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�©æ^Äug^4z��Ý�¼nØXÚïÄ
 ConC±
m (n = 1—5; m = 1, 2) ìq�AÛ(�Ú>f(

�A5. ò ConC± (n = 2—5) ìq¥��� Co O�� C �f, �N�Ä�AÛ(�u)²wCz; 3 ConC±
2

(n = 1—5) ìq�)�S�¥, uyl n = 3 m©ìq¥�ü� C �fk*d©l©Ù�ª³, �©©Û, ù´ Co

7áU
�±ü9%B�+ (SCNTs) �±m�)�, ¤��~k���«xzJ���Ï. Ó�, ò ConC±

(n = 2—5) ìq¥V\�� Co �f�XÚ�o^ÝÑy�Ìeü�ª³, �E�±Ûó�O�5Æ. ÏL'�¥
59�>� ConC ±9 ConC2 (n = 1—5) ìq���U, �ó�uy: d¢�¼�� SCNTs Aþ���>�NX,

ù�(Ø�®k�¢��.[Ü�éÐ.

'�c: Co-C ìq, �Ý�¼nØ, >f(�

PACS: 36.40.−c, 31.15.E−, 32.10.Dk

1 Ú ó

7á%<�uy, ¦�dLÞ7á�fÚ%
�f�¤�B�ìqÚå
<�4��ïÄ,
� [1,2]. du%B�+�)�Ån����éÐ�
)º, dd, ïÄdLÞ7á�f�%�f�¤�
ìq, �r?�%B�á��)�Ån�ïÄJø
�f�¡þ�&E, ÏLïÄÙ3)�Ð©�ã�
Ôn5�, ?éB�á��ïÄÚA^JÑnØ
Ä:Ú¢���.

¢�¥��ü9%B�+��{, ~5k>l
u>{Ú-1Y�{ [3]. ù
�{þ´3p§^�
e?1, Ô�3p§�¸¥?1�A4k�U?
u�>�G�, ¤±ïÄdLÞ7á�fÚ%�f
�¤��>NX�AÛ(�Ú>f(�A5´ä

k¢�Ä:ÚïÄ¿Â�.

LÞ7áá�du3^�;9xz��¡�
�A^, É�ïÄö��2�'5, ®kØ�Ä
ué·Ü7áìq�ïÄ�� [4−8]. �ck'¹
%LÞ7áìq�ïÄ��©k�. ¢��¡, @
3 1994 c Fan � [9] ÒÒlf1>©1º{c[
ïÄ
 FeC2 Ú FeC2H ìq; Ù�, Li �< [10,11] æ
^1>©1ºé u1�±Ï�LÞ7á�f(
Üü�%�f�¤�ÒlfNX MC−

2 (M = Sc,
V, Cr, Mn, Fe, Ú Co) ?1
XÚ�ïÄ, �Ù¥k
�
 MC2 ìq�Ä�AÛ(�vk�Ü¼� (�
) Co,Cr �), ùÒ:IlnØO��[��Ý5
�õù
ó�. 3nØO��¡, Tono � [12] A^
C0dAû�Ý�¼^��O�ïÄ
 Co2C−

n

(n = 2, 3) Ú V2C−
n (n = 2—4) �>fÚAÛ(�;

Arbuznikov � [13,14] |^
�Ý�¼�{é CoC2
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Ú FeC2 ?1
ïÄ, �Ñ
ü«ìq3AÛ(�
Ú>f(��¡�5�; Gutsev � [15] æ^�Ý�
¼nØ�{ïÄ
 n = 1—6 � Fen, Fen Ú Fe+

n �
�� C �f�m��p�^.

�©æ^Äu2ÂFÝCq��Ý�¼nØ
XÚïÄ
 ConC±

m (n = 1—5; m = 1, 2) ìq�A
Û(�Ú>f(�A5. ò¹kü� C �f�ìq
NX��¹k�� C �f�NX3Ä�AÛ(�,
é¡5, �pÓâ;���$�Óâ;�UY (the
HOMO-LUMO energy gaps), ^Ý, ��U�Ôn5
�?1é'ïÄ, ?�)Ö%B�á��)�Å
n, ±9 C �f���xzJ�LÞ7á�� Co
�m��p�^JønØ�â.

2 �{0�

�g�O�þ´3FÝCq��Ý�¼nØ
µee$1, æ^�´ Quantum-ESPRESSO ^�
� [16]. À^ Vanderbilt �ª��^�³ [17] O�l
fØ�d>f�m��p�^³. ��'é�^3
2ÂFÝCqe� PBE[18] �§¥?1?n. ÅÄ
�§± 30 Ry �$ÄUþ��|�²¡Å¥eÐ
m. �;�ìqm��p�^, ·��âìqNX
���, �½¬��º�� 12—16 ÅØ�.

3 � � ( � ` z L § � ¥, ¤ k � f Ø É
��æ^ Broyden-Fletcher-Goldfarb-Shanno(BFGS)
�{?1µþ. éuìq�Ð©�., �â(��
é¡5l���n�Ñ?1
O�, vké¡5�
AÛ(�·���\�Ä��, d	, ë�®��
�XLÞ7áìqÄ�AÛ(� [19−21], ò C �f
?1O�. �fm²þ�^å� 0.01 ev/Å±9ìq
�þ���N�Uþ��ýé��� 10−6 Ryd �,

O�Âñ. o^ÝU MT =
∫

(nup − ndown)d3r(n

�L>f�Ý)[18] ?1O�.

3 (J�?Ø

3.1 AAAÛÛÛ(((���

lã 1 �±w�é¹k�� C �f��>�
ìqNXk: Co2C+ �äk D∞h é¡5����
5(�; Co3C+ ¥ya�Ro>/AÛ�., é¡
5� C2v; � n = 4, ìq�Ä�AÛ(�d Co3C+

���¤��äk C4v é¡5�o�üIáN(

� (Ù¥ C �f uºÜ); Co5C+ �Ä�(�´
k C4v é¡�l¡N. é¹k�� C �f�K
>�ìqNX: Co2C− �k C2v é¡5���n�
/, Co3C− ´äk C3v é¡5�o¡N; Co4C− �
Uþ�$�(�´é¡5� C3v �n�VI�.;
Co5C− �k C4v é¡5�l¡N.

y3·�ò ConC± (n = 2—5) ìqNX¥�
�� Co O�� C �f, 2w ConC±

2 (n = 1—5)
ãq�Ä�AÛ(�u)
N��Cz. Äké
u��>�ìqNX, ·��±w�: CoC+

2 �ä
k C2v é¡5���n�/ (Co �f uº�);
Co2C+

2 �Ä�AÛ�.�äk D2h é¡5�!/,
�� Co3C+ �a�R�.�3�����ÆC;
Co3C+

2 �n�VI�., é¡5� D3h; � n = 4,
Co4C+

2 ��$UþAÛ(��ÆC�l>/ (C2v

é¡5); Co5C+
2 ¥yäk C2v é¡5�Ê�VI

�.. �A�K>�ìqNX: CoC−
2 Ú CoC+

2 �
�, �äk C2v é¡5���n�/, Co2C−

2 �
� Co3C+ ìqk���ÆC, �äk Cs é¡5�
Ø�>o>/, ù� Tono[12] �<3¢�¥�*ÿ
(J���; Co3C−

2 , Co4C−
2 9 Co5C−

2 äkÚ�A
�>NX (Co3C+

2 , Co4C+
2 , Co5C+

2 ) �Ó�Ä�A
Û(�.

nÜ±þ£ã, ·�uy: ConC± (n = 2—5)
ìqNX�X n �4O, ìqÄ�AÛ(�¥y
�����2�n����)�ª³; ò ConC±

(n = 2—5) ìqNX¥��� Co O�� C �f,
�Ò´ò¹k 2 � C �f� ConC±

2 (n = 1—4) ì
qNX��k� ConC± (n = 2—5) ìqNX?1
'�, 3Ä�AÛ(��¡Úå
�©²w�C
z; ����´: 3 ConC±

2 (n = 1—5) ìqNX
�)�L§¥, l n = 3 m©, ü� C �f¥y©
l (Øà83�å, *dØ¤�) ª³. Ding[22] �
<|^ VLS �.é Fe, Co, Ni, Cu, Pd ±9 Au ù

7áìqéu)�%B�+�xz�^�rf
?1
�©[��ïÄ, uy Fe, Co, Ni Ì�^u
%B�+�xz, éü9%B�+�(Üå´�r
� (�� Cu, Pd, Au). �¦ü9%B�+U
±Y
)�, �±m�´7�^�. ò Co ìq��ü9%
B�+)��xzJ, d ConC±

2 (n = 1—5) ìqN
X�)�A�, �ý��Xìqº��O�, C �
f� C �f�m¥m�)�ª³, Co � SCNTs �
m�à�(Üå�u C-C �m�(Üå, ù�A5
�~k|uxz)�ü9%B�+.
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ã 1 ConC±
m (n = 1—5; m = 1, 2) ìq�Ä�AÛ(� (�¥�L Co �f, �¥�L C �f)

3.2 >>>fff(((���

l ã 2(a) ¥ · � � ± w Ñ: � ì q º � 4
O, ConC+, ConC+

2 (n = 2—5) ìq�^Ýþ¥
�5O��ª³, ¿��k²w�Ûó�Oy
�, Ø ConC−

2 ±	, �Ó�ª³Úy�3 ConC−,
ConC−

2 (n = 2—5) q�^ÝCzã (ã 2(b)) ¥�
k¥y. ConC± (n = 2—5) ìq�^Ý�Cz
ã u ConC±

2 (n = 2—5) ìq^Ý��þÜ,
ùL²: 3¹k�� C �f� ConC± (n = 2—5)
ìq¥V\�� C �f¬¦NX�^Ý�Ìeü.
ConC± 9 ConC±

2 (n = 1—5) ìq�^Ý��u

L 1 ¥.

� p Ó â ; � � � $ � Ó â ; � (HOMO-
LUMO) UY´NyÔ�zÆ¹5�äk�L¿
Â�Ônþ, UY��, KzÆ¹5�$, (��
Ò�ªu½. L 1 ¥�Ñ�´ ConC± 9 ConC±

2

(n = 1—5) ìq�º�O�� HOMO-LUMO UY
�. �±wÑ3·�¤ïÄ�º���S, HOMO-
LUMO UY�k��ÅÄ, �Ø�3²w�¸�.

c©¥·�J�, Ding �< [22] |^ VLS �.
ïÄ
 Fe, Co, Ni, Cu, Pd ±9 Au ù
7áìqé
u)�%B�+�xz�^, Ø
uy Co ´3x
z) � SCNTs �J wÍ �	, �uyü 9% B�
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L 1 ìq� (HOMO-LUMO) UY (Eg(eV)) 9^Ý (M(µB))

ìq Eg/eV M/µB ìq Eg/eV M/µB

Co2C+ 0.05 3 Co2C− 0.48 3

Co3C+ 0.46 6 Co3C− 0.59 6

Co4C+ 0.38 9 Co4C− 0.22 7

Co5C+ 0.29 10 Co5C− 0.08 8

CoC+
2 1.14 2 CoC−

2 0.44 2

Co2C+
2 0.74 1 Co2C−

2 0.40 5

Co3C+
2 0.42 4 Co3C−

2 0.31 2

Co4C+
2 0.31 5 Co4C−

2 0.60 3

Co5C+
2 0.19 6 Co5C−

2 0.19 4

ã 2 (a) ConC+, ConC+
2 (n = 2—5) ìq�^Ýã; (b)

ConC−, ConC−
2 (n = 2—5) ìq�^Ýã

+´UÄ±Y)�3é�§Ýþ�ûu7á�f
Ú%�f�m�(Üå�rf. (Üå�r, K�
k|u SCNTs �xz)�. �?�Ú&Ä Co 7á
3Û«	Ü^�e�kÃuxz)�ü9%B�
+, é¥59�>� ConC, ConC2 (n = 1—5) ìq
���U?1
XÚ�ïÄ©Û.

��U��ª

ConC → Con + C, (1a)

ConC± → Con + C±, (1b)

l ConC, ConC± (n = 1—5) ìq¥©lÑ�� C
�fI��Uþ·�^��U (fragmentation en-
ergy) 5L�. äN/ªXe:

D1 = E(ConC) − E(Con) − E(C), (2a)

D11 = E(ConC±) − E(Con) − E(C±), (2b)

Ù¥ E L«�Aìq�oU. �A�l ConC2,
ConC±

2 (n = 1—5) ìq¥©lÑ 2 � C �f¤I
��Uþ�O�úªXe:

D2 = E(ConC2) − E(Con) − E(C2), (3a)

D22 = E(ConC±
2 ) − E(Con) − E(C±

2 ). (3b)

Bulgakova �<�ïÄ [23] uy�^B�+þ
�, ½��>fu��	|�D�, ½g òÏL
xz�â4�§Ý/K�%�øA, ¿Or%B�
+�)��Ý. ±7á��xzJ�zÆí��È
{Ü¤%B�+�¢� [23] ¥�Ä
>|��^,
3	>|�^e9�B�+3Ù)��L§¥l
ºàÑu>f, d>f�	>|�4$Ä. � CNT
S>f$Ä5puB��âS�>f$Ä5p�
�ÿ, �>Öà83 CNT ÚB�+��>«�, l
	>|K ?�\kÏu%B�+)�. («¿
ãÚ�.��Xã 3 ¤«).

ã 3 	>|Or CNT ��.
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ã 4 (a) ConC, ConC± (n = 1—5) ìq���Uã [24];
(b) ConC2, ConC±

2 (n = 1—5) ìq���Uã

·��ó�lnØO���ÝéÐ�)º

ù�¢�y�. ã 4 �¥59�> ConC, ConC2

(n = 1—5) ìqNX���Uã, lã 4 ¥·��
±wÑ: 3·�¤?Ø�º���S, ��>�N
X���Uþ�u�Aº��¥5Ú�K>��
N. ù`²: 3�>�¸e, Co 7á� SCNTs �m
�à�(Üå²wru¥5ÚK>��/, ù¦�
·�lnØ©Û��Ýíÿ: æ^¢��{¼�

� SCNTs A���>�NX, ù�(Øl�f�
¡nØ©Û^LÞ7á��xzJxz)�ü9
%B�+�)�Ån, äk4�����¿Â.

4 ( Ø

�©æ^Äu�Ý�¼nØ�1�5�n
XÚïÄ ConC±

m (n = 1—5, m = 1, 2) ìq�A
Û(�A5Ú>f(�A5. ConC±

m (n = 1—5,
m = 1, 2) ìqNX�X n �4O, ìqÄ�AÛ
(�¥y�����2�n����)�ª³;
ò ConC± (n = 2—5) ìqNX¥��� Co O�
� C �f, ConC±

2 (n = 1—4) ìq�Ä�AÛ(
��� ConC± (n = 2—5) ìqÚå
�©²w�
Cz; 3 ConC±

2 (n = 1—5) ìqNX�)�L§
¥, l n = 3 m©, ü� C �f¥y©l©Ù�
ª³, ·�©Û: ù«)�ª³�´ Co 7áU

¦ SCNTs �±m�)�, ¤�r? SCNTs )¤�
k�xzJ�����Ï.

3 ¤ ï Ä � º � � � S, X Ú � HOMO-
LUMO UY�3���ÅÄ, �Ø�3¸�; é
' ConC± (n = 2—5) ìq�^Ý, 3V\�� C
�f�, NX�^Ý��vkþ,, ��3��
ÌÝ�eü, � ConC±

m (n = 1—5, m = 1, 2) ìq
NX�o^Ý�º��4O, þ�±Ûó�O�5
Æ, ùÚX Co ìqo^Ý [25] �Czª³���.

ÏLé'ïÄ¥59�> ConC, ConC2 (n =
1—5) ìqNX���U, ·�uy: ��>�NX
���Uþ�u�Aº��¥5Ú�K>��N.
ù`²: d¢�Ãã¤¼�� SCNTs A���>
�NX, ù�(Ø��Ï'uü9%B�+�)�
Å��ïÄJøk¿Â�nØ��.
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Density-functional theory study of ConC±
m

(n = 1—5, m = 1, 2) clusters∗
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Abstract

The geometrical and electronic structures of ConC±
m (n = 1—5, m = 1, 2) clusters are investigated using spin-polarized DFT

calculations. ConC± (n = 2—5) and ConC±
2 (n = 1—4) clusters of their ground-state structures different. From n = 3, two C atoms

are located apart from each other, we think, it is an important reason for Co catalyze C in to single walled carbon nanotubes effectively.

The total magnetic moment of ConC±
2 (n = 2—5) are lower than those of ConC± (n = 2—5) clusters, and they both alternated with

odd and even numbers. By comparing the fragmentation energies of neutral and charged ConC and ConC2 (n = 1—5) clusters, we

conclude that the single walled carbon nanotubes obtained in experiment is electropositive. This conclusion is in good agreement with

that from expersimental model

Keywords: Co-C cluster, density-functional theory, electronic structures
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