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ÏL1�5�n�³²¡Å�{ïÄ
�3 Nb(110)L¡�áN5��CXÝCz5Æ. O 3 Nb(110)L¡

�­½áN ´É , g­½áN ´�x . 3�x áN�, O p� Nb(110)L¡õ¼ê�CXÝ�O\
A

��5O\¶�� O 3É áN�, �ZÀ Nb L¡�', CXÝ� 0.75 ML Ú 1.0 ML �õ¼êO\, 
CXÝ

� 0.25 ML Ú 0.5 ML �õ¼ê~�. ÏLé¡²þ>Ö�Ý©ÙÚó4ÝCz�?Ø, )º
dáN��õ¼ê

E,Cz��Ï. ÏLéL¡�f(�Ú��Ý©Û, ?Ø
 O 3 Nb L¡áN�ÚåL¡�f(�Cz±9 O

Ú Nb(110)L¡�f��p�^.

'�c: 1�5�n, Nb(110)L¡, ��fáN, õ¼ê

PACS: 71.15.Mb, 71.55.Ak, 81.65.Mq

1 Ú ó

�´�.§Ý�p���7á©¢�uy7

á Nb ���5É�ÙL¡��zÔ���K�

�� [1], 
��3>fì�Ú��pª��¥A

^�, L¡�zÔ�ÄN���'X�éÙ5U

k­�K� [2,3]©du7á Nb äkpL:!$�

Ý9`É�$§>5�`:, ¦§3p§(�á

�¥äkûÐ�A^cµ, AO´d7á�9Ù7

ámzÜÔ�¤�� g)EÜá�k"¤�#

��p§(�á� [3−10], ���p§|�z5U

��{NÙA^ [7,8]. �uþã�Ï, CA�c5

¢�¥é�Ú��zÔ�5�?1
2�ïÄ.Nb

3�í¥�z�¬)¤7á5� NbO!��N5

�� NbO2!ý�N5�� Nb2O5 ��zÔ, Ïd

7á Nb L¡��z�¬/¤A«E,�L¡�

Ô [11,12]©Nb(110)L¡²L Ar+ lfí��, 3

�pý�!§Ý� 1200—2000 K�^�eò»�,

NS���L¡ Û, U
���uü���fþ

Ý��z� [13−18]©Arfaoui �< [13,14,18] uy O

3 Nb(110)L¡±zÆáN O Ú Nb—O ¤�ü«

G��3, ¿?Ø
 Nb(110)¡� NbO(111)¡�

��©Mastsui�< [15] 3¢�¥^ X ��>fû

� (XPD) �{ÏLÿÁ Nb(110)L¡� 1—2 ��

�zÔ��, �[Ñ Nb(110)L¡áN� O Ì�

 un� �É ©Pantel�< [19] 3ý�^�e

é Nb(110)L¡?1lfñÂ!1500 Kò»��,

~§!$Ø^�eÏ\�í, uy�X��þ�

O\, L¡õ¼êÑy
k~��O\�y�©�

5, ChocianowskiÏLõ¼ê�ÿþ, ���
a

q�(J [20].Lindau�< [21] Ú Franchy�< [22]

þ*	� O 3 Nb L¡áN�é¯)¤ NbO, NbO2

Ú Nb2O5©,
'u Nb L¡�z�nØO�%é

�, Wen�< [23] ^1��n�[
 Nb(100)L¡

�z�� STM ã�, Kilimis �< [24] �ïÄ
 O

3 Nb(110)¡�x �áN�¹, ?Ø
 O–Nb�

p�^���É5©l±þ¢�ÚnØïÄ�

±uy, �
¢�y��k�lnØþ?�Ú)

º©�
�Ð/n)7á Nb �z��Ä�L§,

�©æ^�Ý�¼nØïÄ
ØÓCXÝe�á

N Nb(110)L¡�5�, ÏLáNUÚL¡(�é

�
 O 3 Nb L¡­½�áN �, ¿O�
Ø

Ó O CXÝÚå� Nb(110)L¡õ¼êCz, l¡

>Ö�Ý©ÙÚ��Ý��¡?Ø
 O áNÚå
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7á Nb L¡5��Cz.

2 O��{Ú�.

O�æ^Äu�Ý�¼nØµee�²¡Å

�³�{ (PAW) ��BlÞO� VASP[25] §S, À

^Äu2ÂFÝCq�{ (GGA) ¥� PBE[26] ¼

ê��>f��'éU©3O�¥vk�Äg^

4z�K�, �´æ^
ó4?� [27]©3ïÄ�

�fáN5��c, ÄkO�
Ná� Nb ¬�~

êÚZÀ� Nb(110)L¡�L¡µþ. O����

N%á�(�¬N Nb �¬�~ê a = 3.305 Å,

�Ù¦nØO�� (a = 3.31 Å[23,24,28]) Ú¢�

� (a = 3.3 Å[29]) ���. �
���[L¡�Ü

·��ê, ïá
 3—10� Nb(110)L¡Ú 1.5 nm

�ý�«���¤� (2×2)Nb(110)�.5�[L

¡, �½.Üü��f
Ù¦�f?1µþ, O�

L¡µþÝ¿�OL¡U. ���mµþ�§Ý�

±^ ∆d = (d − d0) × 100/d0 5O�, 3ù�ªf

p d Ú d0 ©O�Lµþ�L¡(���må±9

Ná���må. �âÿÁ�� Nb(110)þÝ�u

�u 7 ��f�þÝ�, L¡UÂñ��­½�,

éA�L¡1�Ú1���må ∆d12 Â  3.66%,

1��1n��må ∆d23 )ä 0.83%,� Shein

�< [28] ��� Nb(110)�f�µþ�L¡Â 

� 4%��, Ïd3ïÄL¡�áN��À� 7 �

�f���O��..

sbr

lbr

top

hol

ã 1 O3 Nb(110)L¡áN:Àã, ���Ú¥�L1�� Nb,

���Ú¥�L1�� Nb, çÚ¥�L O

�
ïÄ�3 Nb(110)L¡�áNU, �f

(�±9>f(�, �âþ¡�ÿÁ(J, À�

d 7 � Nb �f�Ú 1.5 nm�ý�«���¤

� (2×2)Nb(110)�.5�[L¡, Ù¥�.ü�

�½^±�[Ná���^, 
Ù{�Ê���f

±9áN���f3(�`z¥¿©µþ©éO

���.ÿÁ
ØÓk:Ú��U�Âñ5, �â

O����Âñ(J, À���U� 400 eV,k:æ

^ 8×8×1 ��, O��.�¬�ëê3Y²��

æ^Ná��¬�ëê, 3R�²¡���¿©µ

þ, ��z��f�Éå�u 0.01 eV/̊A.

ü���f3 (2×2)Nb(110)L¡k 4 «�U

�áN �, ©O��x  (lbr)!É  (hol)!áx

  (sbr)Úº  (top),Xã 1 ¤«.

3 O�(J9©Û

3.1 áááNNNUUU

�L�Ê3 Nb L¡áN�rf, ��fáN

Uæ^Xeúª:

Eads = −

1

NO

(

EO/Nb(110) − ENb(110) −
1

2
NOEO2

)

,

(1)

ª¥ Eads ���áNU, NO �áN��fê8,

EO/Nb(110) Ú ENb(110) ©O�áN�ÚZÀL¡

NX�oUþ, EO2
��©f�oUþ. áNU�

��LáN��9, ¿�ê���L« O �L¡�

p�^�r.

ÄkïÄ
ü� O áN3 (2×2)Nb(110)L¡

=CXÝ� 0.25 ML �áN. �
(½ü��áN

��­½ �, ©OïÄ
 4 «�U�áN �.

�CXÝ� 0.25 ML �ØÓ �éA�áNU©

O� 4.56 eV(lbr), 4.72 eV(hol), 4.12 eV(sbr), 2.73 eV

(top). O�(JL², �3É áN�­½, Ùg´

�x , É Ú�x �áNU��Ø�, 
�3

áx Úº �áNU%�éõ©Ïd�±íÿ,

3pCXÝ�É Ú�x ´�k�U�áN 

�, 
 Kilimis �< [24] 3O�¥=�Ä�x �á

N´ØÜn�.

� e 5 ï Ä 
 C X Ý � 0.5 ML, 0.75 ML

Ú 1 ML ��¹, �Ò´3 (2×2)Nb(110)L¡á

N 2, 3Ú 4 ���áNA5. duÉ Ú�x ´

ü���­½�áN �, Ï
X­ïÄ
ùü«

 �áN�ØÓCXÝéA�áNUþÚL¡(

��Cz. éuÓ�CXÝ�Ukéõ�|ÜáN,

ã 2 �Ñ
ØÓCXÝe�­½�áN(�.

�L«3pCXÝe��f�m��p�^,

^m��p�^5L«õ���fáN� O � O
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�m�3��p�^

Eind(θ) = −[Eads(θ) − Eads(0.25)], (2)

ª¥ Eind(θ) L«CXÝ� θ � O � O �m�m

��p�^U, Eads(θ) �CXÝ� θ ��áNU,

Eads(0.25) �CXÝ� 0.25 ML ��áN3�A 

��áNU. dd½Â��: K�m��pUL«

��f�m´áÚ�p�^, 
��m��pUL

«��f�m´ü½�p�^©L 1 �Ñ
ØÓ

CXÝe��f3�x ÚÉ �áNUÚm�

�p�^U.

L 1 ØÓCXÝe��f3�x  (lbr) ÚÉ  (hol) áNUÚm

��p�^U

CXÝ/ML
lbr hol

Eads/eV Eind/eV Eads/eV Eind/eV

0.25 4.56 — 4.72 —

0.5 4.39 0.17 4.82 −0.10

0.75 4.15 0.41 4.42 0.30

1 3.92 0.64 4.23 0.49

lL 1 �±wÑ, éu�x áN, �XCX

Ý�O\, áNUÅì~�!����m�ü½�

^O\¶
éuÉ áN, 3 0.5 ML áN�éA

�áNU��¿�����m�3�páÚ�^,

�XCX�O\, ����m�ü½�^O\!

áNU~�. �±wÑé�x áN, áNU�

�CXÝ�O\
A��5~�, 
éuÉ á

N, CXÝ� 0.5 ML �, áNU²wO\, 0.75 ML

Ú 1 ML �áNU~�. ��3É áN!CXÝ

�u�u 0.5 ML �, O �mk�páÚ�^.

3.2 LLL¡¡¡(((���

�
©Û�B, éL¡�o���f©O?

Ò� Nb1, Nb2, Nb3 Ú Nb4 Xã 2 ¤«©L 2 �

Ñ
 O 3 (2×2)Nb(110)L¡��x ÚÉ áN

�ØÓCXÝéA�(�êâ. lã 1 ÚL 2 ¥

�±wÑ 0.25 ML ��x áN�, Nb2-O(Nb3-

O) Ú Nb1-O(Nb4-O) må©O� 2.02ÅÚ 2.60Å,

� Kilimis � < [24] ï Ä � O 3 Nb(110) á N

O � � 2.0 ÅÚ 2.7 Å� Nb-O m å � � � ©O

� Nb2(Nb3) ��p�^' O � Nb1(Nb4) �r,

l
Úå 4 � Nb �f3R�����Ip$Ø

Ó, Nb2 Ú Nb3 �áÚ��p� �, ?
Úå


L¡½º©lL 2 ¥�må�Cz�±wÑ, du

��f�áÚ�^¦áN�����f�Â '

ZÀ�L¡�Â ²w~�. �CXÝO\�, Nb–

O måÅì �, L���f��mådZÀL¡

��Â C�)ä©�L¡1����fÅìþ

£�, 1���f�NS£Ä, ù�ÒE¤ d12 Åì

O�
 d23 Åì~�, 
�Cz��, �L¡ Nb �

f��½º��.

Nb2
Nb1

Nb3Nb4

Nb2
Nb1

Nb3Nb4

Nb2
Nb1

Nb3Nb4

Nb2
Nb1

Nb3Nb4

Nb2
Nb1

Nb3Nb4

Nb2
Nb1

Nb3Nb4

(a) (b) (c)

(d) (e) (f)

ã 2 ØÓCXÝéA��­½áN(� (a),(b),(c)©OL«�x  (lbr) áN�CXÝ� 0.5 ML,0.75 ML,1 ML ��¹; (d),(e),(f)©

OL«É  (hol) áN�CXÝ� 0.5 ML, 0.75 ML,1 ML��¹
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L 2 ��f3�x  (lbr)  ÚÉ  (hol) ØÓCXÝ�L¡�f(�ëê

áN  θ/ML h/Å dO−Nb/Å ∆d12/% ∆d23/% Ripple1/Å

ZÀL¡ 0 — — −3.66 0.83 —

lbr

0.25 1.20 2.022, 2.605 −2.28 0.59 0.04

0.5 1.12 2.014, 2.571 0.07 −0.30 0

0.75 1.14 1.992, 2.576 2.01 −0.80 0.06

1 1.08 1.973, 2.573 3.85 −1.92 0

hol

0.25 1.15 2.055, 2.095 −2.49 0.92 0.21

0.5 1.12 2.021, 2.038 1.13 0.08 0.36

0.75 1.11 2.021, 2.047 2.07 −0.44 0.33

1 1.05 2.024, 2.105 4.29 −0.54 0

5: L¥ h L« O �få1�� Nb �pÝ¶dO−Nb L« O Ú1���C Nb �f���¶Ripple1 1�7á��½º.

� O �fáN3É CXÝ� 0.25 ML �, O

C�n� Nb �f, �C� Nb2-O, Nb3-O ' Nb4-O

må��, O � Nb1 �f�å��, ù�Ò¦� O

�ØÓ Nb ��p�^rfØÓ, ¦� Nb1 �eµ

þ²wl
Úå1��é��½º (0.21Å)¶�C

XÝ� 0.5 ML �, O é�C� Nb áÚ�r, ¦½

º�� (0.36Å)¶
�CXÝ� 1 ML �¤k Nb

�fÚo� O �mÑ�)�p�^, ù�vk½

º©�XCXÝ�O\, d12 ÅìO\, 
 d23 Åì

~�. ��x �', É áNÚå Nb L¡�Ì

�(�Cz´ d12 O��õ±9L¡ Nb �½º

��©Mastsui�< [15] 3¢�¥^ XPD �{ÏL

ÿÁ Nb(110)L¡� 1—2 ���zÔ��, �[

Ñ Nb(110)L¡áN� O Ì� un� �É ,

¿��� uL¡1�� Nb �f±þ 1.2 ÅpÝ

?, �±wÑ·��O�(J�¢�(J�~Î

Ü©,	, ·��O�
�x �É (Ü��á

N�¹, �uy`z��(�C¤�ACXÝ�É

 áN.

3.3 õõõ¼¼¼êêê

õ ¼ ê ´ 7 á L ¡ � ­ � 5 �, õ ¼ ê �

CzU
éÐ/£ãdáNÚå�7áL¡>

Ö=£�¹. O���ZÀ Nb(110) L¡õ¼

ê Φ � 0.52 eV,Ñ�u¢�� 4.6 eV[19]©��

æ^ GGA �{O��õ¼êÑ�u LDA �{½

¢�� [30]. >K5�����fáN37áL¡

�, 7á�	�>f���f=£, ¦��K>!

7áL¡��>
��ó4��)©���¹e,

>K5���fáN37áL¡�¬�)�ó4

Ý
¦õ¼êO\ [31−36], ��*	� O Ú N á

N3 W(100) L¡¦õ¼ê~���¹ [30,37], Ï

Lé¡²þ>Ö�ÝÚó4Ý?1©Û���Ü

n�)º©áNÚåó4Ý�Cz�±deªO

� [30,37]:

∆µ = A

∫ a/2+h/2

a/2

z∆ρ(z)dz, (3)

Ù¥ a L« 7 � Nb(110)L¡(��pÝ, h/2 L

« Nb(110)L¡±þ��ý���pÝ.

ã 3 �Ñ
ØÓCXÝe��f3�x Ú

É áN��õ¼êCzÚó4Ý�Cz ∆µ.

éu�x áN, õ¼ê�XCXÝ�O\A�

�5O\, ó4Ý��X�CXÝ�O\
A�

�5O\¶
éuÉ áN, �CXÝ� 0.25ML

Ú 0.5ML �õ¼êÚó4ÝÑ~�, ù�(J� O

Ú7á Nb �>K5©ÛØ��. �� Pantel�<

�¢�(J: du O �Ú\, �� Nb(110)L¡�

õ¼ê�CXÝ�CzÑy
k~��O��y

� [19,20] ÎÜ�éÐ.

�
)ºCXÝ� 0.25 ML Ú 0.5 ML � O �

f3É áNÚåõ¼ê~���Ï, ÏL¡²þ

>Ö�Ý�Úó4ÝCz5?Ød>Ö­#©Ù

Úåõ¼ê�E,Cz©áN���¡²þ>Ö

�Ý� ∆ρ(z) � [30,37]

∆ρ(z) = ρ(z) − [ρs(z) + ρa(z)], (4)

Ù¥ ρ(z), ρs(z) Ú ρa(z) ©OL«áN�NX!v

káN�7áL¡NXÚ�ááN O �f�¡²

þ>Ö�Ý, 
�NX��f ��±3áN�N

X���f �ØC©ò ∆ρ(z) �\eª?1È
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©, Ò���ó4Ý�Czþ ∆µ(z):

∆µ (z) = A

∫ z

a/2

z′∆ρ(z′)dz′. (5)

ã 4 �Ñ
CXÝ� 0.5 ML �, �x ÚÉ

 áN©OéAØÓpÝ�²¡>Ö�Ý�Úó

4Ý�Cz©lã 4(a)Ú (b) ¥�±²w�wÑL

¡� Nb �>Ö~�!áN� O �>ÖO\, =�

)
>Öl7á�f���f�=£©du Nb-O

Ú O-O �p�^��3¦��f¼�>f±�>

Öu)­ü
��ã¥ ∆ρ(z) ��Ü�K�= O

�f±þ>Ö~�, ù��Ü��^�U��L¡

ó4Ý�~�, Xã 4(a)Ú (b) ¤«. éu�x ,

ó4Ý�~�3 z = 18 Å���²ï� 0.20 Deb

(1 Deb = 3.33564× 10−30C · m), 
éuÉ áN,

ó4Ý3 z = 18.5 Å���²ï� −0.20 Deb,�

±wÑÉ �Ü�¡È�'�x �Ü�¡È�

��:, �´du>Ö�Ý�K��ù��Ü©Ù

éNX�oó4Ý���k­�K�, ù��Ð�

)º
d>Ö=£���õ¼ê�E,Cz©,

	, ·��O�
Ù¦ØÓ�CXÝéAó4Ý3

ØÓpÝ�©Ù, uy�x 3 0.25 ML, 0.75 ML

Ú 1 ML ±9É � 0.75 ML Ú 1 ML ��x 

� 0.5 ML �ó4Ý�Cz�q, ÑÂñ���¶

É � 0.25 ML � 0.5 ML �q, ÑÂñ�K�.

ã 3 ØÓ��fCXÝÚå�õ¼êCz ∆Φ Úó4ÝCz ∆µ

ã 4 CXÝ� 0.5 ML �ØÓ Z ¡²þ>Ö�Ý�Úó4Ý�Cz (a) Ú (b) ©OéA�x  (lbr)  ÚÉ  (hol) lL¡(�¥%�

ý��¥%�Cz
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0

3

6

9

12

-6 -4 -2 0 2 4
0

3

6

9

12

-6 -4 -2 0 2 4

(a) 

hol 0.25 ML

D
O

S
/
 (

st
a
te

/
eV

)

 s(Nb)

 p(O)

 d(Nb)

 

(b) 

hol 0.5 ML

(c) 

hol ⊲ ML

能量/eV

 

(d) 

hol 1 ML

ã 5 ØÓ�CXÝe�áN3É  (hol) � O ÚL¡ Nb �f���Ý (a), (b), (c)Ú (d) ©OéA�CXÝ� 0.25 ML, 0.5 ML,

0.75 ML Ú 1 ML.

3.4 ������ÝÝÝ

��Ý��±éÐ�L«�f�m��p�

^©ã 5 �Ñ
�3É áN�ØÓCXÝeL

¡� (�) Nb �fÚ O �f) �©Å��Ý.

ã 5(a)w«
�CXÝ� 0.25 ML � O � 2p

� Nb � 4d �>fÌ�3¤�U?±e −5.80—

−4.75 eV ���S,z, 3 −5.31 eV,−4.89 eV ?

�)�r�,z¸. �CXÝ� 0.5 ML �, ,z

Ì� u −6.63—−5.40 eV ��S, ,z¸�$U

þ��£Ä¦ O ��C� Nb �páÚ�r, Ó�

ã 5(b)¥3 −5.04 eV,−4.61 eV ? O � 2p �O\


ü�¸, íä´��f�m�,z, ù¦��f

�m�3�páÚ�^, ù�·�O��áNU

Ú O–O�p�^�CXÝ�Cz���©�CX

ÝUYO\� 0.75 ML �, Nb-O �,z©�¤n

�¸. �CXÝ�� 1 ML ��ã 5(d)¥ −0.66 eV

Ú −1.22 eV  �Ñy
��¸¦���7á��

p�^Cf [38]. �±wÑ O � 2p ;��L¡ Nb

� 4d;�>f�m3¤�U?±e −7—−4 eV �

��Skér,z�p�^u). Lindau�< [21]

ÏLUÌ©Û (EDC) *ÿ�, �þ O Ú\ Nb L¡

�UÌã3 −5.2 eV �m?Ñy Nb–O�p�^

¸, L²·�O����Ý�¢�¥ O 3 Nb L¡

áN��Ð�ã��¹�Î.

4 ( Ø

�©æ^1��nïÄ
 O 3 Nb(110)L¡

�áN5��CXÝ�Cz5Æ, ïÄ�Ñ±e(

J: O 3 Nb(110)L¡��­½áN ´É , g

­½´�x , áx 2g�, º áN�­½5

��; du3�$CXÝ���fm�3áN�^,

¦ O 3CXÝ� 0.5 ML �É áN�áNU�

�¶�x áN�, ��f�m�3�pü½�^,

áNU�CXÝO\
Åì~�. O 3�x p�

L¡õ¼ê�CXÝ�O\¥A��5O\¶O

3É áN�, �CXÝ� 0.75 ML Ú 1.0 ML �,

õ¼ê�X�CXÝ�O\
O�, ���3É 

áNCXÝ 0.25 ML Ú 0.5 ML �, õ¼ê%~�,

ÏLé¡²þ>Ö�Ý�Úó4ÝCz�?Ø, )

º
dáN���õ¼ê�E,Cz��Ï¶O

� 2p ;��L¡ Nb � 4d ;�>f�mér,z

�p�^u)3¤�U?±e −7—−4 eV ���

S, �XCXÝ�O\, ¤�¸�$U��£Ä!

��¸Åì/¤.
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Abstract

The adsorption of atomic oxygen on the Nb (110) surface is systematically investigated through the first-principles method for

oxygen coverage ranging from 0.25 to 1 monolayer (ML)©It is found that the hollow site is the most energetically favorable for the

whole coverage range considered and that the long-bridge site takes the second place©The work function increases almost linearly

with the increase of oxygen coverage for the long-bridge site adsorption, whereas for the hollow site adsorption the work function

decreases when the coverage is 0.25 ML or 0.5 ML and increaseswhen the coverage is 0.75 ML or 1 ML©Using the planar averaged

charge density and the dipole moment change we can explain the complicated change of work function induced by atomic oxygen

adsorption©In addition, the interaction between O and Nb is analyzed by the surface atomic structure and electronic density of states©

Keywords: first-principles, Nb (110) surface, oxygen adsorption, work function

PACS: 71.15.Mb, 71.55.Ak, 81.65.Mq

* Project supported by the National Natural Science Foundation of China (Grant No. 51071011).

† E-mail: shangjx@buaa.edu.cn

047101-8


