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A^1�5�nO��{ïÄ
% (C) �fé¾ (W) ¥� (H) �f­½5�K�. �� W ¥, � C-H mål

� ∼2.5Å�, H �M)UÑy�$�, d�� H �­½� �. W ¥�3� �, du C �K�, H Óâ��Z>f

�Ý¡�� 0.10Å−3. ïÄuy, W ¥ü� �õUNB 10 � H �f, �ØU/¤ H ©f, ØÓuvk C �3�

�¹, L² C é W ¥ H ­½5�3é�K�. d	, �ü� C �f�3u� ¥�, H Óâ��Z>f�Ý¡�C

� 0.13Å−3.

'�c: � (H), % (C), ¾ (W), 1�5�n�{

PACS: 61.82.Bg, 81.05.Uw, 61.72Ji

1 Ú ó

3Ø�AC�¥, ¾ (W) Ú W Ü7 [1−3] ³/

Ù$í�@¡þ, ûÐ�9Æ5U, XpL:!p

�9Ç, �@�´8c�kcå�¡é�lfN9

�ÿÀá�. ¢�þ®²y² [4,5], ¡é�lfN

á� (PFM) �«É4på6� H Ó �� (D) Ú

� (T) �ñÂ, l
�� W á�L¡±9NS�)

�þ��ÉÚ,�, ?�Ú�� W L¡�å�¯

K. �'ó�L², 3ØÓ�7á, X W!� (Cr),

¾ (Al) ¥, � (H) �±r?� �/¤ [6−8], 
 H

Ó �q�±�� ¤Ð¼ [9−12]. CÏ�ïÄó

�A^1�5�n�{, O� W ¥ H Ú� ��

p�^U±9 H �ÄåÆ*Ñ1�, JÑ
 H �

/¤��*� Ð¼Ån, é W ¥��å�¯K

k
ÐÚ�&Ä [13].

% (C) �7á±97áÜ7��p�^¯

Käk­���ÆÚEâd� [14−17], ¿�3á

�Ôn+�k2��A^. C ´ W ¥�«~�

�,�, 
� C ��3¬K� W ¥ H �¢31

� [18]. C Ú W Ñ��¡��lfN9á��A

^3 ITER �8� ÈìÜ© [19]. ¤±ïÄ W

¥ C Ú H m��p�^´�©7��. �
¢

� [18] ®²�º
 W ¥�\ C �é D ¢3y�

�K�. ¢�(Juy, Ó�\\ C ��¹e D �

¢3þ�$u^S\\ C ��¹e D �¢3þ.

,
, 3O��¡, y3�ké��nØó�ïÄ C

é W ¥ H �Ð¼1��K�.

1�5�nO��{´�«�2�¦^�O

��{, 
�1�5�n�{3ïÄÚýÿéõ

á�XÚ�(�Ú5U¥åX�5�'���

^ [20−23]. 3�©¥, A^1�5�nO��{, ?

Ø�� W 9k� "��3� W ¥,� C éu H

­½5�K�. ù
ó��±�?�ÚïÄk C �

3�¹e, W ¥ H �å�1��eÄ:. �©�O

�(J��±� W Äá��� PFM ��OÚA

^JønØ�â.

2 O��{

1�5�nO��{ÏLÄu�Ý�¼n

Ø (DFT)[24,25] � VASP ^�� [26,27] ¥i\�²

¡Å�³�{5¢y. |^ PerdewÚ Wangmu�

2ÂFÝCq (LDA) [28] ÚM\ÝKÅ³ (PAW)[29]

5¢yoUþO��{. ²¡Å��U�� 350 eV.
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�é�. �â Monkhorst-Pack�{ [30] �) 3×3×3

� k :. ² O � ` z � � W � ² ï ¬ � ~ ê

� 3.17 Å, Ú¢��� 3.16 Å[31] ÎÜéÐ. µþ

�¬���Ú�f�I©O�²ï�, AÛ(

�`z�Âñ^���^3¤k�f�åþ�

u 10−3eVÅ−1.

3 (J�?Ø

3.1 ������ W ¥¥¥ C ÚÚÚ H ������^̂̂

ü� C �f�¿Óâ3l¡NmY  (OIS),

Ù M ) U � +0.78 eV[32]. , � � ¡, ü � H

� f � ¿ Ó â 3 o ¡ N m Y   (TIS), M ) U

� +0.88 eV(� é u H © f U þ � � � �, =

� −3.38 eV)[33].

1.25

1.20

1.12

1.10

1.05

1.00

0.95

0.90

0.85

0.80

2.0    2.2   2.4   2.6    2.8    3.0   3.2    3.4

B

A

E

E

A

B

D

C

H

W

D

 H

/
e
V

H-C /A

ã 1 �� W ¥ H-C �M)U� H-C ålCz�¼ê

�f3ýé"Ý (0 K) e¬�Ä, �Ä¤äk

�UþÒ¡��f�":U. H �fduÙ�þé

�, ¤± H �":�ÄU�éuÙ¦7á�f��

�õ, ¤±k7��Ä H �":U [34,35]. ²LO

�, W-H XÚ¥ H M)3o¡NmY Úl¡Nm

Y �":U©O� 0.263 eVÚ 0.256 eV,\þ"

:U�?��, H 3�� W ¥o¡NmY Úl

¡NmY �M)U©O� 1.00 eVÚ 1.38 eV.�

âO�(J, H �":Ué H 3�� W ¥�M)

1��3�½�K�, �¿vkUC H 3o¡Nm

Y Úl¡NmY ��é­½5. �ïÄ�� W

¥ C Ú H �p�^, r�� C �f�3l¡Nm

Y , 
 H KÓâ C ±��ØÓo¡NmY , X

ã 1 ¤«� A, B, D, E  �. �� W ¥ H-C M)U

�½Â�

Esolution
H−C = E54W,H,C − E54W,C(OIS) −

1

2
EH2

, (1)

Ù¥, E54W,H,C �Ó�¹k C Ú H � 54 � W �

f�¬��oUþ, E54W,C(OIS) ��k��l¡

NmY  C �� W �¬��Uþ,
1

2
EH2

� H ©

fUþ���� (−3.38 eV).

M)U�O�(JL², 3�� W ¥, H-C �

M)U´ H-C ål�¼ê, C �±K��� W ¥

mY H �f�©Ù. 3ål�u ∼2.3 Å� (ã 1

¥ A :, 1.17 eV),du H-C måléá, H-C �m

LyÑr��ü½�^. �Lù�ål, H l C ¥

���	�Uþ, H �M)U�uvk C �3� H

3�� W ¥o¡NmY �M)U (1.00 eV).M

)U�$:Ñy3 H-C ål� 2.5 Å(ã 1 ¥ D :,

0.83 eV),d��k C �3��� W ¥ H �­½�

 �. du H-C mål�u CH4 ©f� C—H �

� (1.084 Å)[36], C Ú H ¿vk¤�. �X H-C å

l�O\, H-C m�M)UO\, ¿ªCuvk C

�3�, H 3o¡NmY �M)U, d� C-H m

ål ∼3.0Å(ã 1 ¥ E :). ,��¡, 3�� W ¥,

C-W �ål�� 2.2 Å, ù�¢�þ C—W zÜÔ

��� [37] ���, L² C Ú W �m�3ér��

Ü�^.

3.2 kkk���   ���¹¹¹eee C ÚÚÚ H ������^̂̂

� ���«7á¥;.�"�, 3Ð¼ H �

fÚ C �f�L§¥�üX'���Ú. ïÄL

², � �±ü$ÙNC�>Ö�Ý, l
Jø�

� “�Z�>f�Ý¡”, ¦��þ� H �fU


(Ü3ÙSL¡, � H �f�����.�Ý�,

H ©f²w/¤, ùL²��ÐÚ¤Ø [13]. W ¥

�3� �, C �f�­½� �´ål� ¥

% ∼1.31Å, ��Cl¡NmY� �, d �þ

k���Ð¼U −1.93 eV[32]. C Ú W �m�å

l� ∼2.2 Å, �Ã� �3�� C—W ���C,

= C Ú W �m��3�Ü�^.

·��Äk� �3� W ¥ C Ú H m��

p�^. Åìr H �f\\�� �¥, ¿3z

�ÚO��`zNX(�¦� H �fé��Z�

Ó �.. ¦+ C �f�3, H �fÐ¼�ÐÏ

Ó��l “�Z>f�Ý�K” [13], = H ��u(

Ü3� ±���Z�>f�Ý¡þ. Xã 2 ¤

«, ü� H �f\\¾ - % - �  (W-C-V ) NX,
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Ù�Z>f�Ý� 0.10Å−3, $uvk C ���

¹ (0.11Å−3)[13]. ù´Ï� C ��3��
� N

È�)ä.

du C Ú W kr���Ü�^, c 5 � H �

f��uÓâ�l C �f��Z>f�Ý �,

Xã 3 ¤«, ã¥�>f�Ý¡´� H Óâd 

���Z�>f�Ý�, ¿�>Ö©Ù. �X�õ

� H �f�\\�� ¥, �Z>f�Ý¡Åì

Â , ±�uØ2k���Z>f�Ý¡±NB H

�f. ·�w�, \\1 6 � H �f�, H �f�

½Ê33 C �fNC (ã 4(a)), Ï��l C �f

®²vk�Z>f�Ý«��3 (ã 3(e)). >Ö�

Ý©Ù (ã 4(b)) L² C Ú1 6 � H �m>Ö�

Ý�p, �ökr��áÚ�^. /¤� C-H ��

� 1.08Å, � CH4 ©f� C-H � (1.084Å)[36] �C.

·�5¿�, 3\\1 6 � H �f�, �Z>f�

Ý«���, H �f� C �f/¤ C-H � (ã (4)).

C

W

ã 2 C �f�3� H 3� NC��Z>f�Ý¡

W W W

WW

H H H

H
H

C C

CCC
(a) 1H (b) 2H (c) 3H

(d) 4H (e) 5H

ã 3 W ¥¹ C �f�� ¥Ð¼ 1—5 � H �f��f�.

Ú�A��Z>f�Ý¡

Xã 5, UY\\1 7—10 � H �f�, H �

f� C �fE,/¤­½� C—H �, Ù��©O

� 1.09Å, 1.19ÅÚ 1.09Å. C—H ��/¤L² C,

H �máÚ�^r�, H �Ó Ø2÷v�Z>f

�Ý¡�K. �1 10 � H �f\\�� ¥�, C-

H �E,�3, ��� 1.16Å, �´ H ®²�Ñ W

�¬�, ¤± C ��3�¦ W ØU2NB�õ

� H �f. ·�O�
1 7—10� H �f�­½�

.¥ H-H m��áål, ©O� 1.564Å, 1.565Å,

1.709ÅÚ 1.261Å, þ�u H ©f�� 0.75Å, L²

¿vk H ©f/¤.

W

H

H

C

C

(f-a) 6H (f-a) 6H

低价                高

ã 4 (f-a)W ¥ 6 � H �f�¹k C �f�� Ð¼��f�

.; (f-b) éA�>Ö�Ý©Ù

W

W W

W

H

H

H

C C

CC

(g) 7H

(i) 9H (k) 10H

(h) 8H

ã 5 W ¥k C �3�� ¥ 7—10� H �f�­½�.

·�?�Ú&?
ü� C �fÓ��3u W

¥��¹. ïÄL², ü� C ©O�¿Óâü�Ø

Ó�l¡NmY  [32]. ·��O�uy, ü� H �

f�¿Óâl¡NmY NC, Xã 6 ¤«. 
d

� H ��Z>f�Ý� 0.13Å−3, puvk C �3

���¹ (0.11Å−3), � ¥�>f�Ý�²wO

�, nØþØ|u H �Ð¼.
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3.3 H ���fff���ÐÐÐ¼¼¼UUU

· � r z � H � f � ² þ Ð ¼ U (Etrap
H )

½Â�

E
trap
H =

1

n

[

E(N−1)W,CV,nH − E(N−1)W,CV

]

−

[

ENW,H(TIS) − ENW

]

, (2)

Ù¥, E(N−1)W,CV,nH Ú E(N−1)W,CV ©O� W-C-

� XÚ¹ n � H �fÚØ¹ H �f�Uþ.

ENW,H(TIS) Ú ENW ©O��� W ¥¹��o¡

NmY  H �fÚØ¹ H �f�Uþ. E
trap
H �K

�L²�éu H *Ñ?\ n �ØÓ�o¡NmY

 ¥, H �f3�� Ð¼�L§¥¼�
Uþ.

W

H

C

C

ã 6 ü� C �f�3u W ¥� � H �f��Z>f�Ý¡

 H

/
e
V
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E     (  C)
H

trap

E     (  C)
H

trap

n

ã 7 H 3 W ü� ¥�²þÐ¼U�X H �f�êCz­�

²þÐ¼U��� W ¥� Ð¼� H �f�

ê�¼ê­�Xã 7 ¤«. ü� H �f3vk C �

3�� ¥�Ð¼U� −1.16 eV, L²� é H �

fkr��Ð¼�^ [19]. � C �f�3�, ü� H

�f�Ð¼UÄ�þvkCz (−1.19 eV), Ï�1

�� H �fÓâ�l C �f� �, C �fé H

�Ð¼K�Ø�. �X H �f�ê�O\, du C

Ú H m�áÚ�^, Ð¼U��O\, C �fé H

Ð¼�K�²wO�. � H �f�ê�� 10 ��,

Ð¼U�éu H �f3 TIS ¥�UþE�K�. ù

L² H �f�N´3k C �f�3�� ¥­½

�3. 1 11 � H \\�, O�(JL²®²vkv


���mNBù� H �f, ¤± W ¥k C �f

�3u� ¥�, �õ�UÓ�Ð¼ 10 � H �f.

��é', ·�Ó��Ñ
vk C �3u� 

¥ H �f�²þÐ¼U (�ã 7). �±w�, C �

�3O�
 H �f�²þÐ¼U, ¦ Hn- � EÜ

ÔÃ{­½�3. Ïd, � C �3�, H �f�N´

l� ¥<lÑ5
� C � EÜÔ¤Ð¼. ù`

² C é W ¥ H �Ð¼ké�K�. d	, H �f�

Ð¼�ª´�6u H �f3 W ¥�ßÝ. 3pß

Ý H �f��¹e, õ� H �f�±Ó��Ð¼,

·�¤O�� H �Ð¼1�=áuù«�¹.

O�Ð¼U�L§¥·�¿vk�Ä":U

�?�, Ï�3k� �3 W-H-C NX, H ":U

K���, �vkUCÐ¼U��Nª³.

4 ( Ø

·�|^1�5�n�{ïÄ
 C é W ¥ H

�f­½5�K�. I�`²�´�·�À��

¹ 128 ��f��¬�­E±þO��, (J�

�, `²À� 54 ��f��¬�?1O�®²v


. (JL², 3�� W ¥, C-H ål ∼2.5 Å�,

H �M)U��$�, d�� H 3k C �3��

� W ¥�­½ �. �uù�ål, H-C m�pü

½. H-C ål�L 2.5Å�, �X H-C ål�O\, H

�M)UO�. �� W ¥, C Ú W �ål� ∼2.2Å

, � C-W EÜÔ�C, L² C Ú W �3�Ü�^.

�� ¥�3 C �f�, H ��u�l C �f, 


(Ü3���Z>f�Ý¡þ, ù�>f�Ý�

� 0.10 Å−3. �X�õ� H �f\\, �Z>f

�Ý¡ØäÂ , ��\\1 6 � H �f, �Z>

f�Ý¡��, d� C—H �f�m¤�, �rÝ

pu C-W �. 1 7—10� H �fE� C �f(Ü

/¤ C-H �, d��>f�Ý¡�KØ2·^, �

�1 11 � H �fÃ{2�NB. 2 � C �f�3

u W ¥�, H Óâ��Z>f�Ý¡�>f�Ý

�� 0.13Å−3, � ¥k�p�>f�Ý, nØþ

´Ø|u H �Ð¼�. C �f��3O�
�� 

Ð¼� H �f�Ð¼U, L² C �fé W ¥ H �

Ð¼1�9­½5k²w�K�.
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Abstract

Stability of hydrogen (H) in tungsten (W) with carbon (C) impurity is investigated by using the first-principles method.In intrinsic

W, C exhibits a week attractive interaction with H at a distance of∼2.5Å, and it is the most stable site of H in the bulk W with C. In the

presence of the monovacancy in W, H prefers to bind onto an isosurface of the same charge density of 0.10Å−3, due to the existence of

C. Our research finds that the monovacancy in W can contain only ten H atoms and H molecule cannot be formed in comparison with

the result without C, suggesting a strong effect of C on H stability in W. When two C atoms exit in the vacancy, the charge density of

the isosurface that H binds onto is 0.13Å−3.

Keywords: hydrogen (H), carbon (C), tungsten(W), first-principles method
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