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Sven Burger4) Winfried Daum5) Gerhard Lilienkamp5) Sandra Korte5)

Aidin Lak2)6) Meinhard Schilling2)6)

1) ( Institute for Condensed Matter Physics, Technische Universität Carolo-Wilhelmina, Braunschweig, Germany 38106 )

2) ( International Graduate School of Metrology, Technische Universität Carolo-Wilhelmina, Braunschweig, Germany 38106 )

3) ( Institut für Anorganische und Analytische Chemie, Technische Universität Carolo-Wilhelmina, Braunschweig, Germany 38106 )

4) ( Konrad-Zuse-Zentrum für Informationstechnik, Berlin, Germany 14195 )

5) ( Institute of Energy Research and Physical Technologies, Technische Universität Clausthal, Clausthal-Zellerfeld, Germany 38678 )

6) ( Institute of Electrical Measurement and Fundamental Electrical Engineering, Technische Universität Carolo-Wilhelmina,

Braunschweig, Germany 38106 )

( 2012 c 3 � 21 FÂ�; 2012 c 6 � 27 FÂ�?Uv )

|^>zÆ�È{3�4�z¾��¥��
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L�. b	��áÂ1Ìw«7B���L¡�lf���¹î�áÂ¸ (transverse mode) Úp�á
Â¸ (longitudinal mode), äkér���É5A�. p�áÂ¸�rÝ�\�1� ���Ú\��Ýk', �X
�»'�O\p�áÂ¸ ��pU��£Ä. òB���m�L¡�lfNUþÍÜ�©f H àÜN�áÂ1
Ì1��
'�, @���B��m�õÍÜ¦p�áÂ¸Ñy7£. |^k��©Û{�[
>|3B��

�Úü�B��L¡�ØÓ©Ù.
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1 Ú ó

d\�>^|Úå�3��ÚCù	Å��
�7ÕL¡�lfN���A@3 20 VÒÚå

2��5¿ÚA^ [1−7]. 7Õ�L¡�lfN�
��AduB�á���L¡'��\r [8,9].
�âð�d��§, 7B���L¡�lfN�â
�»'�ØÓLyÑ²w���É5, ¿�3B�
�må����¹e7B���m�>|kér
��p�^ [10−12], l¦L¡�lfN���á
Â¸� �3é����S�N. �8cé7B�
�â�ïÄÌ�Û�3���»'B��â, ~X

¥/7B��â [13], ½k�êþB��ü� [8], é
�¡È���»'B��
��1Æ5��?�
Ú@£òéB�á�L¡�lfN�ïÄk�
Ö¿. B�����kõ«�{, Ì�kzÆÜ¤
{ [14] Ú��{ [15], �éuzÆÜ¤�{, ��{
äk°(���5, ¦B���(��\Ú�.

�4�z¾ (anodic aluminum oxide, {P�
AAO) ��Ï�äk5Kü���É(��2
�A^uB�ì���� [16], ~Xc!qB��
ÚB�+ [17,18] 99>á�� [19]. Ù1ÆA�¸
 �3b	Åã, ����É�ÝÚþÝäk�
�5, N´��ØÓü��p�ÝÚp�»'�
B��
�. �©æ^>zÆ�È{3 AAO ��
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¥��
7B��
�, ¿ÿþ
Ù3ØÓ\�
1�Ýe�áÂ1Ì. (Jw«L¡�lfN�î
�áÂ¸ (transverse mode, {P� T-�) Úp�á
Â¸ (longitudinal mode, {P� L-�) éu\�1
� ���Ú\��ÝLyÑØÓ�A5. �â
©fü�(�é1Ì�K�©Û
B���må
9�»'�CzéB��m>|ÍÜrÝÚ L-�
�K�. ?�Úæ^k��©Û{ (finite element
method, {P� FEM)[20] �[
dB���êþÚ
å�õ>|ÍÜé L-� ��K�.

2 ¢ �

2.1 AAO �����

æ^�g�z{�� AAO �� (�» r =
4 cm), òpX¾¡ (99.99%, �®}y�kÚ7áE
âmu¥%) �WÚò» (400 ◦C) ±�, 3 HClO4

Ú C2H5OH (NÈ' 1:4) �·ÜM�¥?1�1,
�1>Ø� 20 V. ± 0.3 mol H2SO4 M����4
�z�A�>)�, 1�g�z>Ø� 25 V, ±
Y�m� 4 h. ,�|^ H3PO4 (6%) Ú H2CrO4

(1.8%) �·ÜM�@¡�Ø�g�z��z�, @
¡�m� 4 h, §Ý� 60 ◦C. ��3�Ó��z^
�e?11�g�z, �z�m� 12 h. �
�
�Ïß��É, æ^ CuCl2 Ú HCl �·ÜM�|
^���A�Ø�{�¾Ä.. 2^ 5%� H3PO4

3 45 ◦C �ð§Yú¥M) 15 min �Ø{	�.

2.2 7B�����

Äkæ^Ôn�Û{3 AAO ��ýÛþ�
� 300 nm þ� Ag ���>zÆ�È�ó�>4.
,�¦^IOn>4>zÆó�Õ3��¥�È
7B��, �k Ag �� AAO ����½3g�>
)ø¥, �¬�»� 1 cm, �Ú[þ>4�ë'>
4, Auruna 5000 Au >Û��>)�, ¦^ð6�
ª, ó�>6� –300 µA/cm2. 7B����Ýd�
È�m5��, )��Ç�� 200 nm/min.

2.3 �¬�L�

¦^×£��>fw�º (SAM, ZEISS) L�
7B��
��/m(�Ú|¤¤©, ¦^b	�
�áÂ1Ì (UV-VIS) ÿÁ AAO ��97B��

�1ÆáÂA5. ÿþ SAM �c, ò�Èk7B�
�� AAO ��E�u 10% � H3PO4 ¥ 45 min, M
)KÜ©vkW¿7� AAO ��, ¿^�þ�2
YÀW, ±¼�U
Õá| uÕ>4þ�7B�
�
�. UV-VIS �ÿþæ^ AAO ��M)�7B
��
�, ±¦B��ü��±Ú�.

3 (J�?Ø

3.1 AAO ��Ú7B���/m(�

ã 1 �M)KÜ©����7B��
�
Ú AAO ��(�. dã¥�±wÑ, B��o[þ
!, �»��É�»��. ã¥�¬�B���»
� 25 nm, B���Ý� 2.5 µm, �z¾����
må� 35 nm, �É�Ýp� ρ = 1010 �/cm2, �É
¥y5K�·¶Gü�. ¢�¥B����Ýd�
È�mû½, �»'���B���¬, 3M)�
�Ú�W�L§¥N´u)ä�. ã 2 �B��

����>fÌ, lã¥�±*ÿ��� C, Al, O,
Au �&Ò, Ù¥ C ��5u����L§¥�
>)�. Ï� Au B��)�3�z¾��¥, l
�� Au ���&ÒrÝ'�f.

ã 1 7B��
�� SAM ã�, Ù¥ AAO ��®²�Ü©
M)K; B���»� 25 nm, �Ý� 2.5 µm; mþ�i\ã�
� AAO ��, �É�»� 25 nm, �må� 35 nm

3.2 7B��
��1ÌïÄÚ©Û

ã 3(a) w«
7B��3 P  ��� (\�1
�>|��²1uB����¶) \�1��^e
�b	��áÂ1Ì. ã 3(b) �)�3 AAO SØ
Ó�»'�7B���áÂ1Ì, Ù¥\�1� P
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 ���, \��Ý θ = 30◦. ¤kÿþ�¬�7B
���»� 25 nm, B��må� 35 nm, B���
�Ý�ûu�È�m, �¢�¥B����»'©
O� 13, 11.6, 6.8.

ã 2 7B��
����>fÌ, w«Ñ�� C, Al, O, Au �
&Ò

lã 3(a) ¥�±wÑ, i\�4�z¾���
7B��
�©O3Å� λ = 520 nm Ú 750 nm �
 �ÐyÑü���áÂªÇ. Ù¥ 520 nm ?�
áÂ¸� T-�áÂ¸, dR�uB���¶�L¡
�lfN���),  750 nm ?�áÂ¸� L-�
áÂ¸, d÷XB���¶���L¡�lfN�
��). ¢�(Jw« L-��rÝ�\�1��Ý
k', �\�1R�u��\� (\�� θ = 0◦) ½
ö\�1� S  � (\�1�>|��R�uB�
���¶), L-�ØU�-u. �\�1� P  ��
��, du P  �¹k÷X�¶���>|©þ,
L-��±�-u, ��X\��Ý�O�, L-�

�rÝ�O\. ã 3(b) �ØÓ�Ý�7B���á
Â1Ì, (Jw« L-��Uþ3��Úù	��S
�N (650—800 nm), ¿��X�»'�O\7£;
 T-��Uþ�é'�½ (520 nm).

� â é ü � B � � â � » ' Ú / G é L
² � l f N Í Ü r Ý K � � ï Ä, � » ' � O
\¦ÍÜrÝOr, l¦ L-�� �Ñyù
£ [21−24]. � â é k � ^ ê B � � � ½ 5 ï
Ä [24−26], d Clausius-Mossotti 'X��B��÷
�¶���4zrÝ α �Ù�¶�4zXê L �
'XXe [25]:

α =
ε0V

L

 ε − εm

ε +
(

1 − L

L

)
εm

 , (1)

Ù ¥ V � B � � � N È, ε0 � ý � 0 > ~ ê,
ε = ε1 + iε2 �7�Eê0>~ê, εm �B��
mYá��0>~ê, 3�¢�¥ AAO �ò�
Ç nm = 1.6. �â (1) ª, ε1 I�÷v±e'Xâ
�u)L¡�lfN��

ε1 = −
(

1 − L

L

)
εm, (2)

Ù¥ L dB���/Gëê e û½ [21,27]

L =
1 − e2

e2

(
1
2e

ln
1 + e

1 − e
− 1

)
, (3)

e =

√
b2 − a2

b2
. (4)

ª¥ a Ú b ©O�B����»Ú�Ý. d (1)—(3)
ª��, ε1 �X�»'O\O\, l¦��Å
�Ñyù£ [24].

ã 3 (a) 7B��
�3 P  ���\�1�^e�áÂ1Ì, \��� 0◦ � 40◦; (b) ØÓ�»'7B��
�3 P  �
��\�1�^e�áÂ1Ì, \��� 30◦, B���»þ� 25 nm, B��må� 35 nm, l��mB���»'©O� 13,
11.6, 6.8
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�â FEM, ·�|^ JCMsuite �[
7B�
��L¡>|©Ù, uy¢�¥*	��7B�
�
�¥ L-��Uþ´dB��m>|ÍÜrÝ
û½�. �7B���m�ål�u�½���
(< 10 nm) �, B��m�>|ÍÜrÝÌ�
L
¡�lfNáÂ¸�Uþ. ¢�¥n��Î/ü�
B���.Xã 4 ¤«, B����ÝÚ�»©O
� 200 nm Ú 25 nm, �7B��	� 27 nm þ�z
¾��, 0>~ê ε = 2.56. �â Drude ½Æ½Â
7B���0>~ê, ¿�½Â\�1� p  ��
�, \�1�B���¶Y�� 50◦. 3B��
�
�.¥ (Xã 4(b)), ½Â�ü�B���Ó�ÝÚ
�»�Ã�õ^5K8>/ü��7B��, B�
�må� 27 nm, �B��má���z¾, 0>~
ê ε = 2.56. �[(J (ã 4(a)) L²ü�B��÷
X�¶���L¡�lfN��Å�� 1505 nm,
>|Ì�©Ù3\���B���ºà. 3B�
�
�>|�[(J¥ (ã 4(b)), duB��m�
>|ÍÜ, B��
��>|8¥©Ù3B���
¥Ü, ¿�L¡�lfN��Å�3 938 nm, �é
uü�B�� L-�Uþ²w7£.

(a) (b)

θ

k

E

ã 4 FEM �[ü�7B��97B��
�¥ L-�>|
©Ù (a) �ü�B���.; (b) �5K8>/ü��B��

�

�âã 3 Úã 4 �(J, ·�Ú^©fduØ
Óà8/ª��áÂ1Ì£ÄnØ [27,28] 5©Û
B��>|�m�ù«�p�^. kÅ©f/¤�
à8N�) J à8NÚ H àÜN, Ù¥ J àÜN�
©fÄ��éü�, à8N�áÂ1Ì�éuü©
fù£; H àÜN�©f²1ü�, áÂ1Ì�é
uü©f1Ì7£ [28,29]. 7B��
��ü�B
��²1ü�, ��u©f H àÜN. éV©f H
àÜN�-u�nØïÄL², àÜN�-u�U
?�âü�ó4f (z�©f��u��ó4f)
� ���©��é¡Ú�é¡ü�-u�U?,
ü�-u�U?�m�Uþ�� 2U , X (5) ª¤
«, ü�ó4f�m�ålÚ0��ëêÑéU?
�kK� [27].

U =
1

4πε0

|µ|2

n2
mR3

κ, (5)

Ù¥ κ dü�ó4f�m�Y�û½, 3²1ü�
� H àÜN¥ κ = 1; R �ü�ó4f¥%�må
l; nm ´0��ò�Ç; |µ| �LÞó4å��.

éuäk5K8>/ü��n�7B��

�, z^B��Ñ��Cål R1 = 32 nm �8^B
��kér��?�p�^, �g�Cål R2 =
60 nm �8^B��k�f��?�p�^, r¤
k�>|?1U\, /¤�B��
��-u�ä
k�°�U�, ¿�¦U?� U ′ ?�Ú\�, X (6)
ª¤«

U ′ = U +
1

3
√

3
U +

1
8
U + · · · . (6)

U?(�Xã 5 ¤«, 7B��
�� L-��
 ��äké¡ó4f�U?�p�U� [21−30].

ã 5 7B��
�L¡�lfN-u�U?(�«¿ã �
âó4f���-u�U?©�Uþ�p�é¡�ÚU?�$
��é¡�

�7B�����½êþ�, �z^B��
u)�p�^����B��êþ��½, �
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� L-��Uþªu½, �XB��må�?�Ú
~�, U ′ �¬Ï�õ�p�^?�Ú\�.

4 ( Ø

�©æ^k��©Û{�[
ØÓB��

��L¡�lfNA�, ¿é¤�(J?1
nØ
©Û. æ^��{�È7B��
�, |^×£�
�>fw�ºéÙ(�Ú¤©?1L�, ¿éÙb

	��1Ì?1
ïÄ, ¢�(JL²B����
»'!\�1� ���9�ÝÑé7B��

��L¡�lfN L-�kK�, ¦ L-�3��9
ù	��S�N. �[(JL²3B��
�¥,
>|8¥©Ù3¥mÜ©, ¿� L-�� ��éu
ü�B��²w7£.

a�ØÔa�nó�Æ Dirk Wulferding Ú Katharina

Janzen Æ¬�?Ø.
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Abstract
Au nanowire arrays with high aspect ratios are prepared in anode aluminum oxide templates by electrochemical deposition. The

obtained structures are investigated by scanning Auger microscopy. Surface plasmon resonances of Au nanowire arrays induce a
transverse mode (T mode) and a longitudinal mode (L mode) in the optical absorption, which indicates the strong anisotropy of the
Au nanowires. The L mode intensity is related to the angle and polarization of the incident light. The L mode position shows a shift
with the increase of aspect ratio of the nanowires. The plasmon coupling between Au nanowires is compared with the H-aggregation
of organic chromophores. The blue shift of the L mode in the arrays compared with a single nanowire is induced by multi-coupling of
the electromagnetic field between neighbouring nanowires. A finite element method is used to simulate the electric field distributions
of a single Au nanowire and an array of plasmonically coupled wires.

Keywords: surface plasmon resonances, Au nanowires arrays, anode aluminum oxide template
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