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A^1�5�nO��{, ïÄ
 H 37á Nb N%á�¬�¥�mYÓ �¹, ¿?Ø
Ó UÚmY��

�'X. ©Û
 H 3mY Ú Nb 7á¬���p�^, ¿?Ø
�p�^é>f(��K�. (JL²: Ø
mY

����K�M)U����	, H � 1s>fÚ Nb � 3d >fk'�r�¤��^, �´�� H 3 Nb ¬�¥M)

U�$�����Ï. ��
 500◦C e H 3 Nb ¬�¥�*ÑXê��� 7.8× 10−9 m2/s,Ú¢�(JÄ�ÎÜ.

'�c: mY��f, 7á Nb, lÞ�

PACS: 71.55.Ak, 62.20.M−, 61.72.Yx

1 Ú ó

�U�A^Cc5��´#UïÄ¥��

�9:. zÆó�AO´�hzó¥zcÑ�)�

þ� H2 B�¬, �XÛlù
zóíN¥©lÚ

Àz��XÀ� H2 �¬��´E,[B� [1].

¦^��á�r H2 lÙ¦íN¥©lÑ5´�«

p���©ló². du7á��Ï~é H �ÀJ

5�~p, H �f�±'�N´�*ÑÏL7á�

�, Ù¦íN©fÑéJ*ÑBß7á��. Ï

dæ^7á��?1©l´8c�«�©��

©lEâ. DÚ H ©ló²¥, <�Ñ¦^
 Pd

�B7á��á�, ù��©lEâ¤��~[

B [2]. ÏéO� Pd�Ù¦7áá�´ü$¤��

�Ãã [3]. 8c, V x7á (V, Nb Ú Ta) �@�

´�k�UO� Pd5^u H ©lÚÀz�7á�

�. V x7á' PdB¨Nõ, �, H 3 V x7á

¥�M)ÝÚ*Ñ�ÝÑÚ Pd 7áØ�þe [4].

�´�� H ©l7á��, V x7á�½5Ú¦

^Æ·%´��¯K [2,3]. 3¢SA^¥, V x7á

��éN´Ï� H �M)yz, ¿�ª®"z

¦���7á����. ù«yz��ÏÚÅn,

��±5Ñvk��éÐ�@£.

ïÄ H é7áyz�¯K, ÄkI�lÔnþ

á�Ù H Ú7á¬���p�^. 1�5�nO

�ïÄ H Ú7á��p�^8c©z¥kNõ�

�. 'X, Lu �<ïÄ
 H Ú7á Al ��p�^,

¿�uy H é7á Al �Å�5U?1»�, Ì�

Ú Al �"�k'. ü� Al � "��±áN 12

� H �f, ¿�3� ¥/¤ H2 ©f [5]. �C, Liu

�<�uy, H é7á W ��ú, Ú W 7á¥�

� "�k��'X [6]. 2004c, Sundell� [7] ï

Ä
 H 3 Cu(001)L¡Ú Nb � Ta N�¥�þf

*Ñ¯K. ¦�ÄkÏL1�5�nO� H 3 Nb

Ú Ta ¬�¥�³U¡, ¿Ïd�Ñ
*Ñ¤I

��Ñ�³^. �� [8], ¦�ÏL1�5�nO�,

ïÄ
 H 3 V x7á Nb Ú Ta ¥�gPU (self

trapping energy)±9 H 3 Nb Ú Ta ¥�*Ñ. ¦

�½Â�gPU¢SþÒ´Ï~¿Â H 37á¬

�¥�M)U. lÙO�(JwÑ, H 3 Nb Ú Ta

¥�M)U©O� −0.389 Ú −0.413 eV/H.L² H

3ù
 V x7á¥�M)Ué$, � Sundell�<
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¿vk��\�ïÄ H Ú Nb � V x7áM)U

é$�Ôn�Ï. @3 1988c, Schober� [9] ^�

4zfnØ, ïÄ
 H Ú D 3 Nb ¥�*Ñ. �C,

Blomqvist� [10] ÏL1�5�n©fÄåÆ�{,

ïÄ
 H 3 Nb ¥�*Ñ¯K. uy H �gåP

�^3$§e, é H �*ÑK�é�. �§Ý,p

� T > 400 K �, gåP�AC�Ø²w.

�,yk©zé H 3 Nb ¥�M)U®²k


��, � H 3 Nb ¥M)U��o'�$�Ôn

Ån�Ø´é�Ù. AO´ Nb Ú H ��p�^L

y3>f(�þ�Cz, ¬NÛ�(�/CÚµþ

�, ±9dd�5�éM)U�K�, ©z¥��

�9. �©ÏL1�5�nO�ïÄ H Ú V x7

á��p�^±9 H 37á¥�*Ñ�Ý, ±d&

¢ V x7á�� H ©lÚÀz��A^¥��


Ä�Ôn¯K. 3n« V x7á¥, H 3 Nb 7á�

�¥äk�Ð�ßLÇ (permeability),Ïd·�À

J Nb ��ïÄé�5?1ïÄ. ÏL©Û H Ú Nb

¬��p�^�>f(�!>Ö©Ù!¬�Û�

µþ�, n) H 3 Nb ¥M)U$�Ôn�Ï. ÏL

�5U��{, O� H 3 Nb ¥�[£³^, |^

¬�íN�., ��
 H 3 Nb ¥�*ÑXê.

2 O��.Úëê��

�©¤kO�ó�Ñ´æ^ VASP[11] ^��

�¤�. �f¢Úd>f�m��p�^æ^Ý

KM\²¡Å (projector augmented-wave)�³5

£ã [12]. O�¥æ^
 PW91 ��'é¼êÚ

2ÂFÝCq (generalized gradient approximation,

GGA)[13]. é{�Ùp�« K :���, ·�æ

^ Monkhorst-Pack�{ [14] 5À�. O�c, é�f

(�Ú¬�?1
��µþ, ¦��^uz��f

�Éå�u 0.005 eV/̊A, ¬��Aå�u 0.05 kPa.

7á Nb áuN%á�(�, Ù¢�¬�~ê

� 3.31Å. ·�Äkæ^N%á�ü�éÙ¬�~

ê?1
`z, ¿é�äUÚ k ��é¬�~ê�

K�?1
ÿÁ. ÿÁ(JXã 1 ¤«, ��äU

�u 360 eV�, UþÂñu 0.1 meVz�f, `z

��¬�~ê� 3.323Å. � k ��� 12 × 12 × 12

�, UþÂñ�� 0.1 meVz�f, `z��¬�~

ê� 3.323 Å. 3O� H �M)U±9>f(��,

·�æ^ 3×3×3 ���, S¹ 54 � Nb �f, ·�

æ^ 5×5×5 � k ��, �äU�� 400 eV,l�

y
O�(J�UþÂñ�u 0.1 meVz�f.
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3 (JÚ?Ø

3 N % á � ( � ¥, m Y   k o ¡

N T(tetrahedral)  Ú l ¡ N O(octahedral)  ü

«mY�f . Äk, ·�©Û
ü� H �f

3 3×3×3 � Nb ���¥ T  Ú O  �Û�¬

�(�ÚM)U. ·�±ý�¥ H2 ©f�Uþ�

ë�, ½ÂM)U� Esol = E[Nb54+H]−E[Nb54]−
1

2
E[H2], Ù¥½Âªm>n�©O´ 3×3×3 � Nb

��¥k��mY H �f�oUþ, 3×3×3 � Nb

���oUþ, ±9�� H2 ©f3ý�¥�Uþ

���. lù�½Â�±wÑ, M)U�K��, H

N´M)�7á¬�¥, Ó�, H �M)L§´�

9L§. O�(JL², H 3 T  Ú O  mY�M

)U©O� −0.38 eV/H Ú −0.09 eV/H. ¢�ÿþ

� H 3 Nb ¥�M)ó�� −0.38 eV/H[15], ·��

nØO��Ú¢�ÿþ�ÎÜ�éÐ. Ó�, ·�

�O��Ú©z [8] ¥O�� −0.389 eV/HÄ��

�. K��M)U, `² H éN´M)� Nb 7á¥

�, m�`² H 3 Nb p¡�M)Ý'�p.

1.66

2.35

1.86

Nb

HT

HO

ã 2 H �f3N%á� Nb ¬�¥ T  Ú O  ��é � (ã

¥�êi´�A����, ü �Å)

M)U�O�(JÓ�L² H 3 T  '3 O

 Uþ�$, (���½, H M)� Nb ¥, Ì�

Ó � T  . ù�(ØÚ@Ï|^�5ó4f�.

O��(J�� [16]. 3T�.¥, duO���Ä

�
duÚ\mY,��f�)��5ACU,

Ï, mY���±9,��f���éM)U�

��kû½5K�. �d, ·�©Û
mY H �f

éÛ�¬�µþ�K�. ã 2 �Ñ
 H 3 T   (HT)

Ú O   (HO) �3¬�¥��é �. 3¬��µ

þ�c, HT �o��C� Nb �f�ål� 1.86Å,

HO ��C�ü� Nb �ål� 1.66Å, �gC�

� 4 � Nb �ål� 2.35Å (5¿N%á�(�¥

� O  Ø´î��l¡N ). H \\�¬�¥µ

þ��, HT ��C�o� Nb �f�ål� 1.94Å,

�fµþ¦� H Ú Nb �m���.,
 0.08 Å.

HO ��C��ü� Nb ���� 1.86Å, 'µþ

c� 1.66Å.�
 0.20Å, ��gC��o� Nb

�f�ålCzé�, �k 0.004Å. Ó�, ·��

O�
3µþ�c HT �M)U� −0.19 eV/H, Ù

ýé���fµþ�M)U −0.38 eV/H ���.

é HO �M)U�aqO�, µþcM)U��

� 0.48 eV/H,��puµþ�� −0.09 eV/H. ù


êâL², ��¡M)UÚ¬��5/C�m�é

X�~;�, Ïd�Þ�<==^�5ó4f�

.ÒU
�� H 3 T  ' O  ��½�(Ø.

,��¡, M)UÓ�qØ��d¬��5/Cû

½. HT 3�µþ�f ���ÿ, ÙM)U®²´

K� (−0.19 eV/H), `² H éN´M)� Nb �¬

�¥, =¦7á Nb �f���½3n���:þ.

ù�êâ`², Ø
�5/C	, H �fÚ\¬�

¥, Ó Nb � d >f�mk'�r��p�^, l

>f(�u)�½�Cz, ?K��M)U�C

z�´Ø��Ñ�.
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ã 3 ÝK� Nb Ú H �fþ�ÝK��Ý (Nb1 Ú Nb2 ©O�

\\
 T   H �f�¬�¥�lm H �f�C��Ú���

�f,  Nb �L
�\\ H �f�¬�¥��� Nb �f)

�
©Û H �\¬�¥é Nb 7á>f(�

�K�, ·�O�
 Nb 7á±9Ù3 T  ���

� H �f��>f(�, ¿r>f��ÝÝK�


���f;�þ, Ù(JXã 3(a)¤«. ã¥ Nb

�L�´¬�¥vk\\ H �� Nb �>f(�,

 Nb1 �L�´ H �f±��C�� Nb �f�

>f(�, Nb2 �L�´¬�¥lm H ål��

� Nb �f�>f(�. lã¥�±wÑ, Nb-3d
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Ú Nb2-3d>f��ÝA�Ü, ¿�X\\� H

�félmÙål'��� Nb �f�>f(�

K�é�, Ù>f(���±Ú7á Nb ¥�>f

(�A�����. �´, Nb1 � 3d >f��Ý

3 Fermi U?e� −6.7 eV ?�)
��#�U

�. Ó�©Ûuy, H � 1s>f��Ð?3
 Fermi

U?e� −6.7 eV ? (Xã 3(b) ¤«), ù¿�Xü

ö�m�)
r���p�^, ¿3 −6.7 eV ?/

¤
#�U�. Ó�, c['� Nb1-3dÚ Nb-3d�

«O, ·�uy Nb1-3d>f3 −1.4 eV ?�¸r

Ý' Nb-3d�¸rÝ�$�
 (ëwã¥ý�µ�

å?), L² Nb1-3d3T?k��Ü©>f�U?

e£�
 −6.7 eV ?, ¿Ú H-1s>f¤��^.

Nb

H

ã 4 ÝK�U?� −6.7 eV NC�U�þ�>Ö�Ý (ã¥

�!�ü«�¥©O� Nb Ú H �f. È©�ÚÚfÚü«>

Ö©Ù�p�SÜ>Ö�Ý©O���� 1.75Ú 1.88e)

� 
 � � � Ù � 
 ) 3 Fermi U ? e

� −6.7 eV ?U��á5, ·��ÐU
¼�T

U��Å¼ê�m©Ù. 3 VASP ¥, �{ü�?

n´O�TU??U��©)>Ö�Ý (band de-

composed charge density),O�(JXã 4 ¤«. l

ã¥�±wÑ, TU��>Ö©Ù�Ì�Ü©8

¥3 H �f±�¿± H �f ��¥%¥Øî�

�¥é¡©Ù, ©Ù�»²w�u Nb—H ���

���, `² Nb1 ¥� 3d >fØ´=£�
 H �

f, ´Ú 4 ��C�� Nb1 �f�k. Ó�, 3

÷X Nb—H ����þ Nb �f�	Ü±�, �

©Ù
��Ü©>Ö, l�m©ÙþwùÜ©>Ö

=� Nb �f¤k, l>Ö©Ù/Gþw�Ú d ;

�>faq, �qØ´��� d ;�/G. Ù¥�

�Ï�U´ùÜ©Å¼êØ
äk d ;�á5	,

�äk�Ü© Nb � 5sÚ 5p ;�á5, ù�:l

ã 3(b) ÝK� Nb1 � 5sÚ 5p ;�þ���Ýã

¥�UwÑ.

H �f37á Nb ¥äk�~Ð�ßLÇ, Ï

d, H 3 Nb 7á¬�¥�*ÑAT¬'�N´.

�
©Û H 3 Nb ¬�¥�*Ñ, ·�ÏL�5

U� (nudged elastic band)�{ [17], `z
 H �f

3 Nb ¥l�� T  [£��C��,�� T  �

�Z[£´», (JXã 5 ¤«, H l�� T  �

,�� T  ´÷��*Ñ�. *Ñ¤I��Ñ�U

^��� 0.17 eV.dù�*ÑU^, ·��V�±

��Ñ H 3Ù¥�*ÑXê: �âLÞ�nØ [18],

H �f��[Ç Γ � Γ = ν0 exp (−Ea/kBT ), Ù

¥ ν0 � H lf��ÄªÇ, 3�N¥, ��?

3 1013 Hz êþ? (·�Ò� 1013 Hz 5?1��),

Ea *Ñ³^, kB Ú T �Å�[ù~êÚýé§

Ý. d�[Ç, ·��±^ D = Γ × l2 5O�*Ñ

Xê [19], Ù¥ l �zg�[�ål, 3ü��C�

� T  ål� 1 Å�m. dù
ëê, ·��±��

Ñ, 3 773 K �§Ýe H 3 Nb ¥�*ÑXê��

� 7.8 × 10−9 m2/s, ù���(JÚ 500◦C §Ýe

¢�ÿþ� 3.1 × 10−9 m2/s Ä��ÎÜ [20].
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ã 5 H �f3 Nb 7á¥�*Ñ´»±9*Ñ³^�

4 ( Ø

7á Nb ��´�«éÐ� H ©lá�. �©

ÏL1�5�nO�ïÄ
 Nb �� H ©lá�

�Ä�ÔnA5. Äk, ·�`z
N� Nb 7á

�¬�~ê��� 3.323Å. ,�, ·�uy H 3

¬�¥�o¡NmY 'l¡NmY ��½,

ÙÌ��Ï´o¡NmY U� H �fJø��

��m. >f(�O�(JL², H � s >fÚ Nb

� d >f�mkér�¤��^, /¤�¤��

U?3 FermiU?±e −6.7 eV �m. du Nb �

Ü© d >fU?C$, �� H 3 Nb ¥�M)U

�$, Ïd>f(�éM)U��)
�K�.
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��, ÏL�5U��{, O�
 H 3 Nb ¥�*

Ñ³^��� 0.17 eV,¿±d�O
 H 3 Nb ¥

� 500◦C e�*ÑXê� 7.8 × 10−9 m2/s, �¢�

ÿþ� 3.1 × 10−9 m2/s ���Ó.
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First principles investigation of interaction between
interstitials H atom and Nb metal∗
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Abstract

Understanding of the interaction between Nb and interstitial H is helpful for using Nb metallic membrane as H2 purification

selective membrane. By first-principles calculations, thesite occupation of H in the interstitials of the bcc Nb lattice is studied, and

the relation between the site energy and the size of the interstitial is discussed. The interaction between interstitial H and Nb lattice is

analyzed and the influence of the electronic structure on theinteraction is discussed. The results show that in additionto the influence

of the interstitial size on the H solution energy, strong bonding interaction between H-1s and Nb-3d is another important reason for

the low H solution energy in Nb lattice. The H diffusion coefficient in Nb metal is evaluated and results show that it is approximately

7.8 × 10−9 m2/s at 500◦C, Which is in agreement with experimental observation.

Keywords: interstitials H atom, Nb metal, ab initio calculations
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