 
6

2

7

G

G

G

, 
5

3

8

G

G

G

, 
2

4

3

G

G

G

. 

 

. 2.12.  

 7
2vC    

-SnS. 

 h1 2h  27h  28h  
1
l 

2
l 

3
l 

4
l 

1 
1 
1 
1 

1 
–1 
–1 
1 

1 
–1 
1 

–1 

1 
1 

–1 
–1 

Y1
l 2 0 0 0 

{X1 X2}l 
{X3 X4}l 

2 
2 

0 
0 

2 
–2 

0 
0 

S1
l 2 0 0 0 
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.  

  

 ( . 2.4). -

  

. 2.1, ) -

. ,  

: 

 : 1, 2, 2, 1, 1, 2, 4, 2, 1, 3  2, 1, 4, 3… 

 X: {X1 X2}, {X1 X2}, {X3 X4}, {X3 X4}, {X1 X2}  {X1 X2}, 

{X3 X4}… 

 Y: Y1, Y1, Y1, Y1, Y1, Y1, Y1, Y1, Y1, Y1  Y1, Y1, Y1, Y1… 

 S: S1, S1, S1, S1, S1, S1, S1, S1, S1, S1  S1, S1, S1, S1... . 

 

 ( . 2.13).  

 – , ,  

, -

.  

 

-

-

 [147]. 

 16
2hD  SnS,   

  (  

) -

.  R(1/2, 1/2, 1/2)  T (0, 1/2, 1/2)  

. 
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 2.13.  

  

  

 16
2hD . 

 (0, 0, 0) 

 E || x E || y E || z 
1 4 6 8 

2 3 5 7 

3 2 8 6 
4 1 7 5 
5 8 2 4 

6 7 1 3 

7 6 4 2 

8 5 3 1 
 

 Y(0, 1/2, 0) 

 E || x E || y E || z 
Y1 Y2 Y1 Y1 
Y2 Y1 Y2 Y2 

 

 S(1/2, 1/2, 0) 

 E || x E || y E || z 
S1 S2 S2 S1 
S2 S1 S1 S2 

 

 X(1/2, 0, 0)  Z(0, 0, 1/2) 

 E || x E || y E || z 
Z1 (X1) Z1 Z2 Z1 
Z2 (X2) Z2 Z1 Z2 

 

 U(1/2, 0, 1/2) 

 E || x E || y E || z 

{U1 U5} {U4 U8} {U2 U6} {U4 U8} 

{U2 U6} {U3 U7} {U1 U5} {U3 U7} 

{U3 U7} {U2 U6} {U4 U8} {U2 U6} 

{U4 U8} {U1 U5} {U3 U7} {U1 U5} 
 

  (0, ky, 0) 

 E || x E || y E || z 
1 3 1 4 

2 4 2 3 

3 1 3 2 
4 2 4 1 

2.2.2.  -

.   SnS -

 TlI,  17
2hD  

Bmmb.  Sn  S  (0, 1/4, y). 

 

 [142]. 

. 2.3 -

 Pcmn -
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 16
2hD   Bmmb  17

2hD .  

,  

 17
2hD , Bmmb : 

h1 (x, y, z);                              h25 (–x, –y, z); 

4h  {(–x, –y, z)| 0, 0, 1/2};     28h  {(x, y, –z)| 0, 0, 1/2}; 

3h  {(y, x, –z)| 0, 0, 1/2};       27h  {(–y, –x, z)| 0, 0, 1/2}; 

h2 {(–y, –x, –z)|0};                 h26 {(y, x, z)|0}. 

 

 

 

 

 

 

 

 

 
 

 2.14. 

 17
2hD  S(0,1/2, 0). 

 
 [142] 

 
 h1 (e) 4h  h25 (i) 28h  

S1 1S  1 1 1 1 
S2 1S  1 1 –1 –1 
S3 2S  1 –1 1 –1 
S4 2S  1 –1 –1 1 

 

 2.15.  

 17
2hD  R(1/2, 0, 1/2). 

 h1 (e) 4h  h25 (i) 28h  
R1 2 0 0 0 

. 2.3.  (a, b, c)  
 (X, Y, Z),   

  ( 1, 2, 3)  (b1, b2, b3)  
- (Pcmn) ( )  (Bmmb) ( )  SnS.  

Xa

3

2

b1b3
b
Y 

c Z

b2
1

a1=(c – b)/2

a2=(a +c)/2 

a3 = b 

 

aX

3

1

2

b1

b2
b3 b

Y

c Z
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 2.16. 

 17
2hD   

(0,0,0)  Y(1/2, 1/2, 0).  

 
 [142] 

 
 

h1 h2 3h  4h  h25 h26 27h  28h  
e  C2x C2y C2z i x y z 

1(Y1) 1 ( 1Y ) 1 1 1 1 1 1 1 1 

2(Y2) 1 ( 1Y ) 1 1 1 1 –1 –1 –1 –1 

3(Y3) 2 ( 2Y ) 1 1 –1 –1 1 1 –1 –1 

4(Y4) 2 ( 2Y ) 1 1 –1 –1 –1 –1 1 1 

5(Y5) 4 ( 4Y ) 1 –1 1 –1 1 –1 1 –1 

6(Y6) 4 ( 4 ) 1 –1 1 –1 –1 1 –1 1 

7(Y7) 3 ( 3Y ) 1 –1 –1 1 1 –1 –1 1 

8(Y8) 3 ( 3Y ) 1 –1 –1 1 –1 1 1 –1 
 

 2.17.  

 17
2hD   

 T(1/2,1/2,1/2)  Z(0,0,1/2). 

 h1 (e) 4h  3h  h2 h25 (i) 28h  27h  h26 
T1(Z1) 2 0 0 0 0 0 0 2 
T2(Z2) 2 0 0 0 0 0 0 –2 

 

  SnS 

-

. , -

-

  SnS : 

 : 1, 6, 6, 1, 1, 3, 7, 4, 8, 6  6, 4, 1, 3, 8, 7, 6… 
 Y: Y6, Y1, Y1, Y6, Y4, Y8, Y3, Y6, Y7, Y1  Y1, Y3, Y1, Y6… 

 S:  S4, S1, S1, S4, S1, S2, S3, S1, S4, S3  S1, S4, S2, S1… 

 T: T1, T1, T2, T1, T1  T1, T2, T1… 

 Z: Z1, Z1, Z1, Z2, Z1  Z1, Z2, Z1… 

 R: R1, R1, R1, R1, R1  R1, R1, R1… . 
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 2.18.  

(0,0,0) 

 17
2hD . 

 E || x E || y E || z 

1 4 6 8 

2 3 5 7 

3 2 8 6 

4 1 7 5 

5 8 2 4 

6 7 1 3 

7 6 4 2 

8 5 3 1 
 

   

  f : 

c: 1  6 – Z1 

4  7 – Z2 

 

f: 1  3  8  6 

1  6 – Z1 

3  8 – Z1 

2.3.    

 

2.3.1.  -SnX. . 2.4  2.5  

  SnS  SnSe -

 (8 ) , -

 LDA  LDA+U .  

.  

 , L, X, , , -

, . 

 -

,  LDA- .  
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. 2.4  2.5  -SnS  -SnSe  

 ( ), -

. ,  

. -

 s-  p  ( -

 S,  Se)  13.79  13.88  LDA-  

.  

 SnX . 2.19. 

 2.19 

 SnX. 

 EVB, 
 kv Kc 

Egi, 
 

Egd, 
 

EVB1, 
 

EVB2, 
 

EVB3, 
 

E1, 
 

E2, 
 

-SnS 
(LDA) 13.79   0.78 0.89 4.91 3.50 1.73 – 3.82 

-SnS 
(LDA+U) 14.63   1.11 1.35 5.38 3.82 2.35 0.37 2.7 

-SnSe 
(LDA) 13.88   0.52 0.69 5.07 3.12 1.48 0.05 4.15 

-SnSe 
(LDA+U) 14.51   1.03 1.40 5.12 3.29 1.95 0.88 3.27 

-SnS 
(LDA+U) 13.87 T Y Y 1.00 1.37 4.63 3.43 2.24 0.74 2.84 

-SnSe 
(LDA+U) 13.98 T Y Y 0.75 1.06 4.78 3.02 1.84 1.24 3.11 

-SnS 
(LDA+U) 13.92 L L – 0.66 5.86 3.44 1.47 – 4.09 

-SnSe 
(LDA+U) 13.95 L L – 0.64 5.57 3.04 1.24 – 4.52 

 

. 2.19 : EVB – -

, kv –  – , kc – -

; EVB1, EVB2, EVB3 – , -

, ; 

E1, E2 – ; Egi – -

; Egd – . 
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. 2.4.  -SnS,  LDA-  ( )

 LDA+U-  ( ). 

 

2
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. 2.5.  -SnSe,  LDA-  ( )

 LDA+U-  ( ). 
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 ~0.1  ( . 2.4  2.5).  

 SnX   

  Y (  2). 

,  

LDA- ,  -

-

 calc
giE = 0.78  calc

giE = 0.52 -

.  LDA-  Egi -

: exp
giE = 1.095  SnS [105]  exp

giE = 0.902  SnSe [111], 

-

. 

-

,  

. ,  

-SnS -SnSe  

 T Z (B), S X (D) 

, -

 

. 

-

, ,  

N(E) , . 2.6. -

 – -

,  S3s, S3p, S3d, Sn5s, Sn5p, Sn5d.  

 ( . 2.6) -

 s-, p-, d  s-, p -

.  

5s-   5  Sn  S3 -(Se4p-) .  

, ,  
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 4  ( ),   

3s  (4s )  s -

 p-  d .  

 E(k),  -

,  5s   

.  

,  12 , -

 p-  s  -

. . 

,  

,  p  Sn5s-    

Sn5p- .   

p  p ,  

 Sn–X  [SnX5•E•] – -

.  LDA-  

  ( . 2.4, ),   LDA+U-

-SnS ( . 2.4, ), 

-SnSe ( . 2.5, ). 

 

-SnS ( -SnSe)  

  ( )   

d- . 

 

 LDA+U. -

.  

. 2.4  2.5,  (U)  

, , -

-SnS.  

 -SnSe,  

 ( . 1.19.) [93],  
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. ,  

 LDA+U  

  

. 2.4,  2.5, ). , -

,  

.  

 Eg  

: gE = 1.11 ; gE = 1.095  [105]  

SnS  gE = 1.03 ; gE = 0.902  [111]  SnSe. 

2.3.2. -SnS. -

,  

, ,  

 SnS-SnS2, -

. 

 -SnS -

.  

 -SnS ( . 2.4) -

, .  

, -

 s- . -

. ,  

,  

,  ,  ,   

. , -SnS  

. ,  

-

, -

. 2.1, . . 2.1, -

,  DFT-LDA  
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-SnS . 2.7, .  

 ( . 2.7)  ( . 2.4) -SnS , -

, ,  

. ,  

,  

,  

. -

 Egi = 1.65  (2.35  LDA+U)  

 Egi = 0.78  (1.11  LDA+U). -

 

-SnS [148, 149]. , -

,  

. 

2.3.3. .  

  

-

-

, -

 [150]. -

 XPS  UPS -

 N(E) , -

-

. -

 0.25 . 2.8  2.9  

 (  

 hv = 1486.6 )  (  hv = 21.2 

 40.8 )  SnS  SnSe, -

 [96]. -

 N(E) , -

.   
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. 2.9.  N(E)  LDA+U (1), 

LDA (2)  -SnSe  (3 –  
21.2 ; 4 – 40.8 )  (5 – 1486.6 )  [96]. 

. 2.8.  N(E)  LDA+U (1), 

LDA (2)  -SnS  (3 –   
21.2 ; 4 – 40.8 )  (5 – 1486.6 )  [96]. 

, 
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,  DFT-LDA+U  

. 

, . 2.8  2.9 , -

 SnS  SnSe ( . 2.6), 

-

. -

 -SnS  -SnSe 

-

1, 2, 3, -

 ( . 2.8  2.9). -

,  3p  S (4p  Se)   5s-,  5p  Sn, 

1  

 SnS (SnSe). ,  

 p -

. 2 3  

.  5s -

 S3 - (Se4 -) ,  

 3:1.  

 S3s- (Se4s-)  s-  

. 

2.4.   

 SnS  SnSe 

  SnS  TlI, 

 17
2hD  (Bmmb) . 2.2, . -

 -SnS   

-SnSe . 2.10,  –   

. 2.12, , . , -

,  3s  (4s  Se),  
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 2.85   

(3.11 ).  -

 5s -

 3s-  (4s  Se).  

 Z, T, R  Z T, R Z , 

 , S  Y. -

  

S3p-(Se4p-)  Sn5p ,  Sn–S 

  [SnS5•E•].  

,  Z, T  R . 

 ,   SnX -

  

 . -

,  -

 Egi =  1.0   SnS   

Egi = 0.75  SnSe  LDA+U,  0.11  -

 SnS  0.28   SnSe. 

 

-   SnX . . 2.19 , 

 -

. -

, . -

 , , 

.   

 5s -

. ,  -   

SnX  –  

[SnX5•E•] – . 
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2.5.   SnS  SnSe 

 

. 2.2, .  

 E(k)  1/48 . -

  WXULKW  

 ( . 2.2, ). 

-

 

, ,  

. ,  

,  

,  E(k) -

 ( . 2.11). 

  ( -

)  L   

k = /a (111)  ( . 2.2, ) (  L1  L2, 

. 2.11). , ,  

,  

 ( )  , -

 (PbS, PbSe  PbTe) [151].  
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-

.  

, -

, -

, , -

 Sn . 
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,  ( . 2.13, ,   

2.14, , ) , -

 ( . 2.13, ,  2.14, , ).  e/Å3  

(e – ).  (SnS–SnSe), -

 (r)  ( -  ) , -

 SnX  -   -

 (r). 

,  

 SnS  SnSe -

, ,  

, , -

.   

. 2.13, ,  . 2.14, , ) ,  

(r) . 

 (r),  

, . -

 (r)   Sn–S (Se)  

,  

 ( . 2.13 . 2.14),  

. -

, ,  

 ( . 2.15). -

 SnX  p  5s-, 

5p  ( . 2.6).  

 [SnX5•E•] -

.  

-

  

[SnX5•E•]. 



96 

 

 

 

. 2.13.   

 ( , ),  ( , )  ( , )  SnS. 

:  – 010;  –  001;  – 001;  – 110;  – 110;  – 110. 

 

•E•
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. 2.14.   

 ( , ),  ( , )   ( , )  SnSe.
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•E•
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[SnS5•E•]:  – ,  – . 
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,  SnS  SnSe -

 II. ,  SnII -

. -

 Sn -

. . 2.16,   

 -SnS  -SnS . , -

 [SnS5•E•],  

, -

.  (r)  

, -

.  [SnS5•E•] -

 -SnS  -SnS  Sn–S, -

.  

,  ( -

), . 

, -

,  SnS (  

. 2.13, ,  . 2.14, ,  •E•). , 

 ( )  

, , -

  

-SnX  -SnX. 

,  

 

,  ,  -

.  

, -

,  

(•E•) ,  ( . 2.13–2.16). 
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. -

 (r)  SnS  (110) ( . 2.13,  

. 2.14, ) , -

 ( . 2.13, . 2.14, ).  
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. 2.16.  

- ( ), - ( )   ( ) . 

Sn  S 

•E•

Sn Sa
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.  

 (  Na l),  

 

,   

SnS  SnSe . 

-

-

. ,  

.   

,  [152],  [153] . 

 ( ,  

 e) , -

-, -,  SnX . 2.20–2.25. 
 

 2.20.  

-SnS -SnSe 
-SnS 

 Qatom 5s 5s 5py 5pz 5px 5py 5pz 5px 5d 
Sn1 3.337 1.557 0.158 0.329 0.417 0.407 0.103 0.102 0.055 0.209 
Sn2 3.337 1.557 0.158 0.329 0.417 0.407 0.103 0.102 0.055 0.209 
Sn3 3.337 1.557 0.158 0.329 0.417 0.407 0.103 0.102 0.055 0.209 
Sn4 3.337 1.557 0.158 0.329 0.417 0.407 0.103 0.102 0.055 0.209 

  3s 3s 3py 3pz 3px 3py 3pz 3px 3d 
S1 6.663 2.053 –0.135 1.602 1.645 1.737 –0.105 –0.119 –0.184 0.168 
S2 6.663 2.053 –0.135 1.602 1.645 1.737 –0.105 –0.119 –0.184 0.168 
S3 6.663 2.053 –0.135 1.602 1.645 1.737 –0.105 –0.119 –0.184 0.168 
S4 6.663 2.053 –0.135 1.602 1.645 1.737 –0.105 –0.119 –0.184 0.168 

Qtot = 40.000          
-SnSe 

 Qatom 5s 5s 5py 5pz 5px 5py 5pz 5px 5d 
Sn1 3.553 1.765 0.006 0.413 0.495 0.489 0.077 0.063 0.030 0.216 
Sn2 3.553 1.765 0.006 0.413 0.495 0.489 0.077 0.063 0.030 0.216 
Sn3 3.553 1.765 0.006 0.413 0.495 0.489 0.077 0.063 0.030 0.216 
Sn4 3.553 1.765 0.006 0.413 0.495 0.489 0.077 0.063 0.030 0.216 

  4s 4s 4py 4pz 4px 4py 4pz 4px 4d 
Se1 6.447 2.041 –0.106 1.479 1.541 1.647 –0.045 –0.080 –0.154 0.123 
Se2 6.447 2.041 –0.106 1.479 1.541 1.647 –0.045 –0.080 –0.154 0.123 
Se3 6.447 2.041 –0.106 1.479 1.541 1.647 –0.045 –0.080 –0.154 0.123 
Se4 6.447 2.041 –0.106 1.479 1.541 1.647 –0.045 –0.080 –0.154 0.123 
Qtot = 40.000          



102 

 

 

 2.21.  

 -SnS  -SnSe. 

-SnS 
 Qatom 5s 5s 5py 5pz 5px 5py 5pz 5px 5d 

Sn1 3.171 1.846 0.035 0.172 0.182 0.350 0.156 0.147 0.184 0.099 
Sn2 3.171 1.846 0.035 0.172 0.182 0.350 0.156 0.147 0.184 0.099 

  3s 3s 3py 3pz 3px 3py 3pz 3px 3d 
S1 6.829 2.131 –0.154 1.841 1.854 1.609 –0.211 –0.204 –0.114 0.077 
S2 6.829 2.131 –0.154 1.841 1.854 1.609 –0.211 –0.204 –0.114 0.077 

Qtot = 20.000          
-SnSe 

 Qatom 5s 5s 5py 5pz 5px 5py 5pz 5px 5d 
Sn1 3.274 1.867 0.020 0.240 0.239 0.373 0.134 0.135 0.160 0.106 
Sn2 3.274 1.867 0.020 0.240 0.239 0.373 0.134 0.135 0.160 0.106 

  4s 4s 4py 4pz 4px 4py 4pz 4px 4d 
Se1 6.726 2.100 –0.112 1.770 1.762 1.556 –0.181 –0.156 –0.091 0.078 
Se2 6.726 2.100 –0.112 1.770 1.762 1.556 –0.181 –0.156 –0.091 0.078 

Qtot = 20.000          
 

 2.22.  

 -SnS  -SnSe. 
-SnS 

 Qatom 5s 5s 5py 5pz 5px 5py 5pz 5px 5d 
Sn1 3.189 1.717 0.067 0.323 0.323 0.324 0.080 0.080 0.080 0.0195 

  3s 3s 3py 3pz 3px 3py 3pz 3px 3d 
S1 6.811 2.144 –0.196 1.747 1.747 1.747 –0.188 –0.188 –0.188 0.189 

Qtot = 10.000          
-SnSe 

 Qatom 5s 5s 5py 5pz 5px 5py 5pz 5px 5d 
Sn1 3.401 1.809 –0.022 0.403 0.403 0.404 0.066 0.066 0.066 0.066 

  4s 4s 4py 4pz 4px 4py 4pz 4px 4d 
Se1 6.599 2.098 –0.149 1.641 1.641 1.641 –0.137 –0.137 –0.137 0.135 

Qtot = 10.000          
 

-
 (Sn – 1.96; S – 

2.58; Se – 2.55). ,  S  Se -
 « »  

, , . -
. ,  

 ( . 2.20–2.21) ,  
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, -

. 
 

 2.23.  
-SnS. 

-SnS 
 Sn1 Sn2 Sn3 Sn4 S1 S2 S3 S4 

Sn1 3.224 0.000 –0.039 –0.001 0.000 0.130 0.000 0.155 
Sn2 0.000 3.224 –0.001 –0.039 0.130 0.000 0.155 0.000 
Sn3 –0.039 –0.001 3.224 0.054 0.001 0.155 0.000 0.006 
Sn4 –0.001 –0.039 0.054 3.224 0.155 0.001 0.006 0.000 
S1 0.000 0.130 0.001 0.155 6.364 0.000 –0.022 0.000 
S2 0.130 0.000 0.155 0.001 0.000 6.364 0.000 –0.022 
S3 0.000 0.155 0.000 0.006 –0.022 0.000 6.364 0.000 
S4 0.155 0.000 0.006 0.000 0.000 0.000 –0.022 6.364 

-SnSe 
 Sn1 Sn2 Sn3 Sn4 Se1 Se2 Se3 Se4 

Sn1 3.473 0.000 –0.032 –0.002 0.000 0.122 0.000 0.152 
Sn2 0.000 3.473 –0.002 –0.032 0.122 0.000 0.152 0.000 
Sn3 –0.032 –0.002 3.473 0.026 0.001 0.152 –0.012 0.001 
Sn4 –0.002 –0.032 0.026 3.473 0.152 0.001 0.001 –0.012 
Se1 0.000 0.122 0.001 0.152 6.232 0.000 –0.030 0.000 
Se2 0.122 0.000 0.152 0.001 0.000 6.232 0.000 –0.030 
Se3 0.000 0.152 –0.012 0.001 –0.030 0.000 6.232 0.001 
Se4 0.152 0.000 0.001 –0.012 0.000 –0.030 0.001 6.232 

 

 2.24.  

 -SnS. 

-SnS -SnSe 
 Sn1 Sn2 S1 S2  Sn1 Sn2 Se1 Se2 

Sn1 3.252 0.000 0.160 0.000 Sn1 3.331 0.000 0.150 0.000 
Sn2 0.000 3.252 0.000 0.160 Sn2 0.000 3.331 0.000 0.150 
S1 0.160 0.000 6.754 –0.002 Se1 0.150 0.000 6.695 –0.012 
S2 0.000 0.160 –0.002 6.754 Se2 0.000 0.150 –0.001 6.695 

 

 2.25.  

 -SnS  -SnSe. 

-SnS -SnSe 
 Sn1 S1  Sn1 Se1 

Sn1 3.375 0.002 Sn1 3.557 0.003 
S1 0.002 6.535 Se1 0.003 6.371 
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 3 

 

 

 

 

 ( -

)  – , -

. ,  

,  -

 (1017–1018 –3) ,  SnS -

.  

-

 SnS , -

 ( )  

-

, -

.  

 ( )  [39, 154–157]. ,  

 SnS  Ag  Cu  [39, 154, 

155],  « » -

,  Sb  Bi -

 [39, 156, 157]. ,  

 SnS. 

,  [39, 154–157] -

-

. -

 SnS  

.  

-
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 SnS -

. -

-

, -

. 

 

, -

 SnS  SnSe  

 [14, 19, 23–31] .  

 [158, 159], -

 SnS ,  

 – ,  Cu.  

-

-

.  

-

 

 SnS , -

. 

 SnS:M (M = P, Sb, Bi) -

 

, . 

 

,  

 ( , ), -

 (  M  Sn,  M = P, Sb, Bi) -

 +  {VSn–SbSn}.  

-

 Sb -

 SnS, . -
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-

 SnS:Sb. 

3.1.   

 SnS  

-

, -

, -

.  

-

. -

: ,  

, ,  ( -

). ,  

.  

,  

. -

,  

 [158]  SnS. 

-

. , -

, -

 [140].  ( -

) , 

. -

.  

-

. ,  

 [140]: ,  



108 

 

; ,  

, . -

.  

 2 2 1 (32 ) ( . 3.1), -

 a  b. -

, -

-

.  

, .  

 4  SnS. 

 4   

. ,  

-

 

. 

-

-

 [160]. -

 

H0  V. -

: 

0( )H V Eq q q , 

1
1

dV v (r R ) ,     (3.1) 

 vd –  ( ) , R1 –  

,  , q –  

.  

 nk,  

: 

0 n n nH k k k  
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01 i
n nV C e (k g)r

k
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(r) / (k g) ,   (3.2) 

 n – , k, g, V0 – ,  

.  q  
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i

j j
n jm n

n
B Q, ,

q k k
k

    (3.3) 

 jmQ  – ,  j-  

 m-   

, ki – ,  ki = q + G, G – 

,  

), . 

 (3.3)  (3.1) ,  

 ki.  

,  

. 

-

 

, -
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 (VSn)  (VS) -

 2 2 1 ( . 3.2), -

 ( )  ( ).  Sn  

 P, Sb, Bi, (  V -

) ( . 3.3, ).  {VSn–SbSn} (  

 +   Sb Sn) ,  

. 3.3, . 

, -

: ,  

, ,  
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M M 

. 3.2.  2×2×1  SnS  
 ( )  ( ) 

2x2x1 

. 3.1.  2 2 1  a  b
 SnS 

Sn  S

 
V

S

 

. 3.3.  2 2 1  SnS   
M Sn (M = P, Sb, Bi) ( )  {VSn–SbSn} ( ). 
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Sn

 V
Sn
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 [161]. ,  

, -

 SnS -

. . 

 

. -

-

, .  

. 

, -

-

 Etot , .  

 Sn  S -

 -SnS  

SbSn . 3.4. -

, -

,  

 

.  Sn  S -

 (001)  0.41–0.58 Å.  S -

 VSn ,  

 S,  

,  

. 

 S -

 q . ,  q = 6.616  

 S,  q = 6.650   

 S  LDA,  q = 6.657e  

LDA+U. 
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-

, -

 ( . 2.1, ),  (0, 0, 0), X(0.5, 0, 0),  

Y(0, 0.5, 0), Z(0, 0, 0.5),  

. 

3.2.   

 SnS 

,  

 SnS, -

, , 

:  (VSn)  

Relax 3.12 Å2.71 Å

2.62 Å 3.16 Å 

VSnVSn

Relax
2.71 Å 2.59 Å 

SbSn SbSn

. 3.4.  -SnS  ( , )  

 SbSn ( , )  ( , )  ( , ). 
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(VS).  

 ( )  

.  

3.2.1.  SnS -

. -

 ( . 3.5, , )  

-

 SnS,  

LDA+U ( . 3.5, , ). . 

 SnS  

, -

,  ( . 3.4, ), -

,  

, . -

.  

 

 3s ,  S3s-  Sn5s- + S3p- -

 ( . 3.5, ), . -

, -

 s . ,  

-

,  3p-

, ,  

5s-, 5 . -

. , 

 LDA- -

,  

(U)  LDA+U-  0.28 

 ( . 3.5, , ). -

 EA = 0.31  [158],  
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. 3.5. ,   

 ( , ),  ( , )  ( , )  

 SnS  2×2×1. 
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. , -

, -

. 

 SnS -

. 3.5,  .  

, -

 

,  , -

. ,  

, ,  

,  [158]. 

 ( ) -

 SnS ( . 3.5, ) 

, -

.  

,  

, -

 n ,  

 SnS, , -

 . 

 SnS  – 

 VSn,   

.  

 Sn  +0.012   –0.048 ,  S +0.015   –0.1 . -

,  

,  

 Sn (  

VSn–Sn 0.03,  VSn–S 0.003). 

 

 SnS  ,  ,  
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, -

 SnS,  ( -

)  [87], . 

3.2.2. . -

-

,  

.   

. -

,  Sn -

 (SnM)  (VSn), -

 {VSn–SnM}. 

,  VSn , -

, -

 {VSn– 0
MSn } , 

 Sn .  

 

 Sn .  

, 

 

 Sn  Sn . 

 VSn   

 Sn, , -

 3.5 Å,  (  

SnS)  Etot  3.7 . -

-

 IV . 

, -
,  + , -

, , , -
.  
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, . 

. 3.6. -

, -

.  

. 

-

, , -

. 

3.3.  V   

 SnS 

 (M  =  P,  Sb,  Bi)   SnS  

 

. -

,  « »  

, -

, -

. 3.6.  ( ),  ( ) 

 SnS . 
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.  

 [162]. ,  

 (  Sn – 1.40 Å, S – 1.03 Å,  

P – 1.084 Å, Sb – 1.36 Å, Bi – 1.46 Å, [163]) , -

 Sn. -

, , ,  

-

.  SnS  P, Sb, Bi,  

,  3+. , ,  

,  

. 

 –  

 M  Sn16S16. -

 3.125 . %. , -

, ,  SnS (  2 .%) [56]. -

-

, -

.  SnS, -

 M Sn  .  3.7,  -

, .  

 M Sn -

: , , 

, -

. -

 P3s-, (Sb5s-, Bi6s-)  3s-  3 -

:  S3s ,  -

 S3s (VBIII)  Sn5s + S3p (VBII).  

, 

 p  P (Sb, Bi), Sn, S. , s-  

 P, Sb, Bi  
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. 3.7. ,   
 SnS  PSn ( , ),  

SbSn ( , )  BiSn ( , )  2×2×1. 
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 ( . 3.7, , , ).  

V  ( -

), ,  

. -

,  V  SnS .  

 

 SnS  

 P Sb Bi ( . 3.7). , -

 SnS:M (M = P Sb Bi) -

:  

 ( );  

;  

. ,  

 Z  P Sb Bi  

 M3+ -

.  

 ( )  

. . 3.7 ,  P Sb Bi  

 S 3s-, 3p -

, . 

 V  

 SnS  

 ( . § 3.6) [19, 23–25, 28–31]. -

,  Sb -

,  

 

. 

 [164], -

, -

. ,  



121 

 

. ,  

 

, -

. , ,  

 SnS  p  n -

, -

 

, . 

3.4.  {VSn–SbSn} 

-

,  

 – , -

. -

 SnS:Sb  

. 

 

,  

. -

. , ,  

 

, . -

,  

,  

 Sb ,  

. 

,  «  –  

»  SnS:Sb, : 

.   

{VSn–SbSn} -
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.  

 SbSn -

: ,  

.  

-

 «  –  

Sb» {VSn–SbSn}.  

,  VSn  

 SbSn  ( ) 
Sn

0.875 0.0625 0.0625Sn Sb V S .  {VSn–SbSn} -

,  

 

. . 3.8, , -

,  

 {VSn–SbSn}.  

 {VSn–SbSn} -

 S3s  Sn5s+S3p -

 ( . 3.8, , ), -

 VSn  SbSn.  

,  SnS:Sb -

 p ,  

-

. 

,  (< 0.1 . %) -

 SnS:Sb  Sb (« » -

) -

  [39],  

.  

 1–2 .%) ,  

 Sn .  
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 SnS -

 [56] , , -

. , -

 

, ,  

 [164]. , -

-

 Sb, ,   

{VSn–SbSn} , -

 ( ) .  

3.5.  SnS 

 (r), -

,  (VSn,  VS),  

,  

-

. . 3.9, 3.10 -

. 3.8.  ( ),   

 ( )  SnS  {VSn–SbSn}   

 2×2×1. 
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. 3.9, , )  SnS,  ( . 3.9, , )  

. 3.9, , ) ,  M ( . 3.10)  

 {VSn–SbSn} ( . 3.11)  

(001)  (010).  

 ( . 3.9, )  

,  (VSn)  

 (VS) , , -

. . 3.9, – , ,  

 ( ) , -

, -

 (VSn, VS) . 

 ( . 3.3),  

,  

, , -

.  

 

.  

. , 

,  ( . 3.10) -

, .  

 

 S3p–P3p(Sb5p, Bi6p) ( . 3.7). -

 

Sb Bi . 3.10  

(001)  (010). ,  P Sb Bi  

.  

 (M Sn) -

:  Sn–S -

 SnS. 
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. 3.9.  

 ( , ),  ( , )  ( , )  

 SnS : (001) – , ,  (010) – , , . 

 

 

  

 

 



126 

 

 

 

  

 

 

 

 

 

 

 
 

. 3.10.   

,  P ( , ), 

Sb ( , )  Bi ( , ) : (001) – , ,  (010) – , , . 
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 M  

,  Sn , ,  

, , -

  

M–S ( . 3.10). 

3.6.    

,  

 SnS–Sb ( . 1.4)  

 2 .% Sb [56]. 

 Sb  SnS  Sb2S3 -

 (  

) ,  

.  

 SnS -

-

.  –  (001) 

 8 5 0.1 .  SnS ,  

. , 

, , -

. 3.11.  

SnS  {VSn–SbSn}  (010). 
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  = 10–2–10–3 –1 –1,   [74,  77].  -

 300–500 K  

 0.2 . ,  

 « »  

, . 

 SnS  Sb  1 . % 

  = 10–5–10–6 –1 –1,  

 ( -

,  (  L = 104 ) -

,  /  = (2 5)  103), -

-

. ,  

 Sb, , 

 (VSn) -

 (SbSn). 
 

 Sb ,  

. , -

, , -

 [165].  

 

: « » s -

 « » r  

 [166]. , -

-

 r . ,  

 r , -

 

, ).  
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 SnS:Sb,  

, -

. 3.12. ,  

:   – -

,  ( ),  

. ,  

 

. -

. , ,  

: ,  (  

 1, 4 . 3.12). -

 

 4, . 3.12).  [165, 166]  T*,  

, : 

* exp[ / ( )]nr
s c cr

pr

Cp g N E kT
C

,    (3.4) 

 *p –  T = T*, gs – -

 s . 

-

 r  – -

.  (3.4) -

 r -

 lnp* = f(1/T) (  ln  = f(1/T)) . -

 r  SnS:Sb  

Ecr = 0.4  0.02 . 

-

 [166]. -

 SnS ,  

, ,  « » 

r  Sb. 
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 SnS:Sb . 

-

. , -

 

,  Sb -

,  VSn,  -

,  [166] -

, -

, .  

-

 SnS ,  

 ( ) -

. 3.12.  

 SnS:Sb  L, : 

1 – 104; 2 – 2.5 103; 3 – 6.25 102; 4 – 1.5 102. 

2 3 4 5 6 103/ , K–1 

 

10–7

10–6

10–5

10–4

4

3

2

1

, –1 –1
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.  

: . -

 

, . 

, -

,  

, . -

 

,  103 –1.  

,  

  

( 10–6 2),  1016 –3 -

 1 –1. -

 ( ) -

 ( ),  

 ( ) –  

).  

, -

, -

, .  

,  

. -

-

 ( ),  

 ( ). -

, -

, -

.  

, ,  

-
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. ,  

: .  

, ,  

 – -

. ,  

. -

, -

.  

 

 [167]: 

0
02( ) (1 )n p

UI e R F
l

,   (3.5) 

 n  p – ;  – -

; l – ; R0 – -

; U – , ; 0 – -

;  – ; F – , 

 « », 

,  

 (S = 0) -

 0. ,  I ( ) -

 R0( ). 

 

 SnS:Sb,  (001), -

. 3.13,  1, 2. -

-

.  

130 , -

. . 3.13, -

 SnS:Sb  

0.7  2.2 .  
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 SnS:Sb  

 (  3–5, . 3.13) [103]. , -

 

,  

.  

  > 1 ,  

 max1 = 1.16  (  1, . 3.13), -

 1 2 ( . 2.4), -

 max2 = 1.28  2 2. 

 [168]  SnS, 

,  

 1.13  1.43 . -

 

, ,  

,  

 SnS -

.  

 1.6 -

-

 SnS:Sb. 

,  

,  

, -

, ,  

. ,  T = 100 K -

 SnS:Sb -

, -

 0.83  0.93  (  2, . 3.13). -

 T = 293 K -

 (  1, . 3.13).  
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 [19]  

, -

 SnS  

.  

,  SbSn -

 330 ,  

,  – -

 280 . -

-

-

,   

. 3.13.  (1, 2),  (6, 7)  SnS:Sb  

 (3–5)  SnS [103].  

1, 6 –  = 293 K;  2, 7 – T = 100 K; 3 –  E||b; 4 –  E|| ; 5 –  E|| . 

 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

2

1

3

4

5

101

102

103

 

I
, 

., 
. 

0

1.0

 
6

7

0.5

hv, 

, 
–1

 

1
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hv = 0.93 ,  VSn,   

 hv = 0.83  – ,  

SbSn,  « » r . 

 SnS:Sb  ( . 3.13,  

 6, 7).  

,  (001). -

 0.5 . , -

, .  

 100 . -

 ( . 3.13,  1, 6) ,  

, -

,  

.  SnS:Sb -

,  

. ,  

SnS:Sb -

. 

, -

-

, . -

,  

. -

.  

-

. , 

. -

, -

. -

 

 {VSn–SbSn}. -
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, ,  

, 

 ( ) -

. -

 

, . 

 SnS:Sb -

-

-

 SnS, . 

, -

 

 AIVBVI  

-

-

. 
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 3 

1.  LDA  

LDA+U -

 E(k),  N(E),  

 (  (VSn)  

(VS), )  (  M Sn, 

M = P, Sb, Bi)  {VSn–SbSn}.  

2. ,  SnS -

,  0.28 ,  

 3p , ,  

 5s-,  5 .  

,  , -

 0.34 . 

3. , -

 SnS  

 Sb -

.  

 « »  

r , -

. 

4. ,  SnS, , 

 r ,  

,  

.  

 4–6 ) , -

 

. 
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 4 

 

 MIIMIVS3 

 IV  

-

.  

 ( ). -

, , -

 II (MII = Sn2+, Pb2+). -

 IV (MIV = Sn4+, Ge4+).  -

, -

 IV . , 

 MIIS  MIVS2  

 MIIMIVS3 -

 [63],  

.  SnIISnIVS3, PbIISnIVS3  SnIIGeIVS3 

-I (  [169]). 

 [15, 17, 18, 32–35] -

 Sn2S3, PbSnS3  SnGeS3 . -

 [98]  

 (XPS)  K  (Sn2S3).  

 

, , -

 Sn2S3, PbSnS3  SnGeS3 -

 ab initio  

.  

 SnS, PbS, SnS2, GeS2  

.  Sn2S3  

 S3p  
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 SK .  SnGeS3 

. 

4.1.  MIIMIVS3 

4.1.1.  Sn2S3  PbSnS3.  PbS  SnS2 

 PbSnS3,  

 1013  5 K [170]. -

,  PbSnS3  Sn2S3 -

 ( . 4.1, ),  

Pnma [170–173].  Sn2S3  PbSnS3 . 4.1. -

 Sn2S3 

 [174],  55 -

.  

PbSnS3  [175]. -

,  PbSnS3, 

 

,  ( . 4.1). 

 4d105s25p2 

 5d106s26p2)   3s23p4.   Sn2S3  PbSnS3  

,  SnIV i 

 SnII (PbII),  

3s23p6  S   4d105s25p0  SnII (5d106s26p0  PbII). ,  

 Sn2S3  PbSnS3  II   IV.   SnII (PbII)   

5p ,   

 5s- (6s-) .  

, -

 

,   

 [SnIIS3•E•] ([PbIIS3•E•]),  •E• – .  
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 4.1.  

 SnIISnIVS3, PbSnS3, SnGeS3. 
 , 

, 
  

  
. 

, Å
 

   

 

 x y z 

Sn
II
Sn

IV
S 3

 

, 
16
2hD ,Pnma , 
Z = 4 

a = 8.878 
b = 3.751 
c = 14.02 

SnIV 0.16494 0.25 0.05195 4c 

[173] 
SnII 0.48509 0.75 0.16936 4c 
S1 –0.01953 0.75 0.10640 4c 
S2 0.33879 0.75 –0.00476 4c 
S3 0.28631 0.25 0.21246 4c 

a = 8.57829 
b = 3.81088 
c = 13.80329 

SnIV 0.172285 0.25 0.053323 4c  
LD

A
 SnII 0.509729 0.75 0.172283 4c 

S1 0.981711 0.75 0.110121 4c 
S2 0.352714 0.75 0.992489 4c 
S3 0.299370 0.25 0.217827 4c 

a = 8.59211 
b = 3.86640 
c = 13.91800 

SnIV 0.17394 0.25 0.05409 4c  
G

G
A

 SnII 0.51723 0.75 0.17367 4c 
S1 0.98151 0.75 0.11069 4c 
S2 0.35557 0.75 0.99234 4c 
S3 0.30237 0.25 0.21911 4c 

Pb
Sn

S 3
 , 

16
2hD ,Pnma , 
Z = 4 

a = 8.8221 
b = 3.7728 
c = 14.0076 

) 

PbII 0.5030 0.75 0.1705 4c 

[175] 
SnIV 0.1655 0.25 0.0521 4c 
S1 –0.0114 0.75 0.1062 4c 
S2 0.3394 0.75 –0.0066 4c 
S3 0.2855 0.25 0.2132 4c 

a = 8.738 
b = 3.792 
c = 14.052 

PbII 0.5063 0.75 0.1729 4c 

[170] 
SnIV 0.1685 0.25 0.0524 4c 
S1 0.9833 0.75 0.1048 4c 
S2 0.3387 0.75 0.9937 4c 
S3 0.2827 0.25 0.2132 4c 

a = 8.52072 
b = 3.82981 
c = 14.08620 

Pb 0.53097 0.76679 0.17532 4c  
LD

A
 Sn 0.16986 0.25 0.05831 4c 

S1 0.97534 0.75 0.10701 4c 
S2 0.34737 0.75 0.99496 4c 
S3 0.29111 0.25 0.22054 4c 

a = 8.60316 
b = 3.87128 
c = 14.21341 

Pb 0.52078 0.75 0.17563 4c  
G

G
A

 Sn 0.17156 0.25 0.05578 4c 
S1 0.97676 0.75 0.10750 4c 
S2 0.35172 0.75 0.99425 4c 
S3 0.28993 0.25 0.21997 4c 
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Sn
G

eS
3 

,  
P21/c, Z = 4 

a =  7.269 
b = 10.22 
c = 6.873 
 = 105.45  

Sn 0.12370 0.58210 0.27350 4e 

[176] 
Ge 0.32010 0.29190 -0.00260 4e 
S1 0.22390 0.49430 -0.08600 4e 
S2 0.05290 0.17830 -0.08080 4e 
S3 0.51280 0.28370 0.31430 4e 

a = 7.03504 
b = 9.96309 
c = 6.83578 
 = 104.914  

Sn 0.14010 0.58398 0.26860 4e  
LD

A
 Ge 0.32503 0.29669 0.99700 4e 

S1 0.22767 0.50447 0.90225 4e 
S2 0.04651 0.18065 0.92404 4e 
S3 0.52410 0.29601 0.31926 4e 

a = 7.08885 
b = 10.01897 
c = 6.91691 
 = 104.7902  

Sn 0.14270 0.58515 0.26844 4e  
G

G
A

 Ge 0.32680 0.29801 0.99658 4e 
S1 0.22758 0.50727 0.90023 4e 
S2 0.04700 0.18011 0.92489 4e 
S3 0.52699 0.29867 0.32014 4e 

 
 Sn2S3  PbSnS3  

 SnII (PbII)  SnIV.  SnII (PbII)  SnIV, -

 S(1), S(2)  S(3) ( . 4.1)  

4  Pnma  m.  

 [SnIVS6],  -

,  . 

  

[SnIIS3•E•] ([PbIIS3•E•]),  •E•, -

. ,  

 , . -

 Sn2S3  PbSnS3  SnS2 -

,   Sn2S3  PbSnS3  

 SnS2. 

4.1.2.  SnGeS3.  

 886 K  

 = 7.269 Å, b = 10.220 Å,  = 6.873 Å,  = 105.45 , Z =4, 

 21/  ( . 4.1, . 4.3) [176, 177].  

SnGeS3  (Sn2+), -

 (Ge4+) .  SnII  
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 GeIV,   S(1),  S(2)   S(3)   

 4e  cP /21 . , -

, -

. 4.1.  Sn2S3 (PbSnS3).

c

b
a

c

a
– SnII(PbII), – SnIV, – S, – 

– SnII(PbII), – SnIV, – S

[010]

[301]

. 4.2.  Sn2S3 (PbSnS3)  XZ ( ) 

,  [010] ( ). 
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 [GeS4], -

 2n
3 n(GeS ) ,  z ( . 4.4, ). -

 [GeS4]. 

 

, ,  

,  [SnS5•E•] ( . 4.4, ). 

 Sn–S  2.63–2.93 Å ( . 4.5, ), 

 2.63 Å -« »,  

 

 

 

 

 

 

 

 
. 4.3.  SnGeS3.

a

b
c

. 4.4.  SnGeS3  YZ  

:  –  [GeS4]  

  –   [SnS5•E•]. 

b

c

b

c

– S– GeIV, – SnII, 

– – S– GeIV, – SnII, 
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 •E•.   

 [SnS5•E•] -

.  [SnS5•E•], , 

,  z ( . 4.4, ),   

 « »  
2n

3 n(GeS ) , -

. ,  SnGeS3 . 

4.2.   

Sn2S3  PbSnS3  

 

 MIIMIVS3.  Sn2S3  PbSnS3  

, -

.  Sn2S3  PbSnS3 -

 

 ( . 2.1, ).  [15, 17, 18, 32–35]  

 LDA- -

 Sn2S3  PbSnS3 . 4.6,  

, . -

 Sn2S3  PbSnS3  

, . 

. 4.5.   [SnS5•E•] ( )   [SnS3•E•] ( )   

 S–Sn–S  Sn–S  SnGeS3  Sn2S3. 

77.1

84.5 70.4

85.2

2.89

2.94

2.63

2.92

2.91

83.6
90.3

2.65

2.77 
2.65
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. 4.6.  Sn2S3 ( )  PbSnS3 ( ).

 

 



146 

 

 E(k)  52 -

, ,  

14.416  Sn2S3  13.97  (  Pb5d )  PbSnS3.  

 PbSnS3  d  

,  

 (–16.16  –16.35 ), -

 5d . ,  

, -

, . 4.7. -

 

. -

,  ( . 4.7) ,  s-, 

-  d , .  

 Sn2S3  PbSnS3 -

 S3s ,  (VBIII).  

 5s-  5p  SnIV.  Sn2S3 -

 (VBII)  3  5s-

,   

SnIV5s ,   –  SnII5s- . -

,   PbSnS3 -

 PbII6s . 

 (VBI)  3 -

 SnIV5p-   SnII5s-  5p-

 (PbII6s-  6p ) . ,  

 s  

 

,  

3p . 

-

, ,  
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. 4.7.  Sn2S3 ( ), 

PbSnS3 ( )  Sn2S3, SnS, SnS2 ( ), PbSnS3, PbS, SnS2 ( ).  
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 S3  SnIV5s-, SnII5p-(PbII6p-) . 

, -

. 

-

 

 ( . 4.7, ) ,  PbS  

SnS2  PbSnS3  

.  Pb6p-   

S3p ,   Sn5p-   S3p  PbSnS3  

.  

,  PbSnS3 ,  

.  3s  

, . -

 SnIISnIVS3 -

 SnS, SnS2 ( . 4.7, ) 

 Sn2S3 ( . 4.6, )   PbSnS3 

. 4.6, ) , -

, -

:  Sn2S3 –  U,  PbSnS3 –  Z. -

,  

 LDA-  giE  = 0.537  ( -

U)  Sn2S3  giE  = 0.75  ( Z)  PbSnS3. 

. 2.3.3,  

-

-

, -

 [150].  

[98] -

 Sn2S3. -
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.  

 hv = 1253.6  K , 

. 4.8 -

 N(E)  S3p . 

-

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 4.8. , -

 

. ,  

. 4.7, ,  

. ,  D  Sn2S3 -

 3s ,  5s  3p  

,   

SnIV5s ,   – SnII5s- . -

 S3p-  SnIV5 ,   –  S3p-  SnII5 .  

 3p-  

 5s-  5p- . 

. 4.8.  N(E) (1)  S3p  (2)  

 (3)  S3p  (4)  [98] Sn2S3. 

, 
–16 –12 –8 –4 0

N
(E

) 
pD

O
S

1

J, 
.

B
BC C

D

2

3

4
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4.3.  SnGeS3 

 SnGeS3, -

 LDA -

 ( . 4.9), . 4.10.  

 v. ,  

 SnGeS3  12  (S), 4 -

 (SnII)  4  (GeIV),  

 104  

 52 . -

. , , -

 ( ) .  

 SnGeS3  

 [GeIVS4]  [SnIIS5 •]. 

 

 

 

 

 

 

 

 

 

 

 SnGeS3 . 4.11, .  

 SnS  GeS2, -

 SnGeS3 ( . 4.11, )  

 ( ) -

 –  [GeS4]   [SnIIS5 •], 

, -

. 

. 4.9.  SnGeS3.

 

 
A 

 E 

D 

Z 

C 

Y 
b1 B 

 

b3 

b2 
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. 4.11.  SnGeS3 ( )   

 SnGeS3, SnS, GeS2 ( ).  

. 4.10.  SnGeS3
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 14.65 ,  
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