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�©Äu��k��©�{ (finite difference time domain, FDTD) ïÄ
\�1Å�!\�1 ���!B�
+AÛ/G!+9þÝ9SØÚ�î0��Czéý��¡7B�+C|©ÙA��K�. ïÄuy, \�1Å�
�B�+�l-���Å��, B�+C|Or��; \�1 ����ý��¶Y��O\¬��+S�|r×
�O�; ý�+�á¶C��±N!B�+|r©Ùlüàp!¥m$Cz�þ!©Ù; SØÚ�î0�0>~ê
�O�þ¬¦�B�+SÜ9±�|rÅì~f.
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1 Ú ó

B7áB�á�duÙ¤äk�`ûÔnÚ
zÆ5�2É'5. B7áB��âm�C|
ÍÜ�±¦�1Æ&Ò3Ù±Ï(�S?1p�
�DÑ, Ï�@�´�«#.��l-���Å
� [1,2]. Quinten � [3] Ú Maier � [4] ©OlnØÚ
¢�þuyÕB��â�óª(��±é��1
?1éÐ�DÑ. Zhang � [5] K?�ÚïÄ
7
B�¥��â��óª(��1ÆDÑA5, ¿u
yÏLN!�â�	�þÝÙDÑ&Ò�Å��
±l 660 nm Cz� 900 nm. ïÄL², B7áB
��â�Û�L¡�l-��� (localized surface

plasmon resonance, LSPR) �±3B��â±��
)é��C|Or, l��Ù3�l-���Å
�!C|Or1ÌÚC|×£w�Eâ¥�üX
���Ú [5−7].

�
ïÄB7áB��âC|Or�ÔnÅ
n9ÙA^, ¯õïÄ�|æ^ØÓ�{O�Ú
�[
õ«B7áB��â�C|A�. Ù¥, Ä
u Maxwell >^|�§|� Mie Ñ�nØ9Ù*

Ð(J [8] �2��k�/A^uïÄB7áB
��â�C|A� [9−11]. d	, ��ÛÜ�ÝC
q�{ (time-dependent local density approxi-mation,

TDLDA)[12] ÚlÑó4Cq�{ (discrete dipole

approximation, DDA)[13] ��A^uO�B7áB
��â�1ÆA�. ,��¡, �XB�Eâ�
uÐ, �5�õäkØÓ(��B7áB�á�
��
2�'5, X7B�¥� [14−20]!7B�
� [21]!7B�� [22]!7B�+ [23−27] ��. N!
7B�¥��âØ/��»'�±¦�Ù LSPR Å
�l��1«�ù£�Cù	«� [15]. ù
äk
AÏB�(��B7áá�3)Ô|�£OÚ�
Æ�ä [28]!L¡Or.ùÑ� [29]!DNA |Ü&
ÿ [30] ��¡äk2��A^cµ.

�©|^��k��©�{ (finite difference

time domain, FDTD) ïÄ
ý��¡7B�+�C
|OrA5. FDTD �{duÙ·^52!�Çp
�A:�2�A^u�«�þ!E,(��ï
Ä. FDTD �{�±°(!��/½Âá��L¡
½¡; Ù¦^g·A���(�, �±3?¿I
��«�Jp¦)°Ý. �©ïÄuy, ý��¡
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7B�+C|OrA5�\�1Å�!\�1 
���!B�+AÛ/G!+9þÝ9SØÚ�
î0��0>~ê;��'. ·�O�
�«Ôn
ëþéC|OrA5�K�, ¿|^�l-�,z
nØéþãK�?1
©Û.

2 �.9O��{

ã 1 �ý��¡7B�+�«¿ã. ý�+
�Ã��, Ù�¡� 2 �Ó%ý�. +	9�ý�
��¶� RL, �á¶� RS. +S9�ý���¶
� rL, �á¶� rS. SØ!7�9]20��0>
~ê©O� ε1, ε2 Ú ε3. 1Ådm�\�, Ù>|
 ��� E0 R�uDÂ�� k. θ �>| ���
�ý��¶�m�Y�.

rS
rL

E0

E0

RS

RLε1

ε2

ε3

θ

k

ã 1 ý��¡7B�+�(�«¿ã

éuB7áB�á�, 0>~ê ε2 ´���
ªÇk'�Eê. duB��â�º���u¬G
7á�>f²þgd§, Ù0>~êòÉ�>f3
�â.¡Ñ��N�. Ïd, I�é0>~ê¥n
� Drude �.?1?�. ?��7B���0>~
ê�±L«� [31]

ε2(ω) = 1 −
ω2

p

ω2 + iωγ
+ χ∞, (1)

Ù¥, χ∞ �>4zÇ�pª�, Ùgu>f4z
Ú�m�[, ωp �¬G7��lfNªÇ. ?��
�>f-EªÇ� [31]

γ = γf +
VF

a
, (2)

Ù¥, γf ´¬G7�>f-EªÇ, VF ´¤��
Ý. ?���>f²þgd§ a ��d¥�þ
Ý5�O. duý�+�+9þÝØþ!, a �
+9þÝ����. 3�©¥, 7B�á��ë

ê� ωp = 1.38 × 1016s−1, γf = 1.07 × 1014s−1,

Vf = 1.39 × 106 m/s, χ∞ = 9.7; �í�0>~ê
� 1.

A^ FDTD �{éý��¡7B�+�Û�
L¡�l-���A5?1�[O��, ý�+
�u 1000 nm × 1000 nm �[«�¥
, ��°Ý
� 0.5 nm, �[�m�� 200 fs, ùã�méu8¼
�A�1ÆA�®²v

. éB�âfÑ�, ¦
^
�| - Ñ�|1, Ù�[«�©�ü�Ü©:

SÜ«´�|, �¹\��²¡ÅÚâf�Ñ�|;

	Ü«�O�Ñ�|.

3 (J�?Ø

3.1 \\\���111ÅÅÅ������KKK���

Ä k � Ä 
 \ � 1 Å � é B � + C | �
K�. ã 2 �7B�+3ý�¥�C|©Ùã
� (|E/E0|, E0 �\�1>|�Ì). ùp, 	9�
�¶ RL � 50 nm, �á¶ RS � 20 nm, Ø�' rS

: RS = rL:RL = 4:5. SØ��î0�0>~êþ
� 1. ã 2 ¥\�1Å�©O� (a) 702 nm(B�+
� LSPR Å�) Ú (b) 650 nm. 1Åde�\�, Ù
>| ���R�uDÂ�� k.

Xã 2(a) ¤«, 3\�1�Ëìe, �â±�
ò�)²w�>|Or, Ù��Or�±�� 25

�m. ���>|©Ùu÷X\�1 ���, ¿
8¥u�âL¡NCA�B����S, ù´;.
�ó4��-uA�. 3B�+SÜ, ���>|
KÑy3²1u\�1 ��ü4. �â�l-�
,znØ [32], Uþ��� ω �ªéAu ωS Ú ωC

�ªm�é¡ÍÜ, Ïd3�âS!	L¡ò�)
�Ó45�4z>Ö. d�, >|3÷X\� �
�ü4�pü½, ¿�þÛ�3²1u\� ��
ü4. B�+SÜ�>|3+L¡4z>Ö��^
e�¼��A�Or, �B�+SÜ>|Czé�.

d	, �O�
B�+3���Å� ��C|©
Ù, Xã 2(b) ¤«. \�1Å�� 650 nm, Ù=�l
B�+ LSPR Å� (702 nm) q�uY�áÂ«�.

B�+3 650 nm ?C|©Ù/ª�Ù3��Å�
?Ä���, �ÙrÝ��~f, ����� 13. d
u\�1Å����Å��C|Or��, ¤±�
!òX?ØT«�¹�C|©ÙA�.
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3.2 x ÚÚÚ y ���������CCC|||©©©ÙÙÙAAA���
ã 3 �7B�+3ý�¥�C|Or©ÙA

�, Ù¥ (a) � x ��C|©þ (|Ex/E0|) �©Ùã
�, (b) � y ��C|©þ (|Ey/E0|) �©Ùã�. ù
p, 	9��¶ RL � 50 nm, �á¶ RS � 20 nm,

Ø�' rS:RS = rL:RL = 4:5. SØ��î0�
0>~êþ� 1. \�1Å��B�+ LSPR Å
� (702 nm). 1Åde�\�, Ù ���R�u
DÂ�� k.

Xã¤«, x Ú y ��C|©þ��þ�X�
B�+ål�O�~�. x ��C|©þÌ�
©Ù3²1u\�1 ����ü4ÚR�u\
�1 ����B�+SÜ,  y ��C|©þÌ
�©Ù3 π/4, 3π/4, 5π/4, 7π/4 � �, ¿�|r
rÝ�u x ��C|©þ. '�ã 3(a) Ú (b), �
±uyB�+C|OrÌ�8¥3²1u\�1
 ����ü4. ù��/7B�+C|©Ù´
aq� [33].
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3.3 YYY��� θ ���KKK���

ã 4(a), (b), (c), (d) ©OéAu\�1 ��
��ý��¶�mY� θ ©O� 0◦, 30◦, 60◦, 90◦

�7B�+C|Orã�. ùp, 	9��¶ RL

Ú�á¶ RS ©O�½� 50 nm Ú 20 nm, Ø�
' rS:RS = rL:RL = 4:5. SØ��î0�0>~ê
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þ� 1. \�1Å�©O�B�+ LSPR Å�. 1Å
de�\�, Ù ���R�uDÂ�� k.

�±uy, \�1 ����ý��¶�mY
� θ �O\��+S|r×�O�, l 0◦ � 12 O
\� 90◦ � 22. �X θ O\, ÷\�1 ����
ý��¡È�AO�, |��\�8. �´|r©
Ù¿vk�X θ �O\u)UC, �,´÷Xý
���¶é¡©Ù, �á¶º:?|r��.

3.4 BBB���+++///GGG���KKK���

ã 4(a), (b), (c), d) ©OéAu	9�á¶�
Ý RS � 20, 30, 40, 50 nm �7B�+3�g�
�Å�?�|rã�. ùp, 	9��¶ RL �½
� 50 nm, Ø�' rS : RS = rL : RL = 4 : 5, θ = 0◦.

SØ��î0�0>~êþ� 1. \�1Å�©O
�B�+ LSPR Å�. 1Åde�\�, Ù ��
�R�uDÂ�� k.

ã 4 θ ©O� (a) 0◦, (b) 30◦, (c) 60◦ Ú (d) 90◦ �B�+|r©Ù

Xã 4, �X RS l 20 nm Cz� 50 nm, B�
+|r©Ùu)²wCz, l RS = 20 nm ��
üàp!¥m$Cz� RS = 50 nm ��þ!©
Ù. +SÜ�p|rd RS = 20 nm �� 20 Cz
� RS = 50 nm �� 11. |�3÷X\� ��ü
4�pü½, ¿�þÛ�3²1u\� ��ü4.

RS C���+�¡ª��/, |�3\� �ü
4��8§Ý��~�, ��|r~f.

3.5 +++999þþþÝÝÝ���KKK���
ã 6(a), (b), (c), (d) © O é A u Ø � '

rS : RS = rL : RL = 4 : 5, 3.5 : 5, 3 : 5, 2.5 : 5 � 7
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B�+�|rã�. ùp, 	9��¶ RL Ú�á
¶ RS ©O�½� 50 nm Ú 20 nm, θ = 0◦. SØ�
�î0�0>~êþ� 1. \�1Å�©O�B�
+ LSPR Å�. 1Åde�\�, Ù ���R�
uDÂ�� k.

dã 6 �±uy, �X��þÝÅìC�, +
SÜ|r¥ykOr�~f�y�. +9���,

O\�þÝ��þe9�målC�, ��ÍÜC
r, |rC�. +9�þ�, 7+9�¶-�^O�,

	Ü>|Bß~f, ��SÜ|rC�.

ã 5 RS ©O� (a) 20 nm, (b) 30 nm, (c) 40 nm Ú (d) 50 nm �C|Or

3.6 SSSØØØ000���ÚÚÚ���îîî000���000>>>~~~êêê���KKK���
ã 7(a), (b), (c), (d) ©OéAuSØ0�0>

~ê ε1 ©O� 1, 2, 3, 4 �7B�+�|rã�. ý
�	9�á¶©O� RL = 50 nm Ú RS = 20 nm;

Ø�' rS : RS = rL : RL = 4 : 5; θ = 0◦, �î0�
��í (ε3 = 1). \�1Å�©O�B�+ LSPR

Å�. 1Åde�\�, Ù ���R�uDÂ
�� k.

ã 8(a), (b), (c), (d) ©OéAu�î0�0>

~ê ε3 ©O� 1, 2, 3, 4 �7B�+�|rã�. ý
�	9�á¶©O� RL= 50 nm Ú RS = 20 nm;

Ø�' rS : RS = rL : RL = 4 : 5; θ = 0◦, SØ0�
��í (ε1 = 1). \�1Å�©O�B�+ LSPR

Å�. 1Åde�\�, Ù ���R�uDÂ�
� k. �±uy, uy�XSØ0�0>~êÚ�
î0�0>~ê�ÅìO�, B�+SÜ9±�|
r©ÙvkCz, �rÝÅìCf. ù«Cz5Æ
��/7B�+�Czª³´��� [33].
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ã 6 Ø�'©O� (a) 4 : 5, (b) 3.5 : 5, (c) 3 : 5 Ú (d) 2.5 : 5 �B�+|r©Ù

ã 7 SØ0�0>~ê ε1 ©O� (a) 1, (b) 2, (c) 3, (d) 4 �B�+|r©Ù
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4 ( Ø

A^ FDTD �[O��{ïÄ
ý��¡7
B�+�C|©ÙA�. ïÄuy, \�1Å��
B�+��Å��C|Or��; x ���|©þ
Ì�©Ù3²1u\�1 ����ü4ÚR�

u\�1 ����B�+SÜ,  y ���|©
þÌ�©Ù3 π/4, 3π/4, 5π/4 Ú 7π/4 � �; �
á¶C�¦�B�+�|r©Ùlüàp!¥m
$Cz�þ!©Ù; \�1 ����ý��¶Y
��O\¬��+S|r×�O�; SØÚ�î0
�0>~ê�O�þ¬¦�B�+SÜ9±�|
r��Åì~f.
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Study on the local field enhancement of elliptical gold
nanotube∗
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( School of Physics, Nanjing University, Nanjing 210093, China )

( Received 2 June 2011; revised manuscript received 15 June 2011 )

Abstract

The local electric field components of the elliptical gold nanotube are calculated based on the finite difference time domain

(FDTD) method. It is find that when the wavelength of the incident light is just at a resonant wavelength, the local field enhancement

of the gold nanotube reaches a maximum. The increase of the semiminor axis of the ellipse makes the distribution of the local field

change from a distribution that is high in both sides and low in the middle part of the nanotube into a distribution that is uniform around

the tube. With the increase of the angle between the incident polarization and the semimajor axis, the local electric field components

increase rapidly. The increases of the dielectric constants for both the core and the embedding medium cause the local field around the

nanotube to decrease.

Keywords: localized surface plasmon resonance, gold nanotube, finite difference time domain, local field enhance-
ment
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