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M@C22(M=Sc, Ti, V, Cr, Mn, Fe, Co, Ni)
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æ ^ � Ý � ¼ n Ø ¥ 2 Â F Ý C q é � ; . L V L C22 Ú L Þ 7 á S � û ) Ô M@C22

(M=Sc,Ti,V,Cr,Mn,Fe,Co Ú Ni) �AÛ(�Ú>f(�?1O�ïÄ. uy�;.LVL C22 �Ä�(�´¹
k��o%��ü­�<G(�. LÞ7á�f��\²wJp
NX�­½5. C-M �Qk�½�d5qk�
½lf5. ^5!U?ã!;�©ÙÚ��Ýã©ÛL²: M �f� 3d ;�Ú%<� C �f��f;��m�3
�r�;�,z. Ti, Cr, Fe Ú Ni S��(�Ñy^5��d«y�. Sc Ú%<m´f�c^�^, V,Mn Ú Co �%
<m´fc^�^.

'�c: LVL C22 Ú M@C22, AÛ(�, >f(�, �Ý�¼nØ

PACS: 61.48.–c, 71.20.Tx, 74.25.Jb, 71.15.Mb

1 Ú ó

�;.LVLÏÙÉ~�A5
¤��8L
VLïÄ+��c÷�K. �.LVLduÙ(
���ÕáÊ>/5K
¤��;.LVL�Ì
�¤
, �´Úå
ïÄö�2�,�. d	, L
Þ7á�f (transition metal,TM ) duØ�Ú d �
�(�
Ny^59Ù¦ÔnzÆ5�, �±�
��,�féLVL�>f(�!^5�?1N
�, ¿3ü©fì�!B�ì�±9p§����
¡äkd3�A^. ~X, Enyashin �< [1] ïÄu
y Zn �f�S�é C28 ­½5¿ÃK���U
C C28 �>f(�. Jia �< [2] uy Y �f��
\�Jp C36 �­½5¿OrÙ�>5U, ¦Ù¤

�`û���Ná�. Guo �< [3] uy Sc@C28

Ú Zr@C28 äkØÓÄ�(�Ú^Ý.Sun �< [4]

uy TM@C24H12 (TM=Ti,Zr Ú Hf) k�pé¡
5
 TM@C24(TM=Ti,Zr Ú Hf) k�p9åÆ­
½5. Yue �< [5] nØuy TM@C24(TM=Mn-

Zn) ¥>Öo´lLÞ7á�f�%<=£. Wu

�< [6] uy M@C24 Ú M@C24H12(M=Cr,Mo,W)

NXkéÐ�9åÆÚÄåÆ­½5.Rubén �
< [7] u y 3 M@C60(M=Mn-Zn) N X ¥ Fe,Co

Ú Ni � 3d ;��%<mk�p,z�^
 Cu

Ú Zn Ãdy�.

�8c��, ·�uy: 3�.�;.LV
L¥ (C20 <Cn <C60), 'u C22 S�û)Ô�ï
Ä�����. 2(ÜLÞ7á�AÏ5�, �
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©[é C22 S� 3d LÞ7á�f/¤�û)Ô,

= M@C22(M=Sc-Ni) NX?1[��\�nØï
Ä. Ì�ïÄ±e¯K:1)C22 ��­½(�´Û«
(�? 2)M@C22(M=Sc-Ni) �­½(�´Û«(
�? 3)M@C22(M=Sc-Ni) �­½(�Ny�o�
�>f(�Ú^5?

2 O��{

� © O � æ ^ � Ý � ¼ n Ø (density func-

tional theory,DFT)[8,9] ¥2ÂFÝCq (generalized

gradient approximation,GGA) 9 � � ' é ? � ¼
ê (perdew-burke-ernzerhof,PBE)[1] Ú4z¼ê*Ð
�Vê��f;� DNP Ä|, =¼ê¥�¹p
ugd�f¥��pÓâ;��Äþ�?��
Äþ. (�`zL§3vk?Ûëê���^
�e, æ^ BFGS {K (Broyden-Fletcher-Goldfarb-

Shanno)[11], ±FÝCz�u 10−3 a.u.! £Cz
�u 10−3a.u. ÚUþCz�u 10−5a.u. ��Âñ
IO. >f(�3g^���Cqe) KS(Kohn-

Sham)[12] gU|�§��, ^ Mulliken >Ö©Û�
��f;��>ÖÚg^ÙØê. gUL§3Uþ
Ú>f�Ý�ÂñIO� 10−5 a.u. e�¤.

3 (J�©Û

3.1 C22 ���(((���ÚÚÚ­­­½½½555

d©z��,Killblane �< [13] ®²é 318 «
�;.LVL C22 �AÛ(�?1nØO�, ¦
�uy C22 �Ä�(�´¹k��o%��<G
(�. d	, ¦�d��5Ú1Ì©Ûýó C22 �
±¢�Ü¤. �´, XJ�ÄØÓ�gÀ�,C22 �

Ä�(�¬Ø¬CzQ? Ïd, 3�©¥, ·�é
¤kÓ©É�N¿À�¤k�U�g^õ­�
?1(�`z. uy C22 ko«$U�(�, þ
��;.(�, g^�þ�ü­�, §�©O·
¶� C22-1,C22-2,C22-3 Ú C22-4, Xã 1 ¤«. Ù
¥ C22-1 ¹k��o%�,C22-2 Ú C22-3 �¹kn
�o%�,C22-4 ¹kü�o%�. ¯¤±�, (Ü
U Eb(binding energy) ½Â [14] �T©f¥¤kg
d�fUþ~�©foUþ�����, §U
�
NNX�9åÆ­½5, (ÜU���NX9åÆ
�­½. O���: o«É�NÄ��(ÜU©O
´ 149.11,148.93,148.71 Ú 148.50 eV, Ïd C22-1 9
åÆ�­½, Ú Killblane �< [13] �(Ø��.

3.2 M@C22 ���(((���ÚÚÚ­­­½½½555

·�Ïd3�­½� C22-1 (�¥?1LÞ
7á�f�,, �� M@C22 ��,(�¿?1
`z, `z�Ó��Ä M �ØÓg^�. `zu
y Sc@C22, V@C22, Mn@C22 Ú Co@C22 �Ä�þ
�V­�, 
 Ti@C22, Cr@C22, Fe@C22 Ú Ni@C22

�Ä�þ�ü­�. ÙAÛ(�3ã 1 ¥�Ñ. �
,U ∆Einc ½Â� C22 oUþÚ M �fUþ�
Ú~� M@C22 oUþ¤���� [15]. ���,
UL«�A�9, �,U��, )¤Ô�­½, �
|u¢�Ü¤. �,U�K�, `²�Aá9, ¢
�Ü¤�J. O���, c8« M@C22 ��,U
©O� 2.90, 5.94, 5.05, 2.18, 0.83 Ú 0.32 eV, `²
ù
�fS�� C22 )¤û)Ô��A´�9�
A, |u¢�Ü¤. Co@C22, Ni@C22 �,U©O
� –0.96 Ú –9.49 eV, `²T�Aá9. Ïd, Co,

Ni �f�k3�½¢�^�eâUÚ C22 �AÜ
¤ Co@C22, Ni@C22.

ã 1 o« C22 $U�<G(�Ú M@C22 �AÛ`z(�
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ã 2 (a) M@C22 ��©>Ö�Ýã; (b) M@C22 ¥ M � 3d ;�©Å��Ýã

ã 3 C22 Ú M@C22 �U?ã

O���, C22 �<�²þ��� 1.46Å, �
\ M �,C–C ² þ � � © O � � 2.75%, 2.34%,

2.27%, 2.13%, 2.34%, 2.47%, 2.27%Ú 2.75%, `
² M ��\¦%<u)�½§Ý�)ä. Ùg,

o�� C16–C20, C17–C21, C16 –C17 Ú C20–C21

�5���©O� 1.40, 1.40, 1.55 Ú 1.55Å. 
l«
û)Ô� C16–C20 Ú C17–C21 ��Cz�Ó, ©
OO\ 2.43%, 2.21%, 3.50%, 4.21%, 3.64%, 3.35%,

3.28% Ú 3.07%; C16 –C17 Ú C20–C21 ��Cz�

�Ó, Czþ©O� 0.78%, 0.13%, –1.68%, –2.65%,

–2.46%, –2.33%, –2.59%Ú –2.59%. Ïd, �\ M

�, o%�3 C16–C20 ��k¤��
3 C16–

C17 ��k¤Â . ,	, l« M@C22 � C–M �
���©O� 2.10, 2.02, 1.93, 1.88, 1.83, 1.80, 1.88

Ú 1.89Å. C Ú M �f��»�Ú©O� 2.21, 2.09,

1.99, 1.95, 1.94, 1.94, 1.93 Ú 1.92Å, þ�u C-M �
����, `² C–M �äk�½�lf5. ã 2(a)

�Ñ M@C22 ��©>Ö�Ýã, �©>Ö�Ý
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½Â [16]: δρ(r) =ρM@C22(r) − (ρC22(r) + ρM (r))

Ù ¥,δρ(r) ´ M@C22 3 r ? � � © > Ö � Ý,

ρM@C22(r) ,ρC22(r) Ú ρM (r) ©O� M@C22,C22

Ú M 3 r ?�o>Ö�Ý. ã¥L²l« M@C22

� M Ú C � m þ k � ½ � � © > Ö È à, q
d Mulliken >Ö©Û� C Ú M m�3>Ö=
£, `² C–M �äk�½��d5. Ïd,C–M �
Qäk�½�d5qäk�½lf5.

3.3 M@C22 ���>>>fff(((���

ã 3 �Ñ
 C22 Ú M@C22 �U?©Ùã. U
þ�3 0.05 eV S�U?w�{¿, {¿Ý��
^î��Y²�ÝL«, ¢��Óâ;�, J�
��Óâ;�. Ù¥ M �fé¤�U?NC�
;��z±z©ê/ªI3ã¥. Ó�, ã 2(b)

�Ñ
 M@C22 ¥ M �f 3d ;�©Å��Ý
ã. ��Ýã´ÏLélÑU??1âÔ[Ð
m¼��, ÐmXê� 0.15 eV. �©� LUMO �
¤�U? Ef ���, ¿òÙ£� 0eV ?.HOMO-

LUMO UY (energy gap, Eg)[17] �N>flÓâ;
���Óâ;�u)�[�Uå, û½LVL�
ÄåÆ­½5. dã 3 ��, � C22 �',Sc@C22

Ú V@C22 �UY�~�
 0.39 Ú 0.21 eV, `²
ÄåÆ­½5ü$; �8«S�ÔUY©OO
� 0.11,0.39,0.23,0.26,0.17 Ú 0.14 eV, `²ÄåÆ
­½5Jp. ,	, �fSê�Ûê� M@C22 U
?u)²wCz, Ü©U?u)©�, {¿Ýü$;

�fSê�óê� M@C22 U?CzØ�. ©Û M

�fé�;���z¿éX Mulliken >ÖÚ M �
f� 3d ;�©Å��ÝãØJuy: 7á�f�
z���;��´l« M �f� 3d Óâ�;�,

©O´: HOMO-6, HOMO-6, HOMO-10, HOMO-6,

HOMO, HOMO, HOMO-2 Ú HOMO-2, éA¸�¤
3Uþ«m� 5.4 � 11.2 eV, –0.6 � 2.1 eV Ú –12.3

� –9.7 eV. `²l« M �f3ù
Uþ��S�
%�f�3�r�;�,z�p�^.

R � > l U (VIP) � � � � � > Ö � ì q
�¥5ìq3²ï�e�oUþ�. R��Ú
U (VEA) � � � � K > Ö � ì q � ¥ 5 ì q
3 ² ï � e � o U þ �.C22 � VIP Ú VEA ©
O ´ 7.76 Ú 2.75 eV,Sc@C22 Ú Ti@C22 � VIP

þ � 7.91 eV;VEA © O ´ 3.38 Ú 2.82 eV, ê �
þ k ¤ O \, ` ² Sc Ú Ti � � \ J p 
 % <

� � > f � U å. � 8 « M@C22 � VIP ©
O´ 7.43,7.32,7.34,7.52,7.51 Ú 7.55 eV;VEA ©O
´ 2.68,1.98, 2.21,2.15,2.13 Ú 2.56 eV, � C22 �',

ê�þþk¤~�, Ïd�8« M �f��\ü
$
%<��>f�Uå.

3.4 M@C22 ���^̂̂555

Mulliken >Ö©Ùw« M@C22 ¥ Sc-Ni � 3p

;��>fê©O� 0.15, 0.08, 0.05, 0, 0.03, 0.03,

0.02 Ú 0.02 e,3d ;��>fê©O� 1.14, 1.09,

1.09, 0.02, 1.06, 0.92, 0.99 Ú 0.76 e,4p ;��>
fê©O� 0.25, 0.46, 0.59, 0.74, 0.70, 0.66, 0.80

Ú 0.70 e, 
 4s ;��>fê©O� 1.75, 1.71,

1.60, 0.56, 1.46, 1.39, 1.36 Ú 1.34 e. éu Sc Ú Ti,4s

;��>fØ=£�Ùg�� 3p,3d Ú 4p ;�
	, �k 0.21 Ú 0.08 e ©O=£��A�%<. é
u V-Ni,3p,3d Ú 4p ;����>fØ�Ü©5g
Ùg�� 4s ;�	, �k 0.13, 0.20, 0.33, 0.22, 0.45

Ú 0.14 e ©O5gÙ�A�%<. Ù¥, l« M

� 3d ;��>f�õ, Ïd�íÿ7áÚ%<m
��p�^Ì�8¥3 M � 3d ;��%<� C

�f;��m.

O � u y, Sc@C22, V@C22, Mn@C22

Ú Co@C22 ^ Ý þ � 1.00 µB, Ù � A M � ^
Ý © O � –0.02, 0.04, 0.74 Ú 0.08 µB, � A %
< � ^ Ý © O � 1.02, 0.96, 0.26 Ú 0.92 µB, Ï
d, Sc@C22 ¥ M Ú C m´f�c^�p�^,

V@C22, Mn@C22 Ú Co@C22 ¥ M Ú C mþ�
fc^�p�^. éu Ti@C22, Cr@C22, Fe@C22

Ú Ni@C22, M Ú�A%<^Ýþ� 0 µB, Ïd^
5��d«.

4 ( Ø

�©Ì���±eA:(Ø:1)C22 Ä��¹
k��o%��ü­�(�,M ��\Or
%<
­½5¿¦%<�)��)ä.C–M �Qk�d5
qklf5.2) l« M �f� 3d ;�Ú%<��
f;��mu)Ì�,z.Ti,Cr,Fe Ú Ni S��(
�Ñy^5��d«y�.Sc Ú%<m´f�c^
�^,V,Mn Ú Co �%<m´fc^�^.3)Sc Ú Ti

��\Jp
%<��>fUå, 
�8« M �
fü$
%<��>f�Uå.
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Abstract

The generalized gradient approximation (GGA) based on density functional theory(DFT) is used to analyze the structural and

electronic properties of the unclassical endohedral fullerene M@C22(M=Sc, Ti, V, Cr, Mn, Fe, Co and Ni). It is found that the ground-

state structure of the unclassical fullerene C22is a spin singlet cage containing one four-membered ring and the doping of transition

metal atom can obviously enhance the stability. It is discovered that the C–M bond have both the covalent and the ionic characteristics.

The analyses of magnetism, energy levels, orbital wave functions and density of states show the hybridization between the 3d orbital

of M atom and the C atomic orbital in C22. In addition, Ti, Cr, Fe and Ni atoms become non-magnetic after they have been doped into

the C22.
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