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�éuü�7áB�á�, �7áEÜB�á�äk���d3A^d�. Äu��k��©�{, ïÄ

 SiO2-Ag-Au Ú SiO2-Au-Ag �7án�B�+��11Ì, ¿éÙÛ�L¡�l-��� (localized surface

plasmon resonance, LSPR) A5?1
©Û. ïÄuy, SØº�C�ò��þãü«7áB�+ LSPR ¸ù£; S�
7á9	�7á��þÝO�þ¬��Ù LSPR ¸7£. Õ�þÝCzéB�+ LSPR �N��^�u7�þÝC
zE¤�K�. þãy��±|^�l-�,znØ9gd>fÚ��>fCz�¿�Å�?1©Û.

'�c: �7áB�+, �l-���, �11Ì, ��k��©�{

PACS: 73.22.Lp, 78.67.−n, 78.67.Bf, 36.40.Vz

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. ÷á�� [5] K?�ÚïÄ
7
B�¥��â��óª(��1ÆDÑA5, ¿u
yÏLN!�â�	�þÝÙDÑ&Ò�Å��
±l 660 nm Cz� 900 nm. B7áB��â�1
ÆA5, 
gu\�1Ëìe�âSÜgd>f8
N��
�)�Û�L¡�l-��� (localized

surface plasmon resonance, LSPR)[6]. B7áB��
â LSPR ò�)ã��1ÆÑ�ÚáÂ, ¿�3�
â±��)�r�C|>|Or [7]. Ïd, B7á
B��âq�2�A^u)Ô|�£OÚ�Æ�
ä [8]!L¡Or.ùÑ� [9]!DNA |Ü&ÿ [10]

��¡. Cc5, �XB�Eâ�uÐ, �5�õä
kØÓ(��B7áB�á����Ñ5¿��

2�A^, X7B�¥� [11−14]!7B�� [15]!
7B�� [16]!7B�+ [17−21] �.

ØÓuü��7áB��â, Ø�(�7áB
��â LSPR duÉ�Ø/��»'�N�, ¦�
Ù��Å��±3����SCz. ~X, O\7
B�¥��âØ/��»'�±¦�Ù LSPR Å�
l��1«�ù£�Cù	«� [2]. duäk`
É�Cù	1ÆA5, 7B�¥��â3�Æ�
ä [22]!�¼ÿ½ [23]!�Ô��º [24] 9¬5�9
� [25] ��¡��2�A^. �C, ,�«;.�Ø
�(�B��â —– 7B�+Úå
<�4��
,�, Ù LSPR Ó�É��âSÜ(��N�, ¿�
�±3��Å���SCz. Limmer � [17] |^|
ÜM� - v��>Y�{��Ñ�Ý� 10 µm, �
»� 90—200 nm, SØ©O� SiO2 Ú TiO2 �7B
�+, uyÙ LSPR Å��X�â��þÝ�O\

u)²w�7£. Mock � [18] ïÄ
7!Õ!
qB�+� LSPR y�¿?Ø
Ù��B�ºÝ
I\3)Ô©Û�¡�A^.

�éuDÚ�ü�7áB�(�, �7áEÜ
B�á�äk���d3A^d�. 3¯õ�7á
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�â¥, 7ÚÕÑäk�p� LSPR, ¿�¬�(�
aq, Ïd�±�^uÜ¤�7áB��â, ù«
á�òÓ�ä�7�­½5±9Õ��rL¡�
l-����ª [26]. ,
, �7áB��â LSPR

=U3 400 nm (Õ� LSPR Å�) � 520 nm (7
� LSPR Å�) �mCz [27,28], ¦�Ù3)Ô�Æ
�äÚ£�þ�A^É���. Ïd, uÐ�7á
7Õn�B�+(�, 3�±7ÚÕü«á�`:
�Ó�, �±ÏLUC7!Õ!SØá����»
', N!Ù LSPR Å�3��1�Cù	��SC
z. ,
, 'u�7á7Õn�B�+(� LSPR

A5�ïÄE,mk��.

�©|^��k��©�{ (finite difference

time domain, FDTD) O�
 SiO2-Ag-Au Ú SiO2-

Au-Ag ü«B�+��11Ì. 3dÄ:þ, ïÄ

�7á7Õn�B�+ LSPR A5, *	
7Õ
n�B�+(�CzéB�+ LSPR A5�K�,

¿^�l-�,znØ9gd>fÚ��>f¿
�Å�éþãK�?1
nØ©Û.

2 �.��{

�7án�Ó%B�+�.Xã 1 ¤«. B�
+�SØ�»� r1, S�7á�»� r2, 	�7á
�»� r3. SØ!S�7á!	�7áÚ�î0�
�0>~ê©O� ε1, ε2, ε3 Ú ε4. Ù¥, SØ0�
� SiO2, ε1 = 2.04; �î0��Y, ε4 = 1.7689.

ã 1 �7án�Ó%B�+�.«¿ã

éuB7áB�á�, 0>~ê ε ´���ª
Çk'�Eê. duB��â�º���u¬G
7á�>f²þgd§, Ù0>~êòÉ�>f3
�â.¡Ñ��N�. Ïd, I�é0>~ê¥n

� Drude �.?1?�. ?��S�Ú	�7á�
0>~ê©O� [29]

ε2 = 1 −
ω2

2p

ω2 + iωγ2
+ χ2∞, (1)

ε3 = 1 −
ω2

3p

ω2 + iωγ3
+ χ3∞, (2)

Ù¥, χ∞ �>4zÇ�pª�, Ù
gu>f4z
Ú�m�[, ωp �¬G7á��lfNªÇ. ?�
��>f-EªÇ�:

γ2 = γ2f + A2v2F/a2, (3)

γ3 = γ3f + A3v3F/a3, (4)

Ù ¥, γf ´ ¬ G 7 � > f - E ª Ç, vF ´ ¤ �
�Ý. ?���>f²þgd§ a ��d¥�
þÝ5�O [29], ?���>f²þgd§©O
� a2 = r2 − r1 Ú a3 = r3 − r2, A2 Ú A3 þ� 1.

3>^|�^e, 7áB��âL¡�)aA
>Ö, daA>Ö¤�)�£EåÚågd>f
�8N��
�)�l-���. 7áB��â
º�Czé�l-����K�Ì�8Ïu� 
ò´ [30], 
ÙSÜ(�Czé�l-����K
�K�±d�l-�,znØ5)º [31]. 3�l
-�,znØ¥, 7áB�+S�l-���´d
�ÄUþ� ωS , �¶� R �¢%�Î��ÄUþ
� ωC , �� r ��Î/�n,z
¤, üö�,z
§Ý�+9�þÝk'. +9��, �l-�,z
�r. ,zò��ü�#����ª: Uþp��
ª ω+ éAu ωS Ú ωC ��é¡ÍÜ, ωC ÓÌ�
�^; Uþ$��ª ω− éAuüö�é¡ÍÜ,

ωS ÓÌ��^. �â�l-�,znØ, 7áB�
EÜ(��â� LSPR A5þ�±n)��¤E
Ü(��õ�{üü��l-���m��pÍ
Ü.

A ^ FDTD � { é � 7 á n � Ó % B
� + � 1 1 Ì ? 1 � [ O � �, B � + �
u 1000 nm×1000 nm � [ « � ¥ 
, � � ° Ý
� 0.5 nm, �[�m�� 200 fs, ùã�méu
8¼�A�1ÆA�®²v

. éB�âfÑ�,

¦^�|Ñ�|1
, Ù�[�©�ü�Ü©: S
Ü´�|, �¹\��²¡ÅÚâf�Ñ�|; 	
Ü�O�Ñ�|.

Ñ��¡È�½Â�

σsca(ω) =
Psca(ω)
Iinc(ω)

, (5)
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Ù¥, Psca �oÑ�õÇ, 3���¹e, �zü 
�Ý�õÇ (W/m). Iinc(ω) �\�rÝ (W/m2). Ï
dÑ��¡Èäk�Ýþj, 3ùp� nm.

áÂ�¡È�½Â�

σabs(ω) =
Pabs(ω)
Iinc(ω)

, (6)

Ù¥, Pabs �oáÂõÇ. �1�¡È´áÂ�¡
ÈÚÑ��¡È�Ú:

σext(ω) = σsca(ω) + σabs(ω). (7)

3 �7án�Ó%B�+��11Ì
A�

©ü«�¹?Ø�7á7Õn�B�+��
11ÌA5. �«´+S0�� SiO2, 7á�S�
� Ag, 	�� Au, = SiO2-Ag-Au B�+; ,�«
´+S0�� SiO2, 7á�S�� Au, 	�� Ag,

= SiO2-Au-Ag B�+.

ã 2 SØº�Czé SiO2-Ag-Au B�+�11Ì
�K�. ¢�!J�!:�Ú:y�©O�SØ�
» r1 = 30 nm, 35 nm, 40 nm, 45 nm �B�+��11
Ì

3.1 SiO2-Ag-Au BBB���+++

ÄkïÄ
SØº�Czé SiO2-Ag-Au B�
+ LSPR A5�K�. ã 2 �SØº�Czé SiO2-

Ag-Au B�+�11Ì�K�. ùp, Ag S��
» r2 = 50 nm, Au 	��» r3 = 55 nm. ã 2 ¥
¢�!J�!:�Ú:y�©O�SØ�» r1

� 30 nm, 35 nm, 40 nm, 45 nm ��7áB�+�
�11Ì. Xã¤«, �XSØº��O�, B�+
�1¸u)²wù£, d r1 = 30 nm �� 492 nm

ù£� r1 = 45 nm �� 757 nm. �â�l-�,

znØ, SiO2-Ag-Au B�+�11Ì�±w�Ó%
�ÕB�+Ú7B�+ LSPR �ÍÜ(J, Ù¥Õ
B�+�þÝ� r2−r1; 7B�+�þÝ� r3−r2.

r2, r3 ØC�, 	�7B�+�þÝØC, d7B�
+Úå� LSPR ØC. r1 �O\��S�ÕB�+
þÝ~�, �ë��l-����gd>fê~�,

��ÕB�+Úå� LSPR �ÄUþü$, ?
�
7áB�+m LSPR ÍÜ�^~f, �1¸ù£.

ã 3 Õ�þÝCzé SiO2-Ag-Au B�+�11Ì�
K�. ¢�!J�!:�Ú:y�©O�S�ÕB�+
þÝ (r2 − r1) = 5 nm, 10 nm, 15 nm, 20 nm �B�+�
�11Ì

? � Ú ï Ä 
 S � Ag B � + þ Ý C z
é SiO2-Ag-Au B � + LSPR A 5 � K �. ã 3

� Ag B�+þÝCzé SiO2-Ag-Au B�+�
11Ì�K�. SØ�» r1 = 30 nm, 7B�+þ
Ý r3 − r2 = 5 nm. ã¥¢�!J�!:�Ú:y
�©O�S�ÕB�+þÝ (r2 − r1) 5 nm, 10 nm,

15 nm, 20 nm ��7áB�+��11Ì. Xã¤
«, �XS�ÕB�+þÝd 5 nm O\� 20 nm,

B�+�1¸Åìu)7£, d r2 − r1 = 5 nm �
� 655 nm 7£� r2 − r1 = 20 nm �� 492 nm. S
�ÕB�+Oþ��ë��l-����gd>
fêO\¿O�Ù LSPR �ÄUþ, ùò��B�
+�1¸�7£; Ó�, S�ÕB�+Oþ�¦�
	�7B�+Ø��»'O�, �l-�,z§Ý
~f, LSPR �ÄUþ~$, ��B�+�1¸�ù
£. d	, duSØ�»9	�7B�+þÝØC,

ÕB�+þÝ�O\ò¦B�+�Nº�C�, �
 ò´�K�ÅìOr, ¦�ë�8N���k�
gd>fê~�, �� LSPR �ÄUþ~f, òÚå
�1¸ù£. duS�ÕB�+þÝO�E¤gd
>fêO\�K���u� ò´Or9�l-
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�,z~f�K�, ¤± SiO2-Ag-Au B�+��
1¸Ly��XS�ÕB�+þÝO�
u)7
£. d	, �XS�ÕB�+þÝ�O\, B�+�
1¸rÝ�ÅìO�. Ty��±8(�: �XS
�ÕB�+þÝ�O\, �ë��l-����g
d>fêOõ, ��\r, Ñ�O�. ÕB�+þÝ
O\q¬��� ò´O\ (ë�8N���k�
gd>fê~�) 9�l-�,z~f, ��~f,

Ñ�~�. Ïd, �XS�ÕB�+þÝ�O\, d
ugd>fêO\�K��u� ò´O\9�
l-�,z~f�K��, Ñ�ÅìO�, �1¸
ÅìOr.

ã 4 7�þÝCzé SiO2-Ag-Au B�+�11Ì�
K�. ¢�!J�!:�Ú:y�©O�	� Au B�
+�» r3 = 40 nm, 45 nm, 50 nm, 55 nm �B�+��
11Ì

ã 4 �	� Au B�+þÝCzé SiO2-Ag-

Au B�+�11Ì�K�. SØ�» r1 = 30 nm,

S� Ag B�+�» r2 = 35 nm. ã¥¢�!J
�!:�Ú:y�©O�	� Au B�+�» r3

� 40 nm, 45 nm, 50 nm, 55 nm ��7áB�+�
�11Ì. �X	�7B�+þÝÅìO�, B�
+�1¸Åì7£, d r3 = 40 nm �� 655 nm 7
£� r3 = 55 nm �� 560 nm. duS�ÕB�+
�»�þÝØC, ¤±dÕB�+Úå� LSPR �
ÄUþØC. 
�X	�7B�+þÝ r3 O�, d
7B�+Úå� LSPR �ÄUþO\, ���7á
B�+�m� LSPR ÍÜOr. Ó�, 7B�+þ
ÝO\�¬��	� Au B�+Ø�'~�, LSPR

�ÄUþO\. �, r3 �O\¦�B�+�Nº
�C�, � ò´O\, �� LSPR �ÄUþ~f,

�´� ò´é LSPR �ÄUþ�K����u
Ù§ü«Ï��K�. Ïd, B�+ LSPR ��¸�
X r3 O\
u)7£. Ó�, �X	�7B�+þ

ÝÅìO�, �1¸rÝOr, AO´ó4¸Úo
4¸Ñu)
²w�Or. du� ò´O\ép
4g��K��é��, 	�7B�+þÝO�¦
�B�+p4g¸�Cz�\wÍ.

3.2 SiO2-Au-Ag BBB���+++

?�ÚïÄ
SØº�Czé SiO2-Au-Ag

B � + LSPR A 5 � K �. ã 5 � S Ø º � C
zé SiO2-Au-Ag B�+�11Ì�K�. Au S
��» r2 = 50 nm, Ag 	��» r3 = 55 nm.

ã¥¢�!J�!:�Ú:y�©O�SØ�
» r1 = 30 nm, 35 nm, 40 nm, 45 nm ��7áB�
+��11Ì. �±uy, �XSØ�»O�, B�
+�1¸u)ù£, d r1 = 30 nm �� 566 nm ù
£� r1 = 45 nm �� 760 nm. � r2, r3 ØC�, Õ
	� LSPR �ÄUþØC. r1 �O\�� Au S�
þÝ~�, ¦� LSPR �ÄUþü$, �7áB�+
m LSPR ÍÜ�^~f, ��¸ù£.

ã 5 SØº�Czé SiO2-Au-Ag B�+�11Ì
�K�. ¢�!J�!:�Ú:y�©O�SØ�
» r1 = 30 nm, 35 nm, 40 nm, 45 nm �B�+��11
Ì

ã 6 � Au S�þÝCzé SiO2-Au-Ag B
�+�11Ì�K�. SØ�» r1 = 30 nm, Õ
	�þÝ r3 − r2 = 5 nm. ã¥¢�!J�!:
�Ú:y�©O� Au S��» (r2 − r1) 5 nm,

10 nm, 15 nm, 20 nm ��7áB�+��11
Ì. �X7S�þÝÅìC�, B�+�1¸Å
ì 7 £, d r2 − r1 = 5 nm � � 660 nm 7 £
� r2 − r1 = 20 nm �� 565 nm. Ó�, B�+
o4¸u)²w�Or. �X r2 − r1 �O�, S�
7B�+ LSPR �ÄUþO\, �1¸7£; 	�
ÕB�+�Ø�'O\, LSPR �ÄUþ~f, �1
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¸ù£. d	, du�â�Nº�C�, � ò´K
�O�, LSPR �ÄUþ~f, �1¸ù£. duS
�7B�+þÝO�éB�+ LSPR �K���
pu,	ü«Å��K�, ÏdB�+��1¸�
X7B�+þÝ�O\
u)7£.

ã 6 7�þÝCzé SiO2-Au-Ag B�+�11Ì�
K�. ¢�!J�!:�Ú:y�©O� Au S��
» (r2 − r1) = 5 nm, 10 nm, 15 nm, 20 nm �B�+��
11Ì

ã 7 � Ag 	�þÝCzé SiO2-Au-Ag B�
+�11Ì�K�. SØ�» r1 = 30 nm, Au S�
�» r2 = 35 nm. ã¥¢�!J�!:�Ú:y
�©O� Ag 	��» r3 = 40 nm, 45 nm, 50 nm,

55 nm ��7áB�+��11Ì. �X r3 �O
�, SiO2-Au-Ag B�+�1¸d r3 = 40 nm �
� 660 nm 7£� r3 = 55 nm �� 512 nm. �S�
7B�+þÝ r2 − r1 ØC�, dS�7B�+Úå
� LSPR �ÄUþØC; 
 r3 O�ò��Õ	�C
þ, d	�ÕB�+Úå� LSPR �ÄUþOr, �
7áB�+�m� LSPR ÍÜ�^Or. Ó�, Õ
B�+Ø�'�~��¦� LSPR �ÄUþO\,

�1¸7£. �,B�+º�O�¬��� ò´
K��O\, ¦��1¸ù£, �� ò´�K�
��uÙ¦ü«Å��K�. Ïd, B�+�1¸

� r3 O\
u)7£. Ó�, �±uyB�+p4
g¸� r3 O\
ÅìOr.

ã 7 	�Õ�þÝCzé SiO2-Au-Ag B�+�11
Ì�K�. ¢�!J�!:�Ú:y�©O� Ag 	�
�» r3 = 40 nm, 45 nm, 50 nm, 55 nm �B�+��1
1Ì

��, '�ã 3!ã 4 �ã 6!ã 7, �±u
yÕB�+þÝCzé SiO2-Ag-Au Ú SiO2-Au-

Ag B�+ LSPR �N��^þ�u7B�+þÝ
CzE¤�K�. ù�±8ÏuÕ'7äk��
� LSPR N�rÝ [26], Ïd, ÕB�+þÝ�Cz
òé�7áB�+ LSPR �CzåÌ��^.

4 � (

A^ FDTD �[��{O�
 SiO2-Ag-Au

Ú SiO2-Au-Ag ü«�7án�B�+��11
Ì, ¿éÙÛ�L¡�l-���A5?1
ï
Ä. ïÄuy, SØº�C�ò¦ü«�7áB�
+ LSPR �)ù£; S�7á9	�7á���þ
ÝC�þ¬¦ü«�7áB�+ LSPR �)7£.

Ó�, Õ�þÝCzé�7áB�+ LSPR �N�
�^�u7�þÝCz�5�K�.
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Abstract

The localized surface plasmon resonance (LSPR) properties of bimetallic gold and silver three-layered nanotubes such as SiO2-

Ag-Au and SiO2-Au-Ag nanotubes are investigated by means of finite difference time domain method with varying the Au or Ag shell

thickness and the size of the core. With the increase in core size, it is found that the LSPR peaks are red shifted. We also observe that

the LSPR peaks blue shifted with the increase of thickness of the Au or Ag shell. Furthermore, the modulation of LSPR due to Ag

shell is more significant than due to Au shell. We ascribe the shifts of the LSPR peaks to the plasmon hybridization and the competition

between the free electrons and the oscillation electrons.
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