
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 08 (2012) 087301
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Äu�Ý�¼nØ�1�5�nO�, éLÞ7á Ni ¬N� Ni (111) L¡�(�Ú>f5�?1
ïÄ, ¿&
?
ü� C �f3LÞ7á Ni (111) L¡�áN±9ü� C �f3 Ni(111) L¡��áN. U�Ú��ÝO�L
², Ni ¬N9 Ni (111) L¡3¤�¡?þ�3wÍ�>fg^4z. ÏL'� Ni (111) L¡� :�áNU, uy
ü� C �f3TL¡�­½�áN ��1�� Ni �fþ�¤3�8��üÉ , áN�1�� C �f�§/¤
%�àÔ��­½áN �1n� Ni �fþ�¤3�¡%á�É . >Ö©ÛL², �áN�lz� C �fþ�
k 1.566e >Ö=£���� Ni �f, �ü� C �fáN� C � Ni �fm�>Ö=£þ (1.68e) ��. O�uyü
� C �f�áN�38��üÉ Ú¡%á�É �^Ý©O� 0.059µB Ú 0.060µB, Ù�Ñ�uü� C �fá
N�¤äk�^Ý (0.017µB).

'�c: Ni L¡, C áN, >f(�, �Ý�¼nØ

PACS: 73.22.–f, 71.15.Mb

1 Ú ó

LÞ7á Ni 9ÙL¡3zÆ�È{¥���
.á��A^u���$L!%B�+!%B�
n��$�%B�(� [1−9]. 3|^7á Ni L¡
?1zÆ�È�����$L�, Ni Ä.3�$L
�¤)�L§����£Ø, )¤gdÕá��$
L [10,11]. ïÄL², T�{�¦�$L��3 Ni
7áL¡±�$§Ýp�þ�¡È)� [12]. 3n
ØïÄ�¡, �Ý�¼O�uy¥²¡(��%¡
�3 Ni(111) L¡/¤, ¿�ÙL¡¬���$L
��¬���� [13]. åôw� [14] ÏL�Ý�¼
O�ïÄ
%�fó3 Ni (111) L¡þ�ÐÏ)
�L§, uy%ó�/¤� C �fáN1����
'. N?B� [15] æ^Äu�Ý�¼nØ�1�5
�nO�ïÄ
ØÓCXÝe O �f3 Ni (111)
L¡áN�>f(�. 4±û� [16] $^�Ý�¼
nØé C �f3 Ni (111) L¡�áN?1LO�,
¦��ïÄý­òáN3 Ni L¡� C �f�áN
37f�L¡� C �f�'�, uy C 3üö�

L¡Ñ�3¤�� sp3 ,z>f. Â��� [17] ï
Ä
 C �f3 Ni (111) L¡�áNA5�CXÝ
Cz�5Æ, uy C 3 Ni L¡ÏÙ 2p ;�� Ni
� 3d ;�,z
¤�. Sawada � [18] O�
ç¸
.�$^�3 Ni (111) L¡�,z1�Ú^5, u
y Ni (111) L¡ C �f� Ni �fm�;�,z
Ú>Ö=£éu^��­½5k­��^. ��,
C �fáN3 Ni L¡��(�!>f9^5��
É'5. ,
, 8c$^�Ý�¼O� Ni (111) L
¡� C áN(��¢�(J [19,20] ��3�É, I
�?�ÚïÄ. 3�©¥, ·�$^�Ý�¼O�
�{ÄkéLÞ7á Ni 9Ù (111) L¡�(�Ú
>f5�?1
&?, ¿3dÄ:þ�[ïÄ
ü
� C �f3 Ni (111) L¡�áN±9ü� C �f
��áN.

2 nØO��{

·�$^Äu�Ý�¼nØ�1�5�nO
��{, ¤^�O�^��� VASP[21]. d>f�
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lf¢m��p�^dÝKM\Å [22] �³¥y,
T«�³'�^�³�U°(/Ny¹ 3d ;��
LÞ7á5�. ��-'é³æ^2ÂFÝCq [23].
O��æ^�²¡Å�äU� 400 eV. 3O�X Ni
(111) L¡�U�(�Ú��Ý�, L¡�f(�
�� 7 �. 3(�µþ¥, .Ü 4 ��f��½, Ù
¦ 3 ��f�±��µþ. 3O� C �fáN(�
�, � 4× 4 ����(�. �
~� C �fáN�
�O�þ, Ni (111) L¡�� 4 �, ¿ò�.�� Ni
�f�½. ý��þÝ�� 1.1 nm, ±d5;��
���� Ni L¡m��p�^. Ni ¬NO�æ^
� K :��� 5× 5× 5, Ni (111) L¡O�� K :
��� 3 × 3 × 1. ÂñIO�Uþ�u 10−5 eV, �
�^3z��fþ�å�u 0.3 eV/nm. (�`z
�ÀJ�Âñ�{� Methfessel-Paxton[24] �{,�
�ÝO�¥æ^�Âñ�{�pd�{. 3¤k�
O�¥þO9g^4z.

3 O�(J9?Ø

3.1 Ni ¬¬¬NNN���>>>fff(((���

·�ÏLO�Äk��
 Ni ¬N�`z(
�, Xã 1 ¤«. Ni ¬Náu¡%á� (fcc) (
�, Ù���¹���f. ¬�~ê²L`z�
� 0.35 nm. 3 Ni ¬N¥, ·�ÏL(�`zO�
���Ni—Ni��� 0.24 nm.

ã 1 Ni ¬N�`z(�

ã 2 ¤«� Ni ¬N�U�(�Ú��Ý. g
^�þ�U�(�¥, Óâ�¥�C¤�U??�
Óâ�Ì�5
u Ni �f� d ;�, Ó���3
X p ;�é§��K�. ÙéA���Ý3�C¤
�U? EF ?� –0.5 eV  �Ñy�����Ý¸.
Uþ��3¤�U?±e� –1.25 � –3.0 eV �m
�U�(�3pé¡: Γ ?LyÑé¡5. g^�
e�U�(��g^�þ�U�(��~�q, Ø
Ó��´g^�eU��¤�U?���£Ä, Ï
d3¤�U? �?���ÝéAÑy���¸
� [25]. ÏLþeg^U�(�3¤�¡?¥y�
��Ý�É�±uy, Ni ¬N�>f3¤�¡þL
y����g^4z [26], ù��´ Ni ¬Näkc
^5�Ly.

ã 2 Ni ¬N�U�(�Ú��Ý
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3.2 Ni (111) LLL¡¡¡���>>>fff(((���

Ni (111) L¡áu8��ü (hcp) ¬X, §��
f3 [111] ��÷æ÷S�± ABCABC · · · �ª
ü�. ÒL¡áN
ó, Ni (111) L¡�ko�p
é¡áN �. 3ã 3 ¥, ·�òO��æ^� Ni
(111) L¡���(�9áN C �f�o�pé¡
:�
I«. 1���fþ� �¡�º ; 1�
��fþ��É ¡� hcp É ; 1n��fþ�
�É ¡� fcc É ; 1��¥�� Ni �f�m
�Ý/«�¡�x . ,	, 31���1���
m�l¡N¥%mY �, ¡�æL¡ (subsurface)
É , ��±áN C �f.

3áN C �f�c, Ni (111) L¡®²?1

(�µþ, éAXNXUþ��$:. ·�¿vk
uyÙL¡k­�y�, �*	�L¡A���f
3R�uL¡���u)
£Ä, ÏdE¤���
�m�ål�' Ni ¬N¥����m�ålÑk
*�. ²L(�`z, äNO����L¡�f�
målCzÌÝXe: 1���1���m��m
å� Ni ¬N¥��må�'CzÌÝ� +0.08%;
1���1n��CzÌÝ� +0.03%; 1n��
�½�1o��m�ål¿vkCz. �©O��
���må�©z [27] �¢�(J��. Ni (111)
L¡���måCzXd��, `²ÙL¡��*
(�3µþ¥CzØ�, ùÌ�´Ï� Ni (111) L

ã 3 Ni (111) L¡����(�9áN �«¿ã

¡´��ü¡.
ã 4 ¤ « � Ni (111) L ¡ � U � ( � Ú

�� Ý. 3 g ^ � þ U � ¥ � p é ¡ : Γ ?,
L ¡�� U ? � C ¤ � U ?. ù � L ¡�ä
� s ; � Ú p ; � �A�, ® ² 3 1 > � A
� ¢ � ¥ * ÿ �. 3 p é ¡ : Γ ?, ¤ � U
? ± þ � 4.33 eV ? � 3 � Ó â�, ¡ � º
�� (image state) ¢ � ¥ * ÿ � º ��� �

ã 4 Ni (111) L¡�U�(�Ú��Ý
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Ñy3¤�U?±þ 4.6 eV  � [28], �©�O�
(J�¢�ÿþ(J�~�C. Ï~�¹e, �Ý
�¼O�éJ£ã3ý�¥lL¡���º��
�(�/G. ùÌ�´duº��~u)3�, §
�Å¼êò��L¡	�ý��p, 
 1.1 nm �ý
��´éJ;�º���Å¼ê�m��U. ,	,
·���±5¿�3pé¡: K ?�n�¬N�
Y¥¤Ñy�Óâ�, Ì�5gu Ni �f� d ;
�, Ù¥�Y,X p ;�é§��^, ¦� d ;�
� p ;�u),z [29]. ù
�C¤�U?��4
N´� C ¥� π �u),z. g^�e�U�(
��g^�þ��¹��~�q, ¤�U?X Ni
¬Neg^U������£Ä, ¦�éA��
�Ý3¤�U?þÑy�����Ý¸. Ïd, Ni
(111) L¡3¤�U??��3²w�>fg^4
zy�.

3.3 C ���fff333 Ni (111) LLL¡¡¡���áááNNN

·�Äkòü� C �fáN� Ni (111) L¡
�þãpé¡5 �. C �f3�� :áN�
­½5, �±ÏL'�§��áNU5(½. áN
U Ead ½Â�NX3áN� (=ª�) �oUþ~
�NXáNc (=Ð�) ��N�oUþ, 2Ø±o
�%�fê n. �©¥z�%�f� Ead �±ÏL
eª��:

Ead = (Esub+nC − Esub − EnC)/n, (1)

Ù¥, Esub+nC �µþ�áN C �fNX�oU;
EnC � C �f�oU; Esub � Ni (111) L¡�o
U. �áNU�K��,NXLy��9L§, �@
� C �fU
�­½/áN3L¡þ; �áNU�
���, NX�á9L§, = C �fØU�¤õ/
áN. áNU�$, L² C �fáN3 Ni (111) L
¡þ��.�­½.

·�ò�©O���� Ead Ú C—Ni �� R

�uL 1, �
'�, L 1Ó��Ñ
©z [30—33]
�nØO�(J. dL 1 ��, L¡o�pé¡:
¥��­½�áN :´ hcp É , §�áNU
� –6.81 eV. T :�n�C� Ni �f�ålþ
� 0.179 nm. �Ø­½�´º , §' hcp É �
UþpÑ 2.27 eV, �§e�C�� Ni �f�ål
 �� 0.165 nm. Shin Ú Hong � [34] ïÄ
 C �
f3 Ni (111) L¡þ�*Ñ. ¦��(JL²: C
�f37áL¡� fcc É Ú hcp É �m�*
Ñ³^� 0.4 eV; lL¡�1���1��¥m 
��³^� 0.8 eV; æL¡É �m�*Ñ³^�

´ 0.8 eV; 
læL¡�*Ñ�L¡�³^K��

 1.3 eV, `²æL¡��L¡��m�*Ñ´�
~(J�. Ïd, =¦ C �fáN3æL¡É �
áNUé$ (–7.38 eV), ��±Ø�Ä§3g�¥
�áNÚ*Ñ¯K, 
Ì�ïÄ C �f3 Ni (111)
L¡��áN. ©z [19] �ïÄL², C—Ni �¤
����´ C �f� 2p ;�� Ni �f� 3d ;
��m�ÍÜ,z, ¦����á� C �f/¤
¤��Ú���. ·�ÏL�á�>Ö©Ûy¢,
C �f� Ni �f�m/¤�d�, ¿k 1.68e >Ö
l C �f=£� Ni �f. ?�ÚÏL^Ý©Ûu
y C �f3 Ni (111) L¡þ hcp É ¤äk�^
Ý� 0.017 µB, �f^5. ùÌ�´du Ni (111) L
¡�4z�A���.

L 1 C �f3 Ni (111) L¡þ�áNU Ead Ú C—Ni �� R

áN � Ead/eV R/nm ]�5


º  –4.54 0.165 �©

–4.38 0.176 ©z [30]

–3.56 0.178 ©z [33]

x  –6.77 0.176 �©

–5.99 0.175 ©z [30]

–8.38 — ©z [31]

–4.98 0.184 ©z [33]

hcp É  –6.81 0.179 �©

–5.97 0.189 ©z [30]

–8.59 — ©z [31]

–7.25 0.177 ©z [32]

–6.52 0.187 ©z [33]

fcc É  –6.78 0.177 �©

–6.68 0.179 ©z [30]

–7.18 0.177 ©z [32]

–6.43 0.183 ©z [33]

æL¡É  –7.38 0.176 �©

–6.16 — ©z [30]

–8.25 0.189 ©z [33]

3(½ hcp É �áNü� C �f3 Ni (111)
L¡þ�­½áN ��, ·�ïÄ
1�� C
�f3 Ni (111) L¡þ��áN. ?3 hcp  �þ
� C �f±�kn��U�áN �, ©O� fcc
É !x Úº . ÏLé��UáN �áN
U�O�, uy�­½�áN �� fcc É , á
NU� –7.15 eV. ü� C �f�áNNX'áNü
� C �f�äk�$�áNU. ù´duTNX3
ü� C �fáN­½�.�Ä:þ, ¤?�1�
� C �f u� fcc É ´� ê� 3 �8�¥
%, T C �f�±�n� Ni �f¤�, /¤­½(
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�. Xã 5(a) Ú (b) ¤«, d��ü� C �f3 Ni
(111) L¡/¤
%�àN (dimer) (�, §��m
� C—C ��� 0.135 nm. ü� C �f� Ni (111)
L¡�ål�� 0.13 nm. lã 5(c) ¤«��©>
Ö�Ý��, >Ö3 C �fÚ���>� Ni �f
�m�«�­#à8, w«
üö�m�>Ö=£.
äN�>Ö©ÛL², lz� C �fþk 1.566e

>Ö=£���� Ni �f. ù�ü� C �fá
N�=£� Ni �f�>Öþ (1.68e) ��. ü� C
�f3 hcp É Ú fcc É �^Ý©O� 0.059µB

Ú 0.060µB, Ù�Ñ�uü� C �fáN�¤ä
k�^Ý (0.017µB). dd��, éuü� C 3 Ni
(111) L¡�áNÚü� C ��áN, áN�� C
�fÑw«f^5.

ã 5 ü� C �f3 Ni (111) L¡��áN (a) `z(�; (b) >Ö�Ý©Ù; (c) �©>Ö�Ý

4 ( Ø

�©$^Äu�Ý�¼nØ�1�5�nO
��{éLÞ7á Ni ¬N9Ù (111) L¡�>f
(�?1
ïÄ, ¿&?
 C �f3 Ni (111) L¡
�áN9�áN. O�uy, Ni ¬N9 Ni (111) L
¡3¤�¡?þ�3wÍ�>fg^4z. ÏL Ni
(111) L¡�pé¡5 :áNU�'�uy, ü
� C �f3 Ni (111) L¡�­½�áN ��1
�� Ni �fþ�¤3� hcp É , áN1�� C

�f�§/¤�áN�àN(���­½áN 
�1n� Ni �fþ�¤3� fcc É . >Ö©ÛL
², �áN�lz� C �fþ�k 1.566e �>Ö=
£���� Ni �f, �áNü� C �f��>Ö
=£þ 1.68e ��. ü� C �f�áN��^Ý©
O� 0.059µB Ú 0.060µB, Ù�Ñ�uáNü� C
�f¤äk�^Ý (0.017µB). �©��Ý�¼O
�(JòkÏu¢�þmÐéLÞ7á Ni (111)
L¡ C áN(��ïÄ.
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Density functional study on the adsorption of
C atoms on Ni (111) surface∗
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Abstract
With the density functional first-principles calculations, we investigate the structures and electronic properties of transition metal

nickel and its (111) surface. The adsorption behavior of single C atom on Ni (111) surface and its co-adsorption with the another C
atom on Ni (111) surface are studied. The calculations on band structure and density of states show that significant spin polarization
exists at the Fermi level of both nickel and its (111) surface. By comparing the adsorption energy, we find that the hollow site of
hexagonal close-packed on the second layer of Ni atoms is the most stable position for the first C atom adsorption, and the hollow site
of face-centered cubic on the third layer of Ni atoms is the most stable site for the co-adsorption of second C atom. Charge analysis
shows that 1.566e charge transfers from each C atom to the adjacent Ni atom, which is similar to the 1.68e charge transfer in the first
C adsorption case. The calculations on magnetism show that the magnetic moments of the two C atoms in co-adsorption are 0.059µB

and 0.060µB, respectively, which are larger than the magnetic moment 0.017µB of single C atom in Ni (111) surface.

Keywords: Ni surface, C adsorption, electronic structure, density functional theory
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