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|^Äu�²ï��¼êÚ�Ý�¼nØ�(Ü�1�5�nO��{, ïÄ
'��f���,én¿�
©f>fÑ$5��K�. O�(JL², n¿�©fì��>63A½ Ø«mS�>Ø�O\
~�¥yÑK
�©>{�A, >6�¸��'p� 5.12. ^'�f½ö��f��©f�¥%�f�, ì� 0.8 V ±S�>6²w
O\, �´K�©>{�A~f, �A�>6¸�'©Oü� 3.83 Ú 3.61. ©Û@�, Ñ$Xê3A½ Øe�£Ä
´ì�K�©>{�A�Ì�¤Ï. Ø	>fê��É��'��f�,���±¦ì�;�9Ùß�¸©O�
pU��½ö$U��£Äl
k�/N�
ì��$ Øe�>fDÑUåÚK�©>{�A.

'�c: �²ï��¼ê, �Ý�¼nØ, >fÑ$, K�©>{�A

PACS: 73.63.−b, 85.65.+h

1 Ú ó

Cc5, �*ö�EâÚg|CEâ�Øä�
õ�uÐ¢y
<aö�ü�©f¿òÙ|C¤
©fì����. ©fì�k"¤�)ûDÚ7Ä
��Nì�º�ªu4���k�å»��, Ù>
fÑ$5��ïÄÅì¤���ïÄ9:. �Xï
Ä��\, ©fì���«ÛA�Ôn5�, ~X,

ü>f�A [1]!m'�A [2−4]!�6�A [5−7]!
K�©>{�A [8−10]!ã^{�A [11,12] �Úå

�Æ[�2��'5. Ù¥, K�©>{�A�
ïÄ��Ú<5¿, Ï�§3��ì!Ü6�!
&E�;Ú¯�m'�éõ+�Ñk2��A
^cµ.

K�©>{�A´�«ì�>63A½>Ø
«��X>Ø�O�
~��ÛAy�. Ty�
�@d Esaki 3ïÄ�B�4+�>Æ5U�u
y [13]. ��, �Æ[�3ïÄVþf² [14]!��
�B�4+ [15]!�¬� [16,17] �ÔnNX��ÿ

�uy
Ty�. Cc5, �Æ[�uyéõ©f
ì�Ó��±*	�K�©>{�A, ~X, kÅ
©fì� [18,19]!C60 ©fì� [20,21]!%B�+
©fì� [22,23]!�$L©fì� [24,25] �. �C
�ïÄ(JL², K�©>{�A¿Ø´��­½
�>fDÑy�, §�±��X©fì�	Ü�¸
½öSÜ>f(��UC
u)Cz, l
*�Ù
A^då [26−28]. Ïd, �Æ[�3ïÄK�©>
{�A¤Ï�Ó�, �34å&ÏN�Ty��k
��{.

�þ�ïÄ(JL², '��f���,´
N�©fì�>fÑ$5��~k���{��.

Zhang �<ïÄuy'��f���,é C60 ©
fì��>fÑ$5�)é��K� [29]. ��,
� C60 ©fì�3A½ Ø«m¬ÑyK�©>
{�A, ,
'��f���,Ñ�±¦Ty�
��. �V C60 ©fÓ�©O�\'�fÚ��
f, ì��>6 - >Ø­�¬¥yÑ²w��6y
� [30]. x�<3ïÄü��$B���g^4z
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Ñ$�uy, �ü���f½öü�'�f�\¥
%Ñ�«Ó�� �¬éü�g^©þ�>6�
)�����K� [31]. �kïÄL², '�f��
�,� (8,0) %B�+é`�íNkér�¯a5,

ÙåPU��O\�±��¤uÿ`��B�D
aì½ö1>ì� [32].

Q,'��f���,�±é©fì��)
Xd�K�, ¤±�©ïÄ
'��f���,n
¿�©fì��>fÑ$5�. ïÄ(JL²'�
�fØ=�±UCì�$ Øe�>6, Ó��´
N�n¿�©fì��K�©>{�A��«k
�Ãã. ÏLéß�Xê, Ø	>fêÚc�©f
;��gUÝKM�îþ (MPSH) �©Ûuy, ß
�Ì3A½ Øe�£Ä´ì�K�©>{�A
�¤Ï, 
Ø	>fê��É��'��f�,�
��±¦ì�;�9Ùß�¸©O�pU��½
ö$U��£Äl
k�/N�
ì��$ Ø
e�>fDÑUåÚK�©>{�A.

2 �.Ú�{

ã 1 �·��[�n¿�©f� 3 × 3 ��Ã
��7 (111) ¡>4¤�¤�V&�©fì�«¿
ã. ©fÏL1�f�7>4;��ë/¤­½�
�., ¥%�f R �'��f����,� �.

M1, M2 Ú M3 ©OéA©f���!d'�f�
�Úd��f��n«ØÓ�ì��.. ��ì�
©�n�Ü©µ�>4!m>4±9¥%Ñ�«,

¥%Ñ�«�¹
n¿�©f��m7>4��
ü��f. Ú\Ü©�f�8�´�
¶-©fé
>4�³6Ä. ¥%Ñ�«	Ü� Kohn-Sham ³�
½��m>4�¬N³, T³�±ÏLÕá�O�
��¿��±î�/Uì	Ü>Ø�Czu)�
A�£Ä. Ïd, �¥%Ñ�«Jø
��g,�
¢�m>.^�.

ì � � > 6 � d Landauer-Büttiker ú ª ¦
� [33]:

I(Vb) =
(

2e

h

) ∫ µR

µL

(fL − fR)T (E, Vb)dE, (1)

Ù¥, µL Ú µR ©O��m>4�zÆ³, Vb ��
m>4�>Ø�, fL Ú fR ©O�ü�>4�>f
¤�©Ù¼ê, T (E, Vb) ´3 Ø� Vb, Uþ� E

��ß�Xê�±deª¦�:

T (E, Vb) = Tr
[
ΓL(E)GR(E)ΓR(E)GA(E)], (2)

Ù¥, GR(E) Ú GA(E) ©O�Ñ�«�ò´Ú�
c��¼ê, ΓL,R = i

( ∑R
L,R(E)−

∑A
L,R(E)

)
�Ð

°¼ê,
∑R

L,R(E) Ú
∑A

L,R(E) ��m>4éÑ�
«�gU.

ã 1 n¿�©f�7>4�¤�V&�©fì�(�«¿ã (M1, M2 Ú M3 ©O�©f¥%�f R ���!d'�f��
Úd��f����ì�(�)

�©¥ì�AÛ(��`z!>f(�Ú>
6 - >ØA5�O��Ü´|^Äu�²ï��
¼êÚ�Ý�¼nØ�(Ü�1�5�nO��
{ (ATK ^�)[34,35]. �
��Ün�ì�AÛ�
., ·�Äké©f?1O Newton �{`z¦�

fþ�²þAå�u 0.05 eV/Å. ��©f�1�
f�d>f;��Ä¼ê�½� DZP(V ζ+ 4z),

7�f�d>f;��Ä¼êK�½� SZP(ü ζ+

4z). �
²ïO�°ÝÚO��m, ·�À��
äU� 150 Ry ��'é�¼æ^�´Û��ÝC
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q (LDA), Ñ$�� (z ��) þ� K :�� 200, �
DÑ��R��ü��� (x Ú y ��) þ�� 3.

3 O�(J�?Ø

3.1 >>>666 - >>>ØØØAAA555

ã 2 �ì� M1, M2 Ú M3 3 [0V,2V] ��S
�>6 - >ØA5­�. lã¥·��±�Ù/w
�'�fÚ��f���,éì�>6 - >ØA
5�K�Ì�Ly3ü��¡: 1�, �©f¥%
�%�fd'�fÚ��f���, $ Øe�
>6¬kØÓ§Ý�O\. ãþw« 0.8 V ±S>
6��gS� IM3 > IM2 > IM1, ù`²'��f
���,Ñ�±O�ì�3$ Ø��S�>f
DÑUå; 1�, n¿�©fì�3 1.2 V � 1.8 V

m�>6�X>Ø�O�
~�¥yÑ²w�K
�©>{�A, Ù>6�¸�' RM1 = I¸/I� p
� 5.12. �´, '��f��©f¥%�%�f�
�, ì��K�©>{�A¬²w/~f, K�©
>{�A/¤�>Ø��Cz� 1.4 V � 1.8 V, �
A�¸�' RM2 Ú RM3 �©Oü� 3.83 Ú 3.61.

ù`²��f���,éì�K�©>{�A�
�f�^��²w. dc©��, K�©>{�A
3��ì!Ü6�!&E�;Ú¯�m'�éõ
+�Ñk2��A^cµ. '��f���,én
¿�©fì�K�©>{�A�N��^òO�
Tì��A^5U.

ã 2 ì� M1, M2 Ú M3 �>6 - >ØA5­�

3.2 NNNXXX���ÝÝÝ���ÌÌÌÚÚÚ MPSH ©©©ÛÛÛ

�
)º'��f���,éì�>6 - >Ø
A5�N��^, ã 3 �Ñ
ì� M1, M2 Ú M3

�" Øß�Ì. �©f�>4�pë��¤V&

�XÚ�, ©f;��>4;��ÍÜ�^��©
f�>f(�u)Cz, 3©f>f�*Ð�>4
�Ó�, >4�>f��¬*Ð�©f¥, l
¦
�©f�>f��>4�>f�u)�½�,z.

d�, ©f�>f�å�ëÏü>>4>f¥��
^, ��u>fDÑ�xù. ��m>4�3>³
��, äkA½Uþ�>fÒ¬Uì�½�ß�V
ÇlpU?>4ÏL©fD4�$U?>4, /¤
>6. lK�úª¥��, >6������ûu
�>Ø�éA�Uþ«mS�ß�XêoÚ. 
ß
�Xêq�ûuc�©f;��ê8, ;��ß�
VÇÚ;��UþüÙ ���. �c�©f;
��ê8�õ, ;��ß�VÇ��±9UþüÙ
 ���C¤�U?�A�>6�Ò��, ��Ò
¬��ùp, ·�rß�Ì¥$u¤�U?�1�
��B¸½Â��pÓâ©f;� (HOMO) �B
¸, 
rpu¤�U?�1���B¸½Â��$
�Óâ©f;� (LUMO) �B¸. lã 3(a) ¥, ·
��±w�ì� M1 � HOMO ;�Ú LUMO ;�
��B¸�ß�VÇÑ�Cu 1, �´ HOMO ;
���B¸é°
 LUMO ;���B¸�édÄ,

ù`² HOMO ;��>fß�Uå�pu LUMO

;�. ,
, HOMO ;�� LUMO ;�©Oål¤
�U? 0.5 eV Ú 0.25 eV, ²ï�e¤�U?éA
�ß�VÇØ´é�. �k�>ØO���½��,

ùü�;�âUë�>fDÑ.

ã 3 (a)—(c) �ì� M1, M2 Ú M3 " Øe�ß�Ì
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�©fd'�f���,�, ã 3(b) ¥ß�Ì
�N�pU��£Ä. ¦+ì� M2 � HOMO ;
�� LUMO ;�éA�ß�¸�éuì� M1 �
ß�¸C�dÄ, �´éA�ß�VÇE,�C
u 1. Ó�, '�f���,éß�Ì�£Ä�^
¦� HOMO ;��~�C¤�U?. d Landauer-

Büttiker úª��, Ó Øe ØIS�ß�Xê
oÚ��ÙÈ©¤��>6���. duì� M2

� HOMO ;��éuì� M1 � HOMO ;��
\�C¤�U?, �Ò¬�@/ë�>fDÑ, Ï

dã 2 ¥ì� M2 �$ Øe�>6�u M1 �>
6. ,
, �©fd��f���,�, ã 3(c) ¥ß
�Ì�N�$U��£Ä. ì� M1 ¥� LUMO ;
���£Ä�L¤�U?¤�ì� M3 � HOMO

;��A��¤�U?�­Ü, � LUMO+1 ;�
¤� M3 � LUMO ;�. �âc©�)º, du
ì� M3 � HOMO ;���C¤�U?Ïd�
Ò�@U?\ ØI�ë�>fDÑ. Ïdã 2

¥ì� M3 3$ Øe�>6�u,	ü«(�
�>6.

L 1 ì� M1, M2 Ú M3 " Øe HOMO � LUMO ;�� MPSH �m©Ù

HOMO LUMO

M1 

M2 

M3 

dß�Ì�©Û��, '��f���,é
ì�;�9Ùß�¸�K�´Ø�Ó�. Ty�
Ì�´d'�fÚ��f�Ø	>fê8��É
¤Úå. '%�n«��3��±ÏL¥�gü
�, Ø	>fê�gO�. ±%�f�IO, '�
f�,���NX�o>fê~���, 
��
f�,��¦�NX�o>fêO\��. '�

�f���,é©f;�Úß�Ì��^®²3
Ü�<ïÄó�¥��
éÐ�Øy [29]. T�
|�ïÄ(JL²'��f����,�^�±
��©fì�� HOMO � LUMO ;�A5u)
Cz, l
¦ß�¸� �u)UC. �
�Ð/
�y'��f���,éß�ÌÚ©f;���
^, ·�3L 1 ¥�Ñ
ì� M1, M2 Ú M3 ²ï
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�e� HOMO � LUMO ;��©fÝKgUÝ
KM�îþ (MPSH). MPSH ´XÚ�gUM�î
þ3©fþ�ÝK, �gd©f�M�îþ�',

§�¹
�m>4é©f;��K�. l HOMO

� LUMO ��m©Ù, ·�U
éÐ/
)©f
�>4�ÍÜ§Ý, ��fé�B¸��z�. l
ã¥·��±w�, ì� M1 � HOMO ;�Ø=3
��©fþ¥yÑûÐ�*Ð5, 
���mü�
>4�ÍÜ�^�� LUMO ;���²w. Ïd,

ã 3(a) ¥ HOMO ;���B¸' LUMO ;��
�B¸°. �'�f��¥%%�f�, Ú\��
Ç¦��Óâ�d�C�Ü©Óâ, ©f;��A
5u)Cz [25]. ì� M2 � HOMO ;�Ú LUMO

;��ì� M1 �'Ñ¥yÑØÓ§Ý�Û�, ¤
±éA�ß�¸�éuì� M1 �ß�¸C�d
Ä. ,
, ì� M3 � HOMO ;��ì� M1 � M2

� HOMO ;��', �m©Ù(��Oé�, �´
� M1 � M2 � LUMO ;��©�C. ù´du�
�f��¥%%�f�, Ú\�>f¦�5���
��C�Ü©Óâ, ©f;��éu¤�U?� 
�u)Cz [31]. �5� LUMO ;��L¤�U?
¤�ì� M3 � HOMO ;�. þã�©ÛL²'
��f���,�±£Än¿�©f�;� �
l
k�/N�ì��>fDÑ5�.

'��f�,én¿�©fì�>fÑ$5
��K��Ly3éK�©>{�A�N�. ²L
'��f���,�, ì�K�©>{�A�¸�
' RM2 Ú RM3 ©Oü� 3.83 Ú 3.61. K�©>{
�A�/¤Ån±9'��f���,�N�Å
n�±ÏLã 4 ��. dã 4(a) ��, 3 1.2 V >Ø
�c, ì� M1 � HOMO ;�� LUMO ;�éA
��B¸�X>Ø�O�¿vku)²w�£Ä.

du²ï�eì� M1 � HOMO ;�� LUMO ;
�ål¤�U?©O� 0.5 eV Ú 0.25 eV, ¤±�
>ØO�� 1.2 V �, LUMO ;�éA��B¸â
��?\ ØIë�>fDÑ. ¦+d� HOMO

;�E,3 ØI�	, �´�B¸��Ü®²?
\ ØIë�>fDÑ. �>Ø�L 1.2 V, �B¸
�X>Ø�O�×�$U��£Ä, ¦� ØIS
�¹�Ñ$XêoÚ~�, ÏdéA�>6��~
�/¤
K�©>{�A. ã 4(b) Ú (c) ¥, 3>
Ø 1.4 V �, ì� M2 Ú M3 ��B¸Ó�´�X
 Ø�O�×��$U��£Ä, ��>6~�/

¤K�©>{�A.

du'�f�,��¦ì�;��pU�
�£Ä, lã 3(b) ¥·��±w� HOMO ;�
� LUMO ; � � m � ß � � � X ê � � u ì
� M1 �ß�Xê. �>ØO�� 1.4 V �, LUMO

;���B¸��?u ØI�	,  ØIS��

ã 4 (a)—(c) �ì� M1, M2 Ú M3 3 Ø [0V,2V] ��S
�ß�Ì, >Øm�� 0.2 V, J�� ØI
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¹
 HOMO ;��B¸��Ü©, �ã 4(b). Ïd,

ì� M2 3 1.4 �¸�>6��uì� M1 3 1.2 V

�¸�>6. ���f��¥%%�f�, Ú\�
>f¦�5�����C�Ü©Óâ, ©f;�
­#ü�¦ HOMO ;�A��¤�U?­Ü, �
�>6�X Ø�O�×�O\. Ïd, M3 �>
63$ Ø��S´n«ì�¥���. ,
, �
>ØO�� 0.8 V, HOMO ;��B¸��?\ 
ØI. duT;�� LUMO ;�Ú HOMO-1 ;�
ålÑé�, �NC�ß�Xê�~$, ¤±>6
3 0.8 V �O\��~�ú. �>ØO�� 1.4 V

�,  ØISE,��¹ HOMO ;�éA��B
¸, ¤±éA�¸�>6�uì� M2 3 1.4 V �
¸�>6. duì� M1, M2 Ú M3 ���>6Ñ
Ñy3 1.8 V �ê���Ø�, ¤±E¤>6¸�
' RM1 > RM2 > RM3.

4 ( Ø

�©ïÄ
n¿�©fÏL1�f�7>4
�¤V&�©fì��>fÑ$5�, ­:ïÄ

'��f���,éì�>fÑ$5��K�. ï
Ä(JL²'�f½ö��f��©f�¥%�
f�±ØÓ§Ý/O\ì�$ Øe�>fDÑ
Uå. �dÓ�, ïÄ(J�L²'�f½ö��
f�,���^Ó��±k�/N�n¿�©f
ì��K�©>{�A. ÏLéß�Ì!Ø	>f
êÚ©fÝKgUÝKM�îþ�©Ûuy, ß�
Ì3A½ Øe�£Ä´ì�K�©>{�A�
¤Ï, 
Ø	>fê��É��'��f�,��
�±¦ì�;�9Ùß�¸©O�pU��½ö
$U��£Äl
k�/N�
ì��$ Øe
�>fDÑUåÚK�©>{�A.
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Abstract

By using nonequilibrium Green’s functions in combination with the density-functional theory, we investigate the effects of B and

N doping on the transport properties in phenalenyl molecular device. The calculated results show that negative differential resistance

behavior can be observed in phenalenyl molecular device where the device current can decrease with the base voltage increasing

particularly in a bias voltage region, and the peak-to-valley current ratio reaches up to 5.12. The device current can be increased before

0.8 V when the molecular center atom is replaced by B or N atom. But, the negative differential resistance behavior can be weakened

and the peak-to-valley current ratio can decrease to 3.83 and 3.61, respectively. The doping effects of B and N, which are induced by

the difference in extranuclear electron number between them, can make the orbitals and corresponding transmission peaks move toward

high or low energy to modulate the electronic transport ability and the negative differential resistance behavior of the device.

Keywords: nonequilibrium Green’s functions, density-functional theory, electronic transport, negative differential
resistance behavior
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