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|^�Ý�¼nØÚ�²ï��¼ê�{, �©é�º�ìq Tan(B3N3H6)n+1 (n 6 4) �^5ÚþfÑ$5
�?1
XÚ�ïÄ. O�(JL², daNXæ^n²£(���ÙÄ�¿�äk�p�­½5. NX�^Ý�
ìqº��O�
�5O�. �r Tan(B3N3H6)n+1 ìqÍÜ� Au >4þ�, /¤� Au-Tan(B3N3H6)n+1-Au NX
3k� ØeÐ«Ñ
�r�g^LÈUå, Ï
�±�w�´�a#.�$�g^LÈì.

'�c: Tan(B3N3H6)n+1 ìq, n²£(�, þfÑ$

PACS: 36.40.−c

1 Ú ó

g l 20 ­ V 50 c � u y � j
c©f Fe(C5H5)2 ±5, n²£(��©fìq
BÉ�
2��'5. daNX  ÐyÑÛÉ�
ÔnÚzÆ5�, ~X^Æ5�!1Æ5�±9x
z5��, ¿�±^5���ï#.B�á��(
�Ä� [1].

Ø
 C5H5 ±	, ±� C6H6 ���N�n²
£(�ìqÚ©fó�Úå
2��'5. |^
-1�uÜ¤{, ¢�þ®²Ü¤
 Mn(C6H6)m
(M = Al, Sc, Ti Ú V, Ù¥ m Ú n��ê), ¿ÿþ

ù
NX�^5 [2,3]. nØþéudaNX�k
X�õ�ïÄ, AO´ Vn(C6H6)n+1 ìq. ~X, |
^¹��Ý�¼nØÚõN�6nØ, Martı́nez �
O�
dan²£ìq�1Æ5� [4]. Mokrousov

�Äu�Ý�¼nØ, �[?Ø
 Vn (C6H6)n+1

�^5 [5]. du Nb Ú Ta � V þáÓ�Bx, Ù

�fäkaq�d>f(�, Ïd©z [5] ¥�é
n«��±Ï5©fó [M (C6H6)]∞( M = V, Nb

Ú Ta) �AÛ(�!U�(�Ú^5?1
&?.

Ød±	, Ù¦�
���é V-C6H6 n²£ìq
½©fókX�\�?Ø [6−8]. k��´, ù
ï
ÄL²��±Ï5©fó [V(C6H6)]∞ äk�7á
�>f(�, �±���«kÅg^LÈì.

¯¤±�, B3N3H6 äk� C6H6 �q�(�
Ú�Ó�>fê, 3,
�¡äkaq�5�, Ï

�¡��ÃÅ�. �C, Mallajosyula �XÚ/ï
Ä
ÃÅn²£ìq Vn (B3N3H6)n+1 Ú��±
Ï5©fó [V (B3N3H6)]∞ [9]. ¦��(JL²:

Vn(B3N3H6)n+1 �Ä�þ�n²£(�, 
Ù¦�

�.3Uþþ´Ø|�. d	, � Vn(C6H6)n+1

aq, ��º�� Vn(B3N3H6)n+1 ¥ V �fm
� Û � ^ Ý ä k c ^ S � A :. Ó � ¦ � @
� [V(B3N3H6)]∞ ' [V(C6H6)]∞ ä k � r � �
7á5Ú�p�­½5, Ï
�±���«#.�
ÃÅg^LÈì. 3���ïÄ¥, [V(B3N3H6)]∞
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��7á5�?�Úy¢ [10].

3 � C � � � ó � ¥, ·� é Nb-C6H6

Ú Nb-B3N3H6 ü « n ² £ ( � ì q Ú ��
± Ï 5 © f ó ? 1 
 é ' ï Ä [11]. ( J
L ² � , Nb Ú V � d > f ( � a q, �
� Vn(B3N3H6)n+1 Ú Vn(C6H6)n+1 þ ´ c ^ S
ØÓ, �º� Nbn(C6H6)n+1 Ú Nbn(B3N3H6)n+1

� Ä � Ð « Ñ Ø Ó � ^ S. · � u y é
u Nbn(C6H6)n+1, � X n � O \ N X � 3 X
� c ^ S � c ^ S � = C. ��­ � � ´, �
, [Nb(B3N3H6)]∞ �Ä�>f(�´c^�7á,

�´ [Nb(C6H6)]∞ �Ä�%´c^��N. �Ò´
`�, Nb Ú V ´Óx��, �§���ÚÃÅ�
/¤n²£(�ìqÚ©fó�%Ð«ÑØÓ�
%´Lõç�ÔnÚzÆ5�.

3�©¥, ·�|^�Ý�¼nØÚ�²ï
��¼ê�{é Ta Ú B3N3H6 ¤�¤�ìq Tan

(B3N3H6)n+1(n 6 4) ?1
XÚïÄ. Ì�)û±
en�¯K: 1�, du Ta � V Ú Nb Óx, @où
aìq´Ä�¬æ�n²£(���ÙÄ�, ìq
�­½5XÛ? 1�, NX�^5XÛ? 1n, Xc
¤ã, Ã�� [V(B3N3H6)]∞ Ú [V(C6H6)]∞ þä
k�7á5Úg^LÈ�A, @odak�º�ì
q�þfÑ$5�XÛ? Ò·�¤�, 8c�vk
é Tan(B3N3H6)n+1 ìq¢�½´nØïÄ�XÚ
��. Ïd, ù
¯K�ïÄÚ?Øéuuy#.
©f>fì�äk­��nØ¿Â.

2 O��{

Tan(B3N3H6)n+1 (n 6 4) ì q � O � ¦
^ DMOL3 §S� [12]. >f���'é�¼À
�O�¥~^�2ÂFÝCq (GGA) e� PBE �
¼, Ó�|^�4z�Vê��fÄ| DNP ?1
�>fO�, ¿�3O�¥¿©�Ä
�éØ�A
�K� [13]. 3kc���¥ PBE �¼Ú DNP Ä
|®²¤õ�^ué Nb-C6H6 Ú Nb-B3N3H6 NX
�ïÄ [11].

éu�½º��ìq}Á�«�U�Ð©(
�, �)n²£(�Ú�n²£(�, ~X��(
�!­U(�!“�¥” (�� [14]. éu�½�(
�, �ÄØÓ�g^õ­ÝÚ^S. ²L�þO�

�, rUþ�$öÀ�ìq�Ä�. O���5¿
ü:: �´ÏLO�ªÇ5y¢¤�NX´³U¡
þ�Û�4�
�LÞ�½´p�Q:. XJ�3
Jª, K·�ÆC�­#`z±�ØJª. �´é
ué¡5'�p�NX, AO´�pÓâ;��3
�÷Óâ��ÿ, ¿©�Äñ - �V�A�K�.

X

Y

Z

ã 1 O�¤¦^�V>4�. (3 Ta2(B3N3H6)3 ¥ç
¥!�¥!x¥Ú��¥©O�L N, B, H Ú Ta �f)

éu Tan(B3N3H6)n+1(n 6 4) ìqþfÑ$5
��O�, æ^Äu�Ý�¼nØÚ�²ï��¼
ê� SMEAGOL §S [15]. ± Ta2(B3N3H6)3 ìq�
~, ùp¤¦^�V>4�.3ã 1 ¥�Ñ. Tn
Ø�.©�n�Ü©: �>4!¥
Ñ�«Úm>
4. Ù¥¥
Ñ�«�)¤ïÄ�©fÚ>4¶-
�, 
�mü�>4þæ^ fcc ¬� Au � (001) ¡.

¢�þìq�±ÏL7á�f½´�G�N�>
4ë� [16], ØÓ�ë��ªéNX�þfÑ$5
�, ~X�>>�½�>>{k²w�K�. ùp
·�==�Ä B3N3H6 � Au >4�ë���ª,

¿lUþk|��ÝÀ� B3N3H6áN3 Au (001)

¡�º �fþ. Ó�éV>4NX?1(�`
z, ¦ìqÚ>4�m�ål?u��Ün� �.

éu n ØÓ�NX,ÃÅ��º �f�ål©O
� 1.53 Å (n = 1), 1.56 Å (n = 2), 1.54 Å (n = 3)

Ú 1.53 Å (n = 4). d	,·��O�(JL²`z
c�ìq��.Ä��±ØC.

O � � é u Au � f À � SZP Ä |, Ù ¦
�fKÀ� DZP Ä|, S�>fÀ� Troullier-

Martins �³ [17]. éuV>4XÚ�gUO�, Eæ
� GGA e� PBE �¼, UþÂñIO� 10−5 eV.

é XY ��þ� Au >4º�ÀJ�v
� (�
ã 1), ¦�ìq�Ù3 XY ��±Ïº���p�
^�±�ÑØO. V>4�.¥NX�g^4z>
6dÍ¶� Landauer-Büttiker úª�Ñ, 'uO�
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úª±9daV>4�.��
äNO�[!�
±ëw©z [18—21].

3 (J�?Ø

3.1 Tan(B3N3H6)n+1( n 6 4) ìììqqq���ÄÄÄ���
(((���ÚÚÚ^̂̂555

ã 2 ¥�Ñ
O�¤��� Tan(B3N3H6)n+1

(n 6 4) ìq�Ä�(�, �[�êâ3L 1 ¥�
Ñ. �,3O�L§¥��
Ø�æ­(�, �ù
pÌ�?ØNX�Ä�(�.

l ã 2 � ± � Ù w �, a q u k c
ï Ä � Vn(B3N3H6)n+1 Ú Nbn(B3N3H6)n+1,

Tan(B3N3H6)n+1 (n 6 4) ìq�Ä�E,´n²
£(� [9,11]. 
 “�¥” (��Ù¦�
�.�
y²´æ­½öØ­½�. 3Ä�(�¥��ü
� B3N3H6 ©f¥� B Ú N ´���. ù´d
u B3N3H6 ¥� B Ú N ©O�k��ÎÒ�>Ö,

æ�ù«(���� B3N3H6 ©f¥� B Ú N �
±�)���·>áÚ, l
ü$NX�oUþ.

Ta(B3N3H6)2 ´ùpïÄ���ìq. O�
(JL²Tìqäk C2h �é¡5, ìqpÝ
� 3.701 Å.�
'�ìq�­½5, L 1 ¥�Ñ

ìq�(ÜU, ÙO�úª�

Eb =E
[
Tan (B3N3H6)n+1

]
− (n + 1) E (B3N3H6)

− nE(Ta), (1)

ª¥ E [Tan(B3N3H6)n+1], E (B3N3H6) Ú E (Ta)

©O� Tan(B3N3H6)n+1 ìq!B3N3H6 ©fÚ Ta

�f�Uþ. lL 1 �±w�, Ta(B3N3H6)2 �²þ
(ÜU� 4.644 eV, L² Ta Úü� B3N3H6 (Ü/
¤n²£�L§¥�±wÍ/ü$Uþ, NX39
åÆþ´­½�.

� � º � � Tan (B3N3H6)n+1 � ± w �
´ 3 Ta (B3N3H6)2 � Ä : þ V \ e Z � Ta

(B3N3H6)“�n²£” |C
¤. � Ta (B3N3H6)2
aq, �º��n²£�äk�p�²þ(ÜU,

Ïd�±­½�3. ��k��´, lL 1 �±w
�, z�O\�� “�n²£” �, ìqO\�(Ü
UÄ�ØC, þ3 4 eV �m2Ä. ù¿�Xìq�
)�´��­½�9�L§, O\�� “�n²£”

¤�Ñ�9þ��kNXº�'XØ�. �±ý�,

��º��ìq (n > 5) $�´��±Ï5©fó
�´�±­½�3�.

L 1 Tan (B3N3H6)n+1 (n 6 4) ìq�:+ PG!(Ü
U Eb, HOMO-LUMO UY Eg, �$ªÇ wL Ú^S

PG Eb/eV Eg/eV wL/cm−1 ^S

Ta(B3N3H6)2 C2h 4.644 0.889 53.2 —

Ta2(B3N3H6)3 C2v 8.448 0.742 108.1 c^

Ta3(B3N3H6)4 C1 12.522 0.415 74.4 c^

Ta4(B3N3H6)5 D3h 16.631 0.402 89.5 c^

14.516 A11.011 A
7.358 A3.701 A

n/

n/

n/

n/

ã 2 Tan(B3N3H6)n+1 (n 6 4) ìq�Ä�(�
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      









n

M
t
o
t
/
µ
B

ã 3 Tan(B3N3H6)n+1 (n 6 4) Ä�ìq�o^Ý Mtot

ã 3 �Ñ
ìqo^Ý (Mtot) �ìqº��
Cz­�. éw,, NX�o^Ý�ìqº��O
\
�5O\. ·�3 Nbn(B3N3H6)n+1 NX¥
�uy
aq�1� [11]. ù¿�X���º�
� Tan(B3N3H6)n+1 (n > 5) ìq±9��±Ï5
©fó½N�±ÐyÑwÍ�^5. äN�>ÖÙ
Ø©ÛL², Tan(B3N3H6)n+1 ¥ Ta �Û�^Ý±
c^SÍÜ, 
�c^½�^�^(�3Uþþ´
Ø|�. ã 4 ¥�Ñ
 Tan(B3N3H6)n+1 �g^�
Ýã±9z� Ta �fþ�Û�^Ý. ùp�g^
�Ýãdg^�þ>f�Ý~�g^�e>f�
Ý��. lã¥�±w�^Ýkü�A:: 1�, Ø
Óº� Tan(B3N3H6)n+1 ¥ Ta �Û�^Ý���
����Ä��Ó, � 1 µB (µB �Å�^f), ù�
>ÖÙÛ©Û�(J��, Ó� B3N3H6 ©fJø

�^ÝÄ��±�ÑØO. 1�, Ta �Û�^ÝÌ
�d dσ ©f;�þ�>fJø, T©f;�Û�
©Ù3 Ta þ¿äk dz2 �f;��A:, Ïd´
�«��;�. ù«d��;�>fJø^Ý�
y��3 V (C6H6)2 ¥�uy [2]. o�, Ä� Tan

(B3N3H6)n+1 ìq�^S´c^S, Ïd����
�^½N3dak�º�ìq¥E,åXÌ�
�^ [7].

é u ì q 5 `, Ù HOMO(� p Ó â ; �)-

LUMO(�$�Óâ;�) �m�UY Eg ´��
­��Ônþ, �N
ìq�ÄåÆ­½5 [14]. d
L 1 �±w�, º����n²£ Ta (B3N3H6)2 �
UY��, � 0.889 eV, Ïdäk�p�ÄåÆ­
½5. 
ùp¤ïÄ���º�� Ta4(B3N3H6)5
�UY��, � 0.402 eV, Ï
äk�$�ÄåÆ
­½5. oN5`, Tan(B3N3H6)n+1 ìq� Eg �
ìqº��O\
k¤~�, ÙÄåÆ­½5k
¤ü$. ¯¢þ, Eg �ìqO�
Åì~��1
��3 Nbn(B3N3H6)n+1 NX¥�*	�, ¿�ª
��
��±Ï5©fó [Nb(B3N3H6)]∞ ��7
á5 [11].

3.2 Tan(B3N3H6)n+1 (n 6 4) ìììqqq���þþþfff
ÑÑÑ$$$555���

|^ã 1 ¤«�V>4�.,·�O�
 Au-

Tan(B3N3H6)n+1-Au (��þfÑ$5�. L 2 �
Ñ
" Øe, ØÓNX�>� G Úg^LÈ�
Ç SFE. éu" Ø��¹, SFE �½Â�

n/

n/

n/

n/

.µB

0.959µB

1.054µB

1.095µB

1.090µB

0.902µB

1.066µB

1.061µB 

0.959µB

1.054µB

ã 4 Tan(B3N3H6)n+1 (n 6 4) ìq�g^�Ýã (ã¥Ó��Ñ
 Ta �f�Û�^Ý)
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SFE =
T↑ (EF) − T↓ (EF)
T↑ (EF) + T↓ (EF)

, (2)

ùp, T↑(EF) Ú T↓(EF) ©O�L
" Ø�¤�
U? EF þg^�þ (↑) Úg^�e (↓) >f�ß
�Xê. ØJwÑ¤kNXÑäkX���>�Ú
�p� SFE Xê, äkûÐ�g^LÈ5�.

L 2 " Øe Tan (B3N3H6)n+1 ìq�g^LÈ�
Ç SFE Ú>� G

SFE/% G/µS

Au-Ta(B3N3H6)2-Au 90.3 10.8

Au-Ta2(B3N3H6)3-Au 93.2 18.4

Au-Ta3(B3N3H6)4-Au 85.7 10.5

Au-Ta4(B3N3H6)5-Au 80.8 11.7

k� Øe>fÑ$A5U
�´L�£ã
©fì��>ÆA5, Ïdk7�ïÄk� Øe
>f�Ñ$5�. ± Au-Ta2(B3N3H6)3-Au�~,·
�3ã 5 ¥�Ñ
NX3k� Øe�>6 - >
Ø (I-V ) ­�±9 SFE ­�. I�5¿�´, 3k
� Øe SFE �O�úªd (2) ªC�

SFE =
I↑ − I↓
I↑ + I↓

, (3)

Ù¥ I↑ Ú I↓ ©O�L
�½ Ø V e, g^�þ
Úg^�e�>6. XJ SFE���`²g^4z
>6¥±g^�þ>f�Ì, ��K±g^�e>
f�Ì. 
o>6 I = I↑ + I↓.

dã 5(a) �±w�, 3 0—1 V �k� Ø
e, Au-Ta2(B3N3H6)3-Au NX� I-V ­�LyÑ

�Ð��5A5, vkuyK�©>{1�.

ùL²3ØÓ ØeTNX�>��vk��
�ÅÄ, äk�Ð�­ð>�A5. aq�A5
3 Au-C20F20-Au NX¥��*	� [21]. 3k�
 Øe, Au-Ta2(B3N3H6)3-Au NX SFE ����
� 90.1%, Ñy3 Ø� 0.6 V ?;SFE ����
� 71.2%, Ñy3 Ø� 0.7 V ?. 
²þg^LÈ
� (ASFE) Kp� 80.7%, ù`²3k� Øe Au-

Ta2(B3N3H6)3-Au NX�g^LÈ�Ç�´'�p
�, ÏdTNX�(U
ÐyÑ�Ð�g^LÈ
�A. Ta2(B3N3H6)3 �p­½5Ú�p� ASFE L
² Au-Ta2(B3N3H6)3-Au NX�±���«#.$
�g^LÈì.

�   Ø ��� 0—1 V �, Ø Ó Au-Tan

(B3N3H6)n+1-Au (n = 1—4) NX� ASFE �ìq
º� n �Cz­�3ã 6 ¥�Ñ. O�(JL²,

ASFE �¥
Ñ�«ìq�º� n ¿vk{ü�'
X, 
ÐyÑ��E,���1�. lã¥�±w
�� n = 2 �, =c¡?Ø� Au-Ta2(B3N3H6)3-Au

NX� ASFE �p. ã 6 Ó�`²3k� Øe,

Ù¦ Au-Tan(B3N3H6)n+1-Au NX�äk�Ð�g
^LÈÑ$5�, Ù ASFE ©O� 56.2% (n = 1),

64.4% (n = 3) Ú 71.7% (n = 4).

(a)2

4

6

8

10

12

I
/
m
A

(b)

0.0 0.2 0.4 0.6 0.8 1.0

-75

-50

-25

0

25

50

75

S
F
E
/
%

V/V

0.0 0.2 0.4 0.6 0.8 1.0

V/V

ã 5 k� Øe Au-Ta2(B3N3H6)3-Au NX� I-V ­
�Ú SFE ­� (a) I-V ; (b) SFE

1 2 3 4
50

60

70

80

n

A
S
F
E
/
%

ã 6 k� ØeØÓ Au-Tan (B3N3H6)n+1-Au NX
� ASFE ­�
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-1 0 1

-0.4

-0.2

0

0.2

0.4

0.6

0.8

T
↼E
↽

E/eV

ã 7 3 0.4 V  Øe Au-Ta2(B3N3H6)3-Au NX�DÑ
Ì T (E) (J��L ØI, 
�Þ�Lg^�þÚg^�
e>f�DÑÌ)

�
n)daNX�g^LÈ5�, ã 7 ¥
± Au-Ta2(B3N3H6)3-Au �~�Ñ
 Ø� 0.4 V

�>f�DÑÌ. ã¥�J��L
 ØI, 
N
X�g^4z>6d ØIS�>fÑ$Ì(½.

lã 7 ¥�±w�, 3 ØIS, �éug^�e
�>f5ù, g^�þ�>f²wäk�p�Ñ
$Ì�, Ïd3o�>6¥ I↑ ¤©��, l
�)

��� SFE �. ,	·��(J�L², �éu
Ù¦NX, �	\ Ø�"� Au-Ta2(B3N3H6)3-Au

¤�U??äk�p�DÑÌ, ¿�X>f�N´
ÏLTNX. l
��«
" ØeTNXäk�
�>��Ôn�
 (�L 2).

� â ± þ ? Ø, ·� � ( J L ² k � º �
� Tan(B3N3H6)n+1 ìq3æ�Ü·�>4��
(�±���a#.�$�g^LÈì, ùaNX
½NU
3ò5�©f>fÆÚg^>fÆ¥u
�­��^.

4 ( Ø

|^�Ý�¼nØÚ�²ï��¼ê�{, �
©XÚïÄ
 Tan(B3N3H6)n+1 (n 6 4) ìq�Ä
�(�!^Æ5�ÚÑ$5�. ¤�(ØXe:

1. Tan(B3N3H6)n+1 ìq�Ä�þ�n²£(
�, 
���²þ(ÜUL² Tan(B3N3H6)n+1 ì
q�~­½.

2. �Xìqº��O\NX�o^Ý�5O
\, ¿�Ä� Tan(B3N3H6)n+1 ìq¥ØÓ Ta �f
�Û�^Ý´±c^SÍÜ�.

3. éu Au-Tan(B3N3H6)n+1-Au NXþfÑ$
5��ïÄKL²daNXäk�p�g^LÈ
Uå, Ïd�±���a#.�$�g^LÈì.
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Abstract

Using density functional theory and non-equilibrium Green’s function technique, we investigate the magnetic and quantum trans-

port properties of Tan(B3N3H6)n+1 (n 6 4) clusters. The results show that these clusters have sandwich structures as the ground states

and their stabilities are all very high, and that the total magnetic moment increases linearly with cluster size increasing. When these

sandwich clusters are coupled to Au electrodes, the Au-Tan(B3N3H6)n+1-Au system could exhibit high spin-filter capability under

finite bias voltage and can be viewed as a new kind of low-dimensional spin filter.
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