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æ^lÑó4fCq�{XÚ/ïÄ
7B��VN��11Ì9Ù>|©Ù. O�(JL², 7B��VN
3ÍÜ�^e����1¸éAXØÓ�Ä�ª, UC7B��VN�ü��ª!måÚº���, ÙL¡�lf
N���1¸u)ù£½7£. Ïd�±ÏLé7B��VN(�ëêÚü��ª��½, N!ÙL¡�lfN�
��1¸� �. >|©ÙL², Y²ü��7B��VN�ü�7B���)�r�ÛÜL¡Or>|. ·��
�må, ���S	�»�7B��Y²
��·Ü�L¡Or.ùÑ���., 3)Ô©fuÿ�+�äkd3
�A^.

'�c: 7B��, ���1Ì, ÍÜ�A, L¡Or>|

PACS: 52.35.Mw, 78.67.−n, 78.68.−m

1 Ú ó

�\�1ªÇÚ7áB�âfSÜgd>f
�ÄªÇ���, B�(��)r��1áÂÚ
Ñ�, l
�)7áB�âf�L¡�lfN��
�1y�, �37áB�âfÛÜ�)>|rÝ�
�u\�>|rÝ, ù«y�¡Û�L¡�lfN
�� (localized surface plasmon resonance, LSPR)[1].

L¡Or.ùÑ� (surface enhanced Raman scatter-

ing, SERS) &ÒrÝ�'uL¡Or>|�og
� [2], Ïd7áB�âf�Û�L¡Or>|´
�) SERS y��­��Ï [2,3]. B�(��L
¡�lfN��r�/�6uB�(��|©!
/G!º�!±�0�9B�(�m�ü��
ª [4−9]. ¥/!ý¥/!n�/!)/!��/!
�Î/�¢%B�(�nØÚ¢�ïÄ�õ, 
�

%(�3Øü$Or�J��¹e��±~�á
��^þ [10,11]. ·��ïÄL², du7B���
S	L¡Ñ�)4z>Ö, äk�ÓpÝÚ	�»
�ü�7B��'ü�7B���)�r�L¡
Or>| [12].

ü�B�(��)�>|OrrÝÚ«��
uB�(�
�, ¢���Ú¢S SERS A^¥æ
^��.Ñ´B�(�
�, d�B�(�m�Í
Ü�^ØN�Ñ. B�(�mÍÜU�)�r>|
Or [13], ÍÜ�^eL¡�lfN��¸� �
r�/�6uB�(�m�måÚü��ª [14,15].

2010 c, Teo �|Ú Banaee �|©Oæ^>få
²�<Mâ (electron-beam lithography) ��Ñmå
� 0—30 nm Y²ü��7B��VN [16] Úmå
� 25 nm Y²ü��7B��VN
� [17]. nØ
þ, Banaee �|æ^��k��©{O�
ü�7
B��Ú7B��VN����1¸Ú>|©Ù,
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�´¦�=ïÄ
Y²ü��7B��VNmå
� 25 nm �>|©Ù�¹, vk�Ä7B���m
�må�ÍÜ�^±9ÍÜ�^�UéÙL¡�
lfN���ª�)�K�. Banaee �|æ^��
k��©{ïÄü�7B��Ú7B��VN�
�Å�©O�¢�� � 50 nm, 69 nm, ��[O
r>|��7B��VN�ü�7B��Or

= 2.5 �. �©�[L², må~�UOr� 29 �
Ú 41 �.

�©æ^Y²ü�Úç�ü��7B��V
N{ü�[B���:
, $^lÑó4fCq�
{ (discrete dipole approximation, DDA) XÚ/ïÄ
7B��VN�º���!må9ü��ªéÙ
L¡�lfN���1¸ÚÛ�L¡Or>|�
K�, ©ÛÍÜ�^e����1¸éA��Ä�
ª±9ÍÜ�^éÙL¡�lfN���ªÚÛ
�L¡Or>|�K�.

2 lÑó4fCq�{

lÑó4fCq�{ (DDA) ´^�þ©á 
umå� d �á��:þ�lÑó4f�[?¿
/Gâf>^Ñ��>^áÂ�ê��{. O�
¥, æ^��ó4f�L��á��, ó4f�4
zrÝû½u\�>|ÚÙ¦ó4f3Ù �?
-u�>|, ¤kó4f�4zrÝ�¤��g
U��§, ÏLp�S��{¦)��¤kó4
f�4zrÝ, Ù¦Ônþ�±dó4f4zrÝ
¦� [18,19].

�©æ^ DDA �{, ©OïÄY²Úç�
ü��7B��VN��11ÌÚC>|©Ù.

ã 1 ¥ L L«7B��VN�må, 7B��
�pÝ�½� 10 nm, �þÝ�S	�»�, �
½� 10 nm. 7B��VNÀ�k N �ó4f
� ¤ � á � Ý 
, © � B � ( � � � f (lattice

spacing) º�� d = 1 nm, dº�÷v
lÑó
4 f C q O � Â ñ � I �, = ¦ \ � 1 Å � ÷
v |m|kd < 0.5, Ù¥ m �7B���0>~ê,

k = 2π/λ �\�1Å¥. 7B��VN�NÈ
� V (V = Nd3), Kk��»� aeff = (3V/4π)1/3,

�1Xê Qext = Cext/πa2
eff , Ù¥ Cext ��1�

¡. b½\�1� ���R�uB���¶

�, \�1²1uB���¶�DÂ, ØÓ\�1
Å�e�7�E0>~êæ^©z [20] ¥�¢
��.

ã 1 (a) Y²ü�7B��VN; (b) ç�ü�7B��VN

3 (J�?Ø

3.1 777 BBB ��� ��� VVV NNN ��� mmm ååå ééé ��� ��� ��� 111
¸̧̧KKK���

�
ïÄØÓü��ª�7B��VN�
måéÙL¡�lfN���1¸K�, �½7
B��	�» R � 24 nm, S�» r � 14 nm, p
� 10 nm, UCmå L, ��Xã 2 ¤«L¡�lf
N�11Ì, ã 3 �3\�1|�^eü«ü��
ª�4z>|�©Ù�¹.

ã 2(a) L²Y²ü��7B��VN, �X
må~�, 3ÍÜ�^e, ���1¸l 695 nm

(L = 60 nm) ù£� 1110 nm (L = 0 nm), ���
1¸ù£
 505 nm. må��, ¸ £Ä��. Ï
��\�1�>|��R�u7B��VN�Ì
¶�, 3\�1|�4ze, 4z>Ö©Ù37B
����müý, du�C�7B���ØÓ4
z>Öm�áÚ (ã 3(a)), ¦z�7B���L¡
>Ö�£Eå��f, ��ªÇü$ [21−23]. ¤±
�Xmå L ~�, �mÍÜO\, ���1¸ù
£ (ã 2(a)).

� 7 B � � V N ç � ü � �, � � � 1 ¸
l 695 nm (L = 50 nm) 7£� 634 nm (L = 0 nm),

�Y²ü��7B��VN���1¸£Ä�
� � � (ã 2(b)). é u ç � ü � � 7 B � � V
N, z�7B��L¡Óý�)�Ó4z>Ö©
Ù (ã 3(b)), �mÍÜ�^e, z�7B���L
¡>Ö�£EåOr, 7B����ªÇO�.

Ïd�X L ~�, �mÍÜO\, ���1¸7
£ (ã 2(b)).
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ã 2 ØÓmå (L) �Y² (a) Úç� (b) ü��7B��
VN��11Ì

ã 3 7B��VN�4z>|�©Ù

ØÓü��ª�, ���1¸�/GØÓ, é
AØÓÍÜ�Ä�ª. Y²ü��, �7B��V
N��> (L = 0 nm), 3 1110 nm Ú 644 nm ?Ñy

ü����1¸, ©OéAXL¡�lfN��
�ó4f�Ä�ªÚo4f�Ä�ª [24]. �7B
��VN�må� 1 nm �, Ñy
o�²w��
��1¸, Ì�´d�C�7B��m�pÍÜ�
^/¤� (ã 4). 3\�1|�^e, 7B���S
	L¡�)4z>Ö (ã 4(a), 4(b)) /¤4zó4

f, Ù>f�Ä�k�´»©O� L4 Ú L2. 4z
>Ö�mq�)�é¡ÍÜÚé¡ÍÜ, éA�L
¡�lfN���ª©O�ã 4(c) Úã 4(d)[25,26]

¤«�4zó4f. L¡�lfN���1¸�
6uó4f¥�>f�Ä�k�ål [4,12], o«ó
4f�Ä�ª¥�>f�Ä�k�´»m�'X
� L1 < L2 < L3 < L4, Ïd�)o�²w�L¡
�lfN���1¸. �X7B��VN�må
C�, ùo����1¸~f, �7B��VN�
må� 6 nm �, o����1¸Ø²w. �7B
��VN�må�u 60 nm �, 7B��VN��
�1¸� ��ü7B��­U, Ã4z>Ö�Í
Ü�^.

ã 4 Y²ü��7B���ÍÜ�ª

ç�ü��, 4z>Ö©Ù37B��VN�
ÓýXã 3(b) ¤«, �mÍÜ�^�´O\
��
ó4f�rÝ, =Or
z�7B���L¡>Ö
�£Eå, l
O\
7B����ªÇ. ÏdØ
Ó�må, �Ñy��L¡�lfN���1¸,

Ù�Ä�ªaquü��S	L¡>Ö/¤�ó
4f�Ä�ª. �X L ~�, �mÍÜO\, ���
1¸7£. � L = 0 �, ��u��p 20 nm �S
	�»�Ó�7B�ü�. Ïd�±ÏLN�7B
��VN�måÚü��ª, UC���1¸� 
�, �OÑäkAÏ1Æ5��7B��VN.

3.2 777BBB������VVVNNN���mmmåååééé>>>|||©©©ÙÙÙKKK���

3L¡�lfN��ªÇ\��, B�(�
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L¡>|�érÝL«�, γ = |E|2/|E0|2, |E| �
7B��L¡C>|���, |E0| ´\�>|�
��.

�
ïÄØÓmå�Y²ü��7B��V

NÚnN3L¡�lfN���1¸?>|©Ù,

�±7B���S	�»� 14 nm Ú 24 nm, p
� 10 nm, �[3L¡�lfN��ªÇ\��, 7
B��L¡>|©Ù (ã 5).

ã 5 ØÓmå�Y²ü��7B��(��>|©Ù (log10γ)

ü�7B�� (ã 5(a)) 3L¡�lfN��
�1¸ (695 nm) ?, XY ¡þ�)���>|O
r (7.6 × 106), 
�Óº��Y²ü��7B�
�VNÚnNmå� 0 nm �, 3L¡�lfN
���1¸ (1110 nm, 1411 nm) ?, XY ¡þ�)
���>|Or�A/��
 2.2 × 108(ã 5(b)),

3.1 × 108(ã 5(c)), �ü�7B�� (ã 5(a)) Or

� 29 �Ú 41 �. Y²ü��7B��VNÚn
N�Or>|©Ù37B��S	L¡NC, �3
ü���m�ÍÜ«�>|Or�r. 31>|�
^e, Y²ü��7B��nNÍÜ�^�uVN,

3 XY ¡þ�)�r�Û�L¡Or>|.

¦+;��ë�7B��VNÚnN, 3�ë
?� XY ¡�)
��Or>|, �´Or«��
�, =Ñy3�>:NC. �
¼���¡È�L
¡>|Or«�, 7B���mAT�±�½�m
å. Y²ü��7B��VN�må���L¡O

r>|�'X­�Xã 6 ¤«, L¡��>|Or
�XmåO�
¤�êP~. Ï��XmåC�,

ÍÜ~f, \�1�Å�����1¸Å��, L
¡��>|OrÅì~f. må�u 5 nm �, ÍÜ
�)��>|Or�ü�B����>|OrÄ
�?u��êþ?. Xã 5(d) ¤«, �Y²ü��
7B��VNmå� 18 nm �, 3L¡�lfN�
��1¸ (711 nm) ?, XY ¡þ�)��>|Or
=� 7.3 × 106.

éuç�ü��7B��VN, �±�Ó�S
	�»ÚpÝ (r = 14 nm, R = 24 nm, H = 10 nm),

må L ©O� 0 nm, 6 nm L¡>|©Ù�[(
JXã 7 ¤«. ç�ü��7B���Nmå
� 0 nm, 3Ù�lfN���1¸ (634 nm) ?,

XZ ¡�)��>|Or� 4.8 × 106(ã 7(a)); ç
�ü��7B���Nmå� 6 nm, XZ ¡�)�
�>|Or� 5.1 × 106. ã 5(b) Úã 7(a) (JL
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², �\�1�>|��²1u7B��VN�Ì
¶�, äk�Óº� (R = 24 nm, r = 14 nm) Úm
å (0 nm), ç�ü��Y²ü��7B��VN�
)�Û�L¡Or>|f, �m�ÍÜ�^Ø²w.

� Y ² ü � 7 B � � V N � p � > �, X
ã 3(a) Úã 5(b) ¤«, \�1�>|��²1
u7B��VN�Ì¶, >f�3ü�m��, �
�uº�O�, �)ó4fÚo4f�Ä, l
�
)�rL¡Or>|; �ç�ü��7B��VN
�p�>, ��uü7B���pÝO\, 
\�
1�>|��²1u7B��VN�Ì¶, �éç
��>|©ÙK�Ø�, Xã 3(b) Úã 7(a) ¤«.

ã 6 Y²ü��7B��VN�må���>|Or�
'X

ã 7 ç�ü�7B���N�L¡>|©Ù (log10γ)

3.3 777BBB������VVVNNN���ººº���������ééé���������111
¸̧̧KKK���

ã 6 L², �7B��VNmå�u 5 nm �,

B�(��m�ÍÜ�^A���, 7B��V
Nº���´K�L¡�lfN���1¸�
Ì�Ï�. �½7B��VN�må (L = 6 nm),

p (h = 10 nm), þÝ (R − r = 10 nm), Ó�UC7
B��VN�S	�», O�ØÓS	�»¤éA
�L¡�lfN�1Ì� (ã 8).

lã 8 �±wÑ, �±7B��VN�må
ØC (L = 6 nm), �S	�»Ó�~��, Y²
ü��7B��VN�)����1¸l 746 nm

(R = 24 nm, r = 14 nm) 7£� 594 nm (R = 15 nm,

r = 5 nm), ���1¸7£
 152 nm; ç�ü
��7B��VN�)����1¸l 644 nm

(R = 24 nm, r = 14 nm) 7£� 543 nm (R = 15 nm,

r = 5 nm), ���1¸7£
 101 nm. aquü
�7B��, >fk��Äål�ûu7B��
�����», �7B��VN�S	�»~
�, 7B��VN¥z���>fk��Äål
~�, >f�Ä�ªÇC�, ��X7B��V
N�º�~�, ÙL¡�lfN���1¸u)
7£ [4,12].

3.4 777BBB������VVVNNN���ººº���������ééé>>>|||©©©ÙÙÙ
KKK���

�±�Ómå (L = 6 nm), ØÓº��7B
��VNL¡Or>|©ÙXã 9 ¤«. S�»
� 5 nm, 	�»� 15 nm, 3L¡�lfN���
1¸ (694 nm) ?, Y²ü��7B��VN3 XY
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¡þ�)���>|Or� 2.7 × 106(ã 9(a)); �
S�»� 14 nm, 	�»� 24 nm �, 3ÙL¡�l
fN���1¸ (746 nm) ?, XY ¡þ�)���
>|Or�� 1.2 × 107(ã 9(b)), L¡>|Or

C 5 �. Ïdéu�Ómå�Y²ü��7B��
VN, Ùº�O�, ��>ÖOõ, 3 XY ¡þ�)
>|OrO�. º����Y²ü��7B��V

N�·Ü�L¡Or.ùÑ���.. '�ã 7(b)

Úã 9(b) uy, �\�1�>|��²1u7B
��VN�Ì¶�, äk�Óº� (R = 24 nm,

r = 14 nm) Úmå (6 nm), Y²ü�7B��VN
�ç�ü�7B��VN�)�Û�L¡Or>
|r, ÏdO\B�
���êéL¡Or>|�
K�Ø�.

ã 8 �Ómå (L = 6 nm), ØÓº��Y²ü� (a) Úç�ü� (b) �7B��VN��11Ì

ã 9 7B���>|©Ù (log10γ)

4 ( Ø

lÑó4fCq�{O�(JL², Y²ü�
Úç�ü��7B��VN, �XÙº�C�, Y
²ü�måO�, ç�ü��må~�, ÙL¡�
lfN���1¸u)7£. ØÓ�ü��ªÚØ
Ó�må�, 4z>Ö/¤ó4f�ÍÜ�ªØÓ,

éAØÓ����1¸Ú�Ä�ª, ÍÜ�A´d
B�(�����Ùmå�m��é'Xû½�.

7B��(�L¡>|©Ù�[uy, Y²ü
��ç�ü��7B��VN�)�Û�L¡O
r>|r; Y²ü��, 7B��nN�VN�)
�r�Û�L¡Or>|, 7B��VN'üN�
)�r�Û�L¡Or>|. �X7B��VNY
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²må~�, �)�Û�L¡Or>|O�, Y²
ü��7B��VN��>��)���ÛÜL
¡Or>|.

SERS &ÒrÝ�'uL¡Or>|�og
� [2], Ïd�
�)�r�Û�L¡Or>|, I

�nÜ�Ä7B��VN�º���!måÚü
��ªéÛ�L¡Or>|�K�. æ^·���
må, ���S	�»�7B��Y²
���L
¡Or.ùÑ���., ò�ÌÝOrÛ�>|,

l
Jp SERS &ÒrÝ.
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Abstract

The extinction spectra and the electric field distribution of the surface plasmon coupling of gold nanoring dimer in horizontal

and vertical arrangements are calculated by the discrete dipole approximation method. It is found that the peaks of extinction spectra

and electric field distribution of the surface plasmon coupling are sensitive to the size and the separation gap between gold nanorings.

It is demonstrated that the peaks of extinction spectra will be red-shifted or blue-shifted due to the different structure parameters of

gold nanorings. Because of the effect of the polarization charge coupling between adjacent gold nanoring, the local electric field

distribution is found to be stronger for the gold nanoring dimer and trimer in horizontal arrangement than for the single gold nanoring.

The horizontal gold nanoring trimer has stronger enhancement of local electric field than the dimer. It shows that the greater separation

gap has the weaker local electric field distribution for the gold nanoring dimer and trimer in horizontal arrangement. Therefore the

gold nanoring horizontal array is predicted to be an ideal surface enhanced Raman scattering substrate and is expected to have potential

applications in biological and chemical detections.

Keywords: gold nanoring structures, plasmon resonance extinction spectra, effect coupling, surface enhanced
electric field
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