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, , -
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 ( - ),
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1.

- , sp- -

.

1.1. . -

 [ 3 ], -

-

. ,

, . , -

 [ 21, 22 ].

, ,  IV -

[ 23 ].  [ 24 ]

 Th4H15 -

Tc  8  9 K [ 25, 26 ],  — ThH2

 1,2 K.

 ThH2  Th4H15,

Th—H,  [ 3 ].  ThH2  (

I4/mmm, Z = 2); -

 ( , Fm3m)  ThH2 [ 3 ]. -

 Th4H15 ( I-43d, Z = 4) : -

 16  60 .  12  H1

 Th4,  48  H2 -

 Th3, [ 3 ].

 Th -

 [ 27, 28 ]. , -

 Th5f- ;

Tc  Th4H15 [ 27 ]. ,  [ 28 ], 

, ,  Th6d- .

 ( )  ThH2

LMTO [ 29 ].  Th5f-

1s- .  (

-Th  ThH2 (  (t)  ( ) )  Th4H15)

 [ 30 ]  FLAPW-GGA.

 Th (  H/Th) . 1. , ,

, -Th  ThH2 -

 H1s-  8,2—3,4 EF, -

 Th6p  Th6d,5f.  H1s-

,

 Th  ý  (3,2 ),  Th

(4,8 ).

 ThH2(t) . 2, -

 ( )  [ 28 ]. ,

 FLAPW-GGA [ 30 ].



. . , . .350

. 1. : 1 — -Th, 2 — ThH2( ), 3 — ThH2(t) 4 — Th4H15.  FLAPW-GGA

[ 30 ]

. 2.  ThH2(t)  Th4H15 [ 30 ] 

 [ 38 ]

A -  H1s—H1s- ; B -

. Th5f-  H1s- -

EF; -

, , -
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 ThH2–x,

EF -

 ( ).

 ThH2  Th4H15 -

H1s-  4,8  (TiH2)

6,3  (Th4H15). 

Th6d,5f- . -

 [ 30 ]  Th4H15 [ 28 ] -

, -

 (  –5 ) -

 H2,  H1

.

, . .

N(EF)  Th4H15

( ).  5f /6d -

 Th -Th  ThH2  Th4H15 ( . 1): ,

 Th6d,  Th4H15  (

50 %) N(EF)  Th5f- .

 [ 30 ]  (  = ( 2/3)

N(EF)k2
B , . . 1) ,  —

 [ 31 ]. ,

-  ( )  =  (1 + )

[ 32 ].  Th4H15  [ 30 ] 

 [ 31 ],  0,38,  Th4H15

- .

1.2. .

: ThB4 ThB66–77, -

:  B5/B7 (  ThB4) n —

 [ 33 ]. -

.  [ 34 ]  FLAPW-GGA  ( 2, -

Pm3m [ 35 ])  ThB6. , ThB6 -

.  2s,2p- , -

:  B—B 6,  B—B -

6  B—Th ( . 3). —

6;  Th 6

 [ 36 ].  Th 6 , -

2s-

0,3 . , -

 B2s,2p  Th5f,6d- ;

Th—B.

 ( . . 3), -

 Th—B ,  B—B 6.

 Th—B

 B—  ( . . 3):  B—B ,

Th—B. ,  Th—C ,

 Th—B. ,

 Th 6  B— , -

6, 6. , -

 Th 6 (  Th).

 1

,

(N(EF), N l (EF), ./ /  Th)

 (  K–2/  Th)

-Th

FLAPW-GGA [ 30 ]

N l (EF)

Th6d Th5f H1s
N (EF)

-Th 0,261 0,278 — 1,291 3,05

ThH2 (c) 0,374 0,202 0,002 1,451 3,43

ThH2 (t) 0,207 0,140 0,001 0,866 2,04

Th4H15 0,441 0,619 0,049 2,474 5,84



. . , . .352

. 3. :  (1)  (2, 3)  ThB6. : (2) -

 — Th6d ( )  Th5f ( )  (3)  — 2s ( )  2  ( ). :

 (110)  ( )

                                  Th—B ( ) —  ( ) [ 34 ]

 Th 6  Th6d,5f- , N(EF)

, 33 %. ,

 Th5f- .  Th 6 -

 3,91 –1 K–2,  48 % , -Th (2,65 –1 K–2).

1.3. .  Th—C  — - (ThC)

 (ThC2) [ 4 ].  ( 1)

 ThC1–x (0 < x < 0,33). 

: , .

2 ( —  1,3 Å),  Th. 

—ThC2 , -  — -

.

; ,

 ThC,  [ 4 ]. -

 ThC  LMTO-TB [ 37 ]  FLAPW-GGA [ 34, 38 ]. -

a0 (5,3879 Å [ 18 ])  (5,335—5,344 Å
[ 4 ])  1,0 %. -

 (a0(Th) = 5,084 Å)  ThC  Th—Th

 6 %. .

B1 Th  ( . 4) -

,  C2s- -

6 . 2 -  Th6d,5f- ,

 Th—C. -

 ThC,  Th—C ( -

Th6d(eg) — 2 - -  Th6d(t2g) — 2 - )

Th—Th, . 5.

 ThC -

 ( )  ( ) K - ,  [ 38 ] 

 TELNES [ 39 ].  (I)  (  2p 1s -

 2p- ) -
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. 4.  ThC (1), ThN (2)  ThO (3) [ 38 ]

I(E,e) E3 | f |e r | i | 2| (Ef  + E – Ei),

i|  | f  — -

Ei Ef .

K - ,  ( . 6), -

a a , 2  Th{6d(eg),(t2g) + 5f }

 [ 38 ]. 

K - ,

-

.

 [ 38 ]  ( . 2),  ThC

-

f- . , -

N(EF)  5f- -

 25 % — ,  Th6d-

( 15 %).

. 5. 1 — -

(100) ThC 2 — -

 Th—C

                    Th—Th [ 38 ]

. 6.  (C, N, O)K

ThC, ThN, ThO -

          [ 38 ]

 2

 N(EF) ( ./ ) ThC,

ThN ThO FLMTO-GGA [ 38 ]

Th6d Th5f (C, N, O)2p

ThC 0,051 0,083 0,209

ThN 0,202 0,264 0,066

ThO 0,055 0,112 0,048



. . , . .354

. 7.  ( -ThC2)  —

                                               -ThCN  ThC0,5N0,5.  VASP [ 40 ]

 —

-  ThC2.  [ 40 ]  ThC2

 ( . 7).  Th6 -  C2s- .

 C2p- ,

-  C2. -

 Th(6d+5f )—C2p.  Th—C2

 Th—Th.  Th5f-  Th6d

 C2p- .

 [ 40 ]. ,

 Cg Th,  Th + Cg  ThC  Th +

+ 2Cg  ThC2, Ef

Ef (ThC) = Etot(ThC) – {Etot(Th) + Etot(C
g)}

Ef (ThC2) = Etot(ThC2) – {Etot(Th) + 2Etot(C
g)},
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Etot —  ThC, ThC2, Th  Cg, . ,

–Ef (ThC2) = 0,75  ( 72,1 / ) > –Ef (ThC) = 0,55  ( 52,9 / ), . .

, .

 [ 4 ].

1.4. .  Th—N :  ( -

B1)  ThN  Th3N4  ( -

 Al3C4) [ 8 ]. -

,  ( . . 4),

 NK-  ( . . 6) [ 38 ]. , -

 Th5f- , -

 Th—N  Th—Th  ( . . 2).

 ThN  = 2,74 –1 K–2 [ 38 ], 

 (3,12 –1 K–2 [ 8 ]).  FLAPW -

Ef  (

) -

 5f-  (Ac, Th…Am) [ 41 ]. Ef  ThN  PaN, -

, -

— d, f — N2p-

 [ 41 ].

 ThN 

[ 42—44 ],  [ 42 ], -

 [ 43 ]. -

 ThN -

 [ 44 ].

1.5. . -

, -

 [ 2, 3, 45 ].

 Th—O :  ThO2  —

 ThO. ThO2  ( ) -

 3660 K; 

 O/Th = 2, ThO2  ( , -

 Fm3m,  = 5,5975 Å) [ 3 ].

B1,  = 5,302 Å [ 46 ].  ThO 

 Th( ) + ThO2 [ 47 ], -

 [ 3, 46 ].

, , -

 [ 48 ]. -

B1-ThO  [ 38, 49 ]. 

 ThO ( . . 5) 

,  3,2 

 (  Thd, f- )

 1 .  ThO -

d  [ 50 ] 

 Th5f-  ( . . 2).  ThO -

, ,  [ 38 ],  = 1,333 –1·K–2. -

K-  ThO,  FLAPW-GGA, 

. 6.

 ThO2  [ 38, 51—56 ]. 

,  — ;

( ),  LDA ,  3,3  [ 56 ], -



. . , . .356

. 8.  ( )

 Th 2 -

 FLAPW-GGA -

.  (1—3)

                [ 48, 57 ]

 1,6  ( 5 ). -

, -

.

. 8 -

 FLAPW-GGA 

- .

,

 ( 4,6 ). ,

-

 Th6p1/2—Th6p3/2- -

 — -

 [ 48, 57 ].

K-  ThO2 -

. 6.

-

2 -

 Thd,  5f- ,

Th—O. ,  Th6p-

 O2s- ,

. ,  [ 48, 57 ] 

 ThO2 .

 Th6d,5f- . -

 ThO2 , , .

193  [ 56 ] — 225  [ 58 ] 

 ( .  [ 56 ]).

-

 2p—5p- .

1.6. 2p—

5 - . , -

, -

.

 ( B1,

Fm3m)  2p—5p-  ThX (X = C, N, O, P, S, As, Se, Sb). -

, .

-

- ,

.  ThX 

, , , -

. . [ 1—6 ].

-

 ThX, 

,
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 3

(a, Å), (C11, C12  C44, ), ,

(B, G  G , ) ( )

B1-ThX FLAPW-GGA [ 49 ]

ThC ThN ThP ThAs ThSb ThO ThS ThSe

a (Th—X) 2,650

(2,673)*

2,576

(2,583)

2,933

(2,920)

3,006

(2,986)

3,241

(3,159)

2,556

(2,651)

2,863

(2,842)

2,975

(2,931)

C11 252,2 396,6 273,3 212,4 146,8 331,4 256,5 163,8

C12   96,3 101,5   38,4   35,9   22,1   74,6   68,7   69,3

C44 (G)   60,2   79,9   26,1   78,8   28,2   65,4   20,7   25,5

G   77,9 147,6 117,5 88,25   62,4 128,4   93,9   33,8

B 148,3 199,9 116,7 94,8   63,7 160,2 131,3 100,8

0,77 0,54 0,22 0,89 0,45 0,51 0,22 0,54

*  — , . [ 47 ].

, , -

,  Th [ 1—3 ]. -

 [ 49 ] 

 2p—5p-  ThX (X = C, N, O, P, S, As, Se, Sb) -

.

 FLAPW-GGA -

Cij  ThX [ 49 ]. ,

 (C11, C12 C44, . 3)  ThX  [ 59 ] -

: (C11 – C12) > 0; (C11 + 2C12) > 0; C11 > 0; C44 > 0, -

 —  (B = (C11 + 2C12) /3),  (G = C44)

(G  = (C11 – C12)/2) .  ThX B > G  > G, . . ,

, G.

A = 2G /G  = 2C44 /(C11 – C12), -

,  ThX  0,9 0,2,  ThAs

(0,89), ThC (0,77)  ThP, ThS (0,22). 

-  (C12 = C44)  48,0  (ThS)  42,9  (ThAs) 

12,2  (ThP)  7,1  (ThSb).

,  FLAPW-GGA -

B1-ThX.

 (V)  (R) ( . [ 60 ]), 

11 12
V,R

2
,

3

C C
B

11 12 14
V

3

5

C C C
G    11 12 44

R
44 11 12

5( )
.

4 3( )

C C C
G

C C C

 — -

,

, — ,

. — —  (VRH)

[ 60 ],  (BVRH)  (GVRH),  ThX

 (YVRH):



. . , . .358

 4

ThX:  BVRH, GVRH,

 YVRH, , , 1/ , ,

, , — — (VRH)  N(e) [ 49 ]

ThC ThN ThP ThAs ThSb ThO ThS ThSe

BVRH 148,3 199,9 116,7 94,8 63,7 160,2 131,3 100,8

GVRH   66,7 102,4   50,2 82,4 39,0   86,0   40,1   32,7

0,304 0,281 0,313 0,163

0,006743 0,005003 0,008569 0,010554

0,246 0,272 0,362 0,353

0,015708 0,006242 0,007618 0,009924

YVRH 174,1 262,5 131,8 191,7 97,1 218,8 109,1 88,6

GVRH/BVRH 0,45 0,51 0,43 0,86 0,62 0,54 0,31 0,33

103,8 131,6 84,0 39,8 37,7 102,9 105,3 79,0

  66,7 102,4 50,2 82,4 38,9   85,9   40,0 32,7

N(e) 8 9 9 9 9 10 10 10

VRH VRH
VRH

VRH VRH

9
,

3

B G
Y

B G

 ( )  ( , ):

VRH VRH

VRH VRH

3 2
,

2(3 )

B G

B G

VRH ,
2(1+ )

Y VRH .
(1+ )(1 2 )

Y

 ThX . 4. , , ,

, BVRH

BVRH(ThN) > BVRH(ThO) > BVRH(ThC),

 Ti, Zr, Hf  [ 61 ]. 

. ,

p-  ( , N )  Th—X,

 Th—Th,  Th  X, -

— . -

 ThC  ThN  Th—X

 (N( ), )  ThC (N( ) = 8 )

 ThN (N(e) = 9 ) [ 49 ]. ,  BVRH N(e)

ThN (N(e) = 9 )  ThO (N(e) = 10 )  Th—O 

 Th—N. ,  ThX (Th ) >

> (ThO) > (ThN). ,  ( -

)  [ 42 ], , -

- .

GVRH ( . . 4). ,

 ( -

) , . ,

 — ,

 [ 63 ].  ThX GVRH  (

VRH) GVRH(ThN) > GVRH(ThO) > GVRH(ThC).

, N(e)  (ThN = TnP = ThAs;

N(e) = 10e,  ThO = ThS = ThSe; N(e) = 11e) -

a0 (  Th—X, . . 3). . 4 , BVRH

 ( )  ThN  TnP  ThAs,  ThO  ThS  ThSe,
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. 9. BVRH GVRH

N(e)  ThC, ThN  ThO

                                            [ 49 ]

. . , -

BVRH  1/V0 ( V0, V0 — ).

-

GVRH [ 60 ].

 ThX -

 (GVRH/BVRH, . . 4), -

 0,31 (ThS)  0,86 (ThAs). -

 GVRH/BVRH  (0,6)  GVRH/BVRH = 0,62  ThSb. 

 (  = 0,246) 

-  (  = 0,25).

. 9 VRH  GVRH  ThC,

ThN  ThO N(e), N(e) = 7

 11 . , N(e) VRH  GVRH  ( -

), . . ThB  (N(e) = 7e) ThCl  (N(e) = 11e)

,  [ 1—3 ]. ,

VRH(N(e))  GVRH(N(e)) N(e) = 9,1 – 9,2 . ,

 ThN 

, . .  ThN 0,9O 0,1.

2.

-

.

 ( ),

 ( ,

ThCxN1–x —  ThC—ThN)  ( ,

 Th1–xUxB6 —  ThB6—UB6).

 (

) -

.

-

.

, ,

 Th .

, -

-

.

.  — SrThO3, TaThN3 -

 —  ThSiO4. ,  SrThO3

, -

, TaThN3

,  ( -

) — 

.

2.1. . , , d-  IV

 VI  MCxNy ( x + y  1), -

, , , -

,



. . , . .360

. 10. :  (1 —  [ 40 ] -

: 2 — [ 79 ] 3 — [ 80 ]). : -

 ( , . ) -

        ThCxN1–x  [ 40 ]

 C/N [ 64—69 ]. -

,  TiCxNy  HfCxNy

-

 [ 70—72 ].

d-

, -

 [ 68—

78 ], f- , , , ,

.

, ,  Th—C—N, 

d-  VI :  Th—C—N -

 ( ) [ 4 ]. 

 ( B1)  ThC  ThN 

.  ThC1–xNx (Th/(C + N) = 1), -

d-  VI ,

Tc  5,8 K  ThC0,78N0,22.

 ThC1–xNx  C/N  [ 4 ]. , -

 Th—C—N  ThCN (Th/(C +

+ N) = ½), :  ( ) -

 ( ),  1125 K [ 4 ]. -

-ThCN ( , C2/m, Z = 4, -

a = 7,022, b = 3,946, c = 7,279 Å,  = 95,54 ) ,

 (Th—N)/(C2).  C2 ( -

 ThC2) R(C—C) = 1,23 Å.  (Th—N) 

- ; ,  Th 

.  ThCN — 

( P-31m, Z = 6), a = 7,035 c = 7,27—7,31 Å) [ 4 ].

 [ 40 ]  VASP—PAW - -

 GGA 

:  ThC1–xNx, ( x = 0,25, 0,5, 0,75)  ThCN.

 ( )  ThC1–xNx -

 C/N, -

 —  ( . 10).

 (  Th/(C + N)) -

 ( . . 7). , -ThCN -

 1,47 . —  ( -

 ThC2, . ), , -

 C—C (  C2), C—Th  Th—Th. , A ,

B D ,  N2s-  N2p- . N2p-  (

–2,9 EF)  Th(6d+5f ), -

 Th—N.  Th6p-  N2s-

N2s-  Th6p- ,

. -  ThCN, -

: 1,97 . -  ThCN ( - )

 Th—C —  Th—N

-ThCN.
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ThC1– N , -

,

N2s-, C2s-  (Thd,f+N2p+C2p)

 ( . . 7). -

-

;

 Th6d-,

Th5f-  C2p- . -

 ThC1– N

-

. ,  [ 40 ] -

N(EF) ( . 5), -

.

,

.

 ThC1– N -

:  ThC + ThN,  ThN ,  ThN + Th +

+ C.  ThCN  ThC  ThO2 -

.

 [ 40 ] 

 (  12) ,

,  ( ), , -,

 ThN. ,  (Cg),  N2 -

 Th,  Th + Cg + ½N2  ThCN  2Th + Cg + ½N2  2ThC0,5N0,5 -

 (Ef)

Ef (ThCN) = Etot(ThCN) – {Etot(Th) + Etot(C
g) + ½ Etot(N2)},

Ef (ThC0,5N0,5) = 2Etot(ThC0,5N0,5) – {2Etot(Th) + Etot(C
g) + ½ Etot(N2)},

Etot —  ThCN  ThC0,5N0,5, -Th, Cg  N2,

PAW-VASP. . 6. 

 6

(Ef, /  Th) ThC0,5N0,5 -ThCN

. PAW-VASP [ 40 ]

-ThCN ( ) ThC0,5N0,5 ( )

Ef Ef

ThCN  Th + Cg + ½ N2 –2,84 2ThC0,5N0,5  2Th + Cg + ½ N2 –1,88

ThCN  ThC + ½ N2 –2,29 2ThC0,5N0,5  ThC + ½ N2 + Th –1,61

ThCN  ThN + Cg +0,32 2ThC0,5N0,5  ThC + ThN –0,03

2ThCN  ThC2 + N2 + Th –2,42 4ThC0,5N0,5  ThC2 + N2 + 3Th –1,64

2ThCN  ThC2 + ThN + ½ N2 –0,84 2ThC0,5N0,5  ThN + Cg + Th –0,31

2ThCN  2ThC0,5N0,5 + Cg + ½ N2 –0,95 2ThC0,5N0,5  ThCN + Th –0,47

 5

(N(EF))

( ./ )

 ( /K )
ThC ThN

PAW-VASP [ 40 ]

N (EF) Th6d Th5f (C, N)2p

ThC 0,956 0,101 0,126 0,218 2,253

ThC0,75N0,25 0,756 0,122 0,139 0,119, C

0,006, N

1,781

ThC0,5N0,5 1,032 0,216 0,219 0,117, C

0,022, N

2,432

ThC0,25N0,75 0,871 0,247 0,222 0,034, C

0,027, N

2,059

ThN 1,137 0,303 0,325 0,053 2,680

ThC2 0,499 0,071 0,104 0,082 1,244



. . , . .362

Ef  — 

 ( . . -

), , Ef  > 0, -

.

. 6 ,  (ThCN  ThC0,5N0,5)

 ( , ),

. -

 ThN:  [ 40 ], –Ef (ThN) = 3,51  ( 337,5 / ) > –Ef (ThC2) =

= 0,75  ( 72,1 / ) > –Ef (ThC) = 0,55  ( 52,9 / ).

 ThCN  ThN + Cg, Ef  ThCN -

 (+0,32 / ). , -ThCN

(  = 0  = 0)  ThN + .

-

 |Ef |  C/N ( . . 10). ,

|Ef | ,  |Ef (ThCN)| > |Ef (ThC0,5N0,5)|, . .

C/N = 1 -ThCN ,  ThC0,5N0,5 —

 [ 4 ]. , -

 ( )

 ( ) [ 20 ] :

2ThCN  2ThC0,5N0,5 + Cg + ½N2,

2ThC0,5N0,5  ThCN + Th.

Ef  < 0, . . . , -

,

,  ThC0,5N0,5 -ThCN.

, -

, , -

,

, .

2.2. . -

 [ 81 ]. 

 —  MThO3

 M2ThO3. , , -

 (Th—U)O2  (Th—Pu)O2 —  ThO2 -

:  M = Rb, Cs, Sr,

Ba.  ThO2  MThO3, M2ThO3

, , . ,

,  SrThO3 -

 [ 82—86 ].

, -

 (t)  [ 85, 87 ], -

. ,  MM O3 t = (RM + RO)/ 2 (RM  + RO).

SrMO3 t  1,0  0,8,  SrThO3 t = 0,780, . .

 [ 88, 89 ].

, ,

 SrThO3  SrZrO3 ( -

)  ThO2 -

 [ 56 ]  FLAPW-GGA. 

 SrThO3  SrZrO3: a Cij
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 7

( , ), (Cij, ),

(B, ), (  = 1/B, –1), : (G, ), (Y, ),

( ) SrThO3 SrZrO3 FLAPW-GGA [ 56 ]

 *, ** SrThO3 SrZrO3

0,45426 0,41578 (0,4154 [ 90 ]; 0,4109 [ 91 ]; 0,417 [ 92 ])

C11 197,3 368,1 (355 [ 93 ])

C12   67,1 105,2 (106 [ 93 ])

C44   31,9 75,6 (54 [ 93 ])

 (V,R,VRH) 110,5 153,6; (160 [ 92 ]; 171 [ 94 ])

 (VRH) 0,00905 0,00651

45,2 (V); 40,1(R);

42,7 (VRH)

93,7 (V); 88,9 (R); 91,3 (VRH); (100 [ 92 ]; 98,5

[ 95 ])

 (VRH) 113,4 226,6 (248 [ 92 ]; 269 [ 95 ])

 (VRH) 0,329 0,252

  * .

**  (  (V)  (R)) -

 ( — —  (VRH)) .

( . 7). , a  SrThO3 9,2 % , a (SrZrO3),

: R(Zr4+) = 0,72 Å < R(Th4+) = 0,92 Å.  SrThO3  SrZrO3

 [ 59 ] 

( .  1.6), ,  SrThO3 -

, C11 C44  117,2  43,7 

,  SrZrO3.

 (  VRH, . . 7) , -

 SrThO3  SrZrO3 ( . . 4+)

, G Y , , . . SrThO3 -

, .

 SrZrO3  SrThO3

[ 56 ] Etot  SrMO3 (  M = Zr, Th) 
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