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Äuüã�Ó7á©����ì�¤�ü�(�, lnØ9¢��¡ïÄ
²¡�á���N� Fano ��.

¢�ÿþ
²¡�á�é TE Ú TM \�Å�>^�A, |^>^Å�\��Ý�� Fano ���rÝ, ¢y
��
�m'A5, ��ªÇù£��� 21%. Äuk��{�Ñ
²¡�á��|©Ù, r��~ÚÑL²²¡�á�
�>^�A�a'²;>^p�ß²y�, �ý�¢�(J�ÎÜ. é¡(��á� Fano ���m/'A5��á
�5U��N���Jø
k�å».
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1 Ú ó

2001 c, �Æ[Äg�EÑ3�ÅÅãäkK
0>~êÚK^�Ç��á� (metamaterials, #.
<ó>^á�), y¢
Kò�y���3 [1], gd
�á�3IS>^�Æ+�Úå
2��'5 [2],

ÏLü�(��O5���á��>^�� [3−5].

��y�3g,.¥ÊH�3, kâÔ[.Ú Fano

.�©, äk�é¡Ì�/G� Fano ��´þf
XÚ�wÍA5�� [6]. �C, ïÄö3L¡�l
-�B�(�Ú�á�¥uy
 Fano ��, ¿?
1
�\ïÄ [4]. Fano ��Í��ÚÑA5�©
­�, �3¯õ+�¥��A^, ~Xú1 [7−13]!
Da [14,15]!��5 [16] 91m' [17] ��¡. 3Ø
Ó�Ý7ál�¤��é¡���
�¥, Äku
y
�á�� Fano ��, �	\>|4z��²
1u7á����, \�>^Å3 2 �7álþ�

-uÑ¥y�é¡©Ù�L¡>6, l
��p Q

����, T���¡�åP� (trapped mode) �
�, äk�é¡� Fano Ì�/G, �a'>^p�
ß²y� ( electromagnetically-induce transparency,

EIT)[18]. Fano ��� Q �É�Ñ��, 8c�±|
^1Ä$OÃ0� (X��Nþf: [19,20]) ½ö�
�N�á� [21] 5Ö�½ö�Ø���Ñ, ?
J
p Fano ��5U. d	, Fano ����N5��É
'5, ���N�á��§Ý3Ù���.§ÝN
CCz�, �±¢y Fano ���N� [21], ,
�
��á��¢�^�����, Ø´¢y; �ÊH
��{´ÏL�á��(��O5��V� (dark

mode) ��� (bright mode) �m�ÍÜrÝ, l

N� Fano ���A5 [18,22−24], ,
�á���
�ÒéJUCÙü�(�AÛëê, ÏdI��
�¢^��{5�� EIT y�Ú Fano ��. Ï~,

^uïÄ EIT y���á�3²¡S�õk��
é¡¶, = C1 é¡ (��^= 360◦ �g�­Ü),
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du(���é¡5, R�\��>^ÅB�-
uÑ EIT y� [7−10,18,21], 
éuäk C2 é¡(
� (��^= 180◦ �g�­Ü) �²¡�á�, 3
Ó�ªÇ��S�\��>^ÅÃ{�� EIT y
�, ÏdïÄ$�. /Ï>^Å���\�, �¢
y C2 é¡²¡�á�� EIT y�, �=Û�u1
Åã�nØïÄ [25].

�©�O
 C2 é¡(��ü�²¡�á�,

ÏLUC>^Å�\���N��á�� Fano �
�. ¢�ÿþ
²¡�á�3ØÓ�Ýeé TE

Ú TM \�Å�>^�A, Äuk��{�Ñ
ê
��ý, ïÄ
\��é Fano �� Q �9��ª
Ç�N�. T�{¢y
�á���N5, {ü

q�1, ;�
Ù¦�á�N��{¥�3�¯K.

2 �O�¢�ÿÁ

éu C1 (�²¡�á�, ÃØ>| ���
²1u(�é¡¶�´R�ué¡¶, Ñ�±-u
�á�õ����ª, 
>| �R�u(�é¡
¶�, �-uÑ�$�����ª [26]. ©z [18] ¥
ïÄ��á�� C1 (�, >| �R�u(�é
¡¶, =(��éu>|��Ly��é¡5, 3
ÙïÄ�ªÇ��S�$����R�\��>
^Å-u, 
3Ó�ªÇ��SR�\��>^Å
Ã{-u C2 (��á��åP���. C2 é¡(
��á�åP����ïÄÿ¾���, �©Ì�
ïÄ C2 é¡m�� (symmetrically split rings, SSR)

�á�éØÓ\��Ý>^Å��A, \��Ý�
k���>^p�ß²y�, ù��ª31Åã®
��
ê��y [25].

� á � � ( � X ã 1 ¤ «, þ Ý � 35 µm

�Ô7á�(�±Ï/�¡3 1.6mm þ� FR4

Ä � þ, Ù ± Ï � 15 mm, ¢ � � ¬ � o º �
� 220 mm × 220 mm, \�>^Å�Å¥ k ��á
�²¡{�þ n �m�Y�P�\�� α. ²¡�
á�Ä�(�ü��äNëêXã 1(b) ¤«, SSR

d 2 ã���Ó�7ál�¤, �éu x, y �I¶
é¡ (= C2 é¡), 7ál¥%�»� 6.0 mm, �°
� 0.8 mm, ¤éA�lÝ�� 160◦. 3�ÅV¿¥
æ^°�/iU� (Schwarzbeck BBHA9120D) Ú
�ä©Û¤ (Agilent E8364B) é�á�?1ÿþ,

¢�¥æ^�é0�ßºé>^Å?1O�, ¿

|^áÅá�~f¢��¬�>�Ñ�. �Ä�
�¬¢Sº�k�, ��ÿþ�¢Sk�ÿþ¡È
C�, ��ÿþØ���, Ïd¢�¥\��Û�
� 0◦—50◦, 3 4—14 GHz ªÇ��Sÿþ�á�
é TE Ú TM Å�>^�A, TE Å>|4z��
²1uã 1(a) � y ¶, 
 TM Å^|��K²1u
ã 1(a) � y ¶.

ã 1 é¡.²¡�á�(�«¿ã

ØÓ\�� α �¹eß�ÿþ­�Xã 2 ¤
«. R�\��, TE Ú TM ÅÑ=U-u��>ó
4f��. �X\���O�, SSR �á��-u
Ñ�õ����ª, TM Å3 12—14 GHz �m-
yÑ,���f���, 
 TE ÅK�-uÑ��
²w� Fano ��. éu²¡�á�� TE Å�A,

3$ªã, �� IV Ä�þØ¬�X�� α �O�

£Ä, ��ªÇ�±3 5.8 GHz NC; 3pªã,

� α = 0◦ � (>^Å�\��(�L¡), =U-
u��ªÇ� 11.3 GHz �>ó4f��, ù«�
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¹e3ü�7álþØ¬Ñy�é¡�>6��,

ÏdØU�)åP���. 
�X α �O�, 3ü
�ß�4���mÑy
Ä�Ï� II(éA��Ç
4��), =� Fano .åP���, ��ªÇ�$ª
ã £, � α = 50◦ �, �� II �²w, Ù��ªÇ
ù£� 21%. \��Ý�Cz¢y
 Fano ���
m/'L§.

3 ê��ýïÄ

�
�Ð/)º¢�y�, Äuk��{ê
��[
²¡�á�é\�>^Å��A, Xã 3

¤«. 3�Åã, Ä. FR4 �0>~ê ε = 4.05—

0.05i, 7áÔÀ��{�N. lã 3 �±wÑ, \�
�é�á����?1k����, ß�¸éAu
��Ç�, ßLÇ��ý(Jã 3(a), (c) �¢�(
Jã 2(a), (b) �ÎÜ. �\��, TE \�Å=U-
u 11 GHz NC�>ó4f��, 
 TM \�ÅK
-uÑ 6.5 GHz NC�>ó4f��. >^Å�
�\��, TM Å3 12—14 GHz �m-uÑ,�
��f�p���, TE ÅK-uÑõ���, /¤
ß�¸ II Ú IV. ²¡�á�é TE Ú TM \�ÅL
yÑØÓ�>^�A�d\�Å�^|©þ)º:

TM \�ÅÃ^|©þBL SSR �á�L¡, Ù>
|©þØUk�-u C2 é¡(��åP���;

TE \�Å�^|©þ�BL SSR �á�L¡, �

�Ý�O\¬���r�^| (|H0z| = |H0| sinα)

BL SSR �á�L¡, ¦+(���� C2 é¡,

�du\�Å^|©þ |H0| 3 z ����^, �
�XÚ�é¡5®»�, Ï
�á�é TE \�
Å�Aì� [25]. �ý(J¥���ru¢�(
J, ùÌ�´du¢�L§¥�3>�Ñ�, \�
���>�Ñ��r, 
�ýL§¥�á��b
��Ã�� (Floquet �¦) [27]), ��Ä¢Sÿ
þL§¥�>�Ñ�, E¤
¢���ý�m�
�É.

ã 4(a) �Ñ
�á�ß�¸ (�� II)Q ��
¢��nØO�(J, �öÎÜ�Ð, �X\�
��O\, Q �ÅìO�. � α = 50◦ �, Q �
��
 18(Q = f/∆f , Ù 3 dB �°� 0.6 GHz).

ã 4(b) �Ñ
 α = 50◦ �ß�Å�� , �ß�Ì
Ñy Fano ��¸�, �á�LyÑÍ��ÚÑ'
X (ã¥ÒK«�), �a'²;�>^p�ß²y
�, ��úÅ�A, Or>^Å�Ô���p�^.

��Ý\��¹e, du�¬º�k�, ¢�(J
Ø���, Ø´¼�, ã 4(c) �Ñ α = 80◦ ��á
��ß�Ì�ý(J, TM \�Å-u�p���
Or, �Ùß�Ì�¿Ã²wUC, 
 TE \�Å�
ß�ÌCz��, ß�¸ II � IV � Q �²wO�,

��?�¸�ß�Ç²w~$, Ó�3 12 GHz N
CÑy1n�ß�¸, ù�CzÌ�
u TE \�
Å^|©þ�K�.

ã 2 ØÓ\��Ýe²¡ SSR �á��¢�(J
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R�\��>^Å=U-u C2 é¡(��
á��>ó4f��, �gd�mÍÜr, ��Ù
�Ñ��, 
 C1 �é¡(���á�K��-u
Ñ^ó4f��, �gd�mÍÜ�f, �Ñ�$,

Ùw«Ñ�é¡.ß�¸, =�-uÑåP��
� [18]. Fano ��äk�é¡Ì�/G, Ù�é¡5
��)�8Ïu*d�C���ß�Ú����
���, �{ü/n)�lÑ� (Û��) �ëY�
�p�^�(J. e¡Ì�©Û TE \�Å��á

��A, α = 50◦ ��� I, II, III 9 IV ?�^| z

©þXã 5 ¤«, �Þ�L]�>6��, J��
L SSR �é¡¶, = y ¶. ��\��, \�Å�
^|©þòBL SSR �á�L¡, Ó� SSR �á
��L¡-y�)�ò, �é¡�L¡>6/ª�
-y. �� II 9 IV �L¡>6�r, ��é¡©Ù
�>6ÓÌ�/ , �)^ó4f, �gd�mÍ
Ü�f, ý�Ü©Uþ8¥3�á�L¡. 
�� I

9 III LyÑ>ó4f��, éA��Ç4��.

ã 3 ØÓ\��e SSR �á���ý(J
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ã 4 (a) SSR �á��� II � Q �; (b) α = 50◦ �ß�� ; (c) α = 80◦ �ß�Ì

ã 5 α = 50◦ ��� I, II, III 9 IV ?^| z ©þ|ã
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¢Sþ, Fano .åP�����é¡>6�
�Ì��ûu7ál�þL¡>6�Ý� x ©þ.

ØÓ\��eL¡>6�Ý x ©þ�\�ªÇ�
m�'XXã 6 ¤«. 3$ªã, α = 0◦ �Ã�
� IV, �X\��O�, Ñy
�é¡>6©Ù, /
¤�� IV; 3pªã, R�\��ü�7álþ�

ÀL¡>6 x ©þþ� 0, �X\���l 0◦ O\
� 50◦, 3ü�7álþÑy
� ��!Ì��
C�>6©Ù, �>6Ì�O� 10 �, ��ªÇu
)ù£, l 13.2 GHz ü� 10.4 GHz. ��>6©Ù
�)��|Ë�ò�p-�, ��>^ÅUþÛ�
3�á�L¡, �y
�p Q ����.

ã 6 \�� α ©O� 0◦, 30◦, 50◦ �L¡>6�Ý x ©þ�©Ùã

4 ( Ø

�©ÏLê��ýÚ¢�ïÄ
 C2 é¡ SSR

.²¡�á�� Fano ��, \�Å�ÝU
k�
����rÝ, TE \�Å�^|©þkÏu-u
åP���. ÏL{ü/��>^Å�\��Ý,

¢y
 Fano ���m/'!����¬�Ïê±9
��
åP���ù£ 21%�(J. SSR ²¡�á

�(��Eó²{ü, yk��!B�\óEâ�
±�t¢y, 
��±ÏL��\��5N��á
�5U. \���N��ª�±A^uÙ¦>^Ì
«�. SSR ²¡�á�w«Ñaqu>^p�ß²
�1�, �±¦Ù3ú1�¡kX­�A^, 
�
Ù�)�Û�UþOrA5�±A^���5Ú
OÃ�á�+�.
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Tuning Fano resonances in a planar metamaterial∗
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Abstract

We demonstrate the tuning of Fano resonances in a symmetric planar metamaterial both experimentally and theoretically, on the

basis of a unit cell consisting of two identical split ring resonators. The electromagnetic responses of the planar metamaterial to incident

TE and TM waves are measured. By controlling the excitation of the Fano-type trapped-mode resonance via the angle of incidence,

the resonance can be switched on/off and the resonance is red-shifted by up to 21%. Based on the finite element method, the field

distributions are presented and a very sharp normal phase dispersion renders the response of the structure a metamaterial analog of

classical electromagnetically-induced transparency (EIT). The simulated results are in good agreement with the measured ones. The

switching feature of the trapped mode resonance in symmetric metamaterial can provide an easy approach to tuning the performance

of metamaterial.

Keywords: metamaterials, trapped mode, Fano resonance, electromagnetically-induced transparency
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