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�â[ÅÏL<ó7áæÅ�(�m���� (SRRs) �±�)��áÂ, 8cÊHæ^ LC ��>´Ú�5
�f�.5)º. |^�â[��1ÌXÚÿ�¿Ãm��æÅ�7áV�Ú�V�(�
�ß���â[Å, (
JE,*	�3�â[ß�Ì¥�3áÂ¸. ©Û�ÑdáÂ¸�Ñy�±^�5�f�.)º. d	,ïÄuy
eòd(�����=Ä.þ, �±�¬L¡{����¶^=�¬�Ù�â[ß���Å/ÚªÌþ¬�^=
�ÝÑy²w�±Ï5Cz, 
±7�Ä.¿ØÑydy�. �©òÙ�Ï8(��=Ä.�Vò��AéæÅ�
7áV�(��â[ß�5��K�. �©Ì�8�´©ÛE¤ù«K��ÔnL§.

'�c: V�, �â[, AÉá�, Ä.

PACS: 81.05.Xj, 42.81.Gs, 42.60.Da, 42.25.Bs

1 Ú ó

�â[Å´�Å�3 30 µm—3 mm Åã�>
^Å, dÅã0uù	Ú�Å�m. duDÚ�Ã
ãéJ���Ð��â[Ë�
Ú&ÿì, Ïdù
�Åã�>^ÅQ²é��ïÄ. �´L�� 20
c�â[�ÆEâ��
×��uÐ, �5�õ�
<m©�åu�â[�ÆEâ�ïÄ. �â[��
1ÌEâ [1−3] �Ñy�<�ïÄ�â[�A5�
5
é���B. ,	, þ­V" Pendry �<JÑ

�«<óæÅ�(� [4], ù«(��±¢yK0
>~êÚK^�Ç��
�~�Ôny� [5]. Ï
dù«<óæÅ�á���¡�AÉá�. du
AÉá�LyÑ�1ÆA5´g,.á�¤Øä
��, ÏdAÉá��m©¤�Nõ�ï<
'
5��:, �ª���U
�)NõAÏ1Æy�
�7áæÅ�(���OÑ5. �´, é�â[Å
ã7áæÅ�(��1Æ5��@£�Ø´éß
�, I�l¢�ÚnØþ����\�ïÄ. 8c
ïÄ��õ��«;.�æÅ�7á(�´m�

��� (split ring resonator, SRRs)[2,6−11] ÚÙû)
(� (~X SRRs ��
é¡|Ü(�). SRRs �
ß�Ì¥ÑyA�áÂ¸, 'uáÂ¸�Ñyy
3�õæ^ü«�.?1)ºµÙ�´ LC ��
>´�., SRRs/¤ LC £´, �â[\�Úåm
�7á�£´¥�>f��/¤$ªáÂ¸, Ù�
�ªÇ�

ω0 ∝ 1√
LC

, (1)

L �NX�>a, C �NX�>N; Ù�´�5�
f�. [11], \���â[¦7á�¥>f/¤�
5���)pªáÂ¸.

du��É51Æá���¬UC�â[�
 ��, l
K��AÉá�����â[ß�5
�, �
;��AÉá�1Æ5��ïÄ�5Z6,
8c�õ'uAÉ5á��ïÄÑ´ò7áæÅ
�(������Ó51Æá�Ä.þ. �©8�
3uïÄ��É5Ä. (~X�=) XÛK�ß�
��â[Å. ÏL¢�uy�=Ä.��â[ß�
5éÐ, XJU
)û (½|^) �=Vò��K�,
òÙ��AÉá��Ä.�´�±�. �â SRRs
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��Og´, ·�JÑ
±7½�=�Ä.�æÅ
�7áV�Ú�V�(� [12], ¿|^�â[��
1ÌXÚïÄ
da(���â[ß�5�. �©
3�[?Ø
��É5Ä.éAÉá��â[ß
�5�K��Ä:þ. JÑ
XÛ;�duÄ.�
)�ù«K�, �3��É5Ä.þ�OAÉá�
Jø/�¿Â. )ö@�: ^��É51Æá��
�AÉá�Ä.ò�±�OÑ�õõU��â[
õUì�.

2 �¬�O

� ¬ �æÅ � 7 á V � Ú � V � 
 � (

� [13], ã 1(a) ¤«�V��¬�(�ü�, d
7�¤, Ó%V��, ��S» a = 21 µm, �
�	» b = 51 µm, 7�°Ý w = 3 µm, 7þ
Ý d = 2 µm; Ä.��=¡, ÙþÝ D = 1500 µm,
Ù1¶²1u�=¡L¡. 7á(�ü�±Ïü
�u�=Ä. (Xã 1(b)), Y²Úç���±Ïþ
� 60 µm.

ã 1(c) ¤«��V��¬�(�ü�, 1�Ü
©�ü�Ó%��, Ù{Ü©d7�¤, äNº�
� a′ = 16 µm, b′ = 56 µm, w′ = 8 µm, d′ = 2 µm;
Ä.��=¡, ÙþÝ D′ = 1500 µm, Ù1¶²
1�=¡L¡. 7á(�ü�±Ïü�u�=Ä
. (Xã 1(d)), Y²Úç���±Ïþ� 60µm.

ã 1 ¢��¬ (a) ±�=�Ä.�V�(�; (b) w�ºeû��V��¬ã�; (c) ±�=�Ä.��V�(�; (d) w�º
eû���V��¬ã�

3 ¢�9nØ©Û

3.1 777 ááá VVV ��� ((( ��� ��� âââ [[[ ááá ÂÂÂ ¸̧̧ ��� ÔÔÔ
nnnÅÅÅnnn

·��c�ó��Ñ [12] Ãm��7áV�(
���â[ß�Ì¥ÑyáÂ¸. 'udáÂ¸�
�)Ån�±e?Ø. 3 SRRs (�¥�â[>|
R�u7á�m�����±¦m�?u)4z,
�â[>|����±¦m�?4z>Ö��Ý

u)Cz?
3m�7á�¥�)�/>6¿�
/¤�â[ß�Ì�$ªáÂ¸, dÅnaq LC

��>´, UC SRRs �(��±UCÙ�â[ß
�Ì¥áÂ¸� � [10] . � SRRs (�ØÓ7á
V�(�¿Ãm� (Xã 1(a), (b)), Ïd7áV�
(�3�â[���áÂ¸¿ØU|^ LC ��
>´�.5)º. ·�|^��k��©�{3á
Â¸ªÇ?é7áV��¡>6?1
�ý, Ù(
JXã 2 ¤«. �,7á(���/�7á¥�)
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�>6¿Ø´�/, þe���>6��´���,
Ïdéu7áV����áÂ�±^�5�f�
.)º, Ù��ªÇ��¬�º�k' [11].

3.2 ééé���===ÄÄÄ...VVV������¬¬¬���âââ[[[ßßß���555���
���ïïïÄÄÄ

¢�æ^v����"��ì�)�á-1
óÀ, Ùó°� 100 fs, ¥%Å�� 800 nm, ­E
ªÇ� 1 kHz. |^�â[��1ÌXÚ [14,15] (X
ã 3),ïÄ
±�=�Ä.�7áV�(��â[
óÀ�ß�5�. ã 3 ¤«, ¢�¥�â[óÀ�
\���¬L¡, uyd�¬3�â[��SØ=
ÑyáÂ¸ [3], 
��±ÙL¡{��¶^=�¬
��&ÿ¬NÁz (ZnTe) &ÿ��ß���â
[Å��Å/ÚªÌþ¬�^=�ÝÑy²w�
±Ï5Cz (Xã 4).

ã 4(a) � ZnTe &ÿ���â[��Å/, �
±wÑ^=�¬L§¥��Å/�ò´�^=�
ÝÅìu)Cz. l 0◦ ^=� 90◦ L§¥, �â[
��Å/��mò´Jc
� 0.25 ps. ã 4(b) î
�I�ªÇ, p�I�²�¬�&ÿ���â[>
|�Ã�¬�&ÿ��â[>|��Ì�', �©
¡��&ÿ�Ì', l¥U
uy�¬�^=cé
A�Ì� (0◦ éA�ã�) 3 1.25 THz ?ÑyáÂ
¸, �±�¬L¡{����¶^= 10◦ ��,á
Â¸¸ vkCz, �Ì��NÑkeü. ^= 20◦

�Ì�mým©�ÌÝeü. UY^=�¬Ì�U

Yeü, ��^= 40◦ �Ì�ü��$ , d�®
²wØ�²w�áÂ¸, Ì�3 0.8—1.25 THz m
:ìeü, ��Ì�vk²w�þ,ª³
´ªu
²". ã 4(c) � 50◦ � 90◦ ^=L§¥&ÿ���
ÌÌ�, Ùql$ ¡E�
p , �¸ E,v
kCz. �
²wwÑ&ÿ�Ì'�^=�Ý�C
z, �©3ã 4(b), (c) ü©ã¥ 2.0 THz ?J�

�Ì�éA�&ÿ�Ì'¿±^=�Ý�î�I
&ÿ�Ì'�p�I3ã 4(d) ¥IÑ�:,�U
�u¼ê?1[Ü. (Juyã���êâ:�[
Ü��Ð, `² 2.0 THz &ÿ�Ì'�^=�ÝU
�u5Æ±Ï5Cz.

ã 2 ��ªÇ?7áV�¥>6©Ù

ã 3 �â[��1ÌXÚ
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ã 4 ^=L§¥�=Ä.V��¬�â[ß�5��Cz (a) �¬l 0◦ z� 10◦ ^=� 90◦ &ÿ���â[��Å/;
(b) �¬l 0◦ z� 10◦ ^=� 40◦ &ÿ�Ì'Ìã; (c) �¬l 50◦ z� 10◦ ^=� 90◦ &ÿ�Ì'Ìã; (d) J� (b),(c) ã
¥ 2.0 THz ?�Ì�êâ�u[ÜÑ&ÿ�Ì'�^=�Ý�Cz

ã 5 7Ä.7áV���Å/Úß�Ì (a) ØÓ�ÝéA���Å/; (b) ØÓ�ÝéA�ß�Ì

Úå±þy���
�Ukü�: Ù�, �U

u7á(�; Ù�, �U
u�=Ä.. e
uÄ
., q�Ukü«�¹: Ù�,^=�Ä.��UC
�â[ß�Xê; Ù�, �â[Å²�¬� ��
Cz��ßL��â[ØU���&ÿ�. e©Ï
L¢�ÚnØïÄ�[©ÛÚåþãy���Ï.
du7á�V�(�3�¬L¡´��Ó5�, Ù
^=�Ø¬K�ß���â[óÀ [7], Ïd^=�
¬Úå�Cz��U
u�=Ä.. �
�yþã

�ä, ·�qÀJ
±��Ó5�7�Ä.Óº�
�7áV��¬?1¢�¿*	Ù�â[ß�5
��^=�Ý�Cz�¹.

3.3 ééé±±±777ÄÄÄ...VVV������¬¬¬���âââ[[[ßßß���555���
���ïïïÄÄÄ

ã 5 ´±7�Ä.�7áV��¬��â[
��Å/Úß�Ì, �±uy^= 0◦, 40◦, 90◦ ��
¬��â[���Å/Úß�ÌÑv²wCz. Ï
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d�±(½ã 4 ¥�N��=Ä.7áV��¬
�â[ß�5��^=�Ý�±ÏCzy�
u
�=Ä.. ,	, �,7áV��º���, �´é
'7Ä.7áV��¬�ß�Ì (Xã 5(b)) Ú�
=Ä.7áV��¬�&ÿ�Ì'Ìã (Xã 4(b))
uyáÂ¸� �l 1.25 THz C�
 0.8 THz, ù
´Ï��=�7Ä.�0>~êØÓ¦��ªÇ
u)
Cz [11].

±��É5á��=�Ä.��¬�±¦�
â[��Å/Ú&ÿ�Ì'Ì��^=�Ýu)
±Ï5Cz (Xã 4), 
±��Ó5á�7�Ä.

��¬%vkÑydy� (Xã 5). Ïdã 4 ¤«
�y�AT
g�=���É55�.

3.4 ���===ÄÄÄ...ééé777ááá(((������âââ[[[ßßß���555���
���KKK���999ÙÙÙÔÔÔnnnLLL§§§���©©©ÛÛÛ

�
ïÄ�=Ä.é7áV�(��â[ó
Àß�5��K�, ¢�¥qÀJ
�7áV��
¬�Ä.������=¡, Ù1¶�²1ug�
L¡, �â[�\���=¡L¡, ¢���ã 6
¤«&ÿ���â[��Å/Ú�Ì'Ìã [16].

ã 6 &ÿ���â[²L�=¡���Å/Ú�Ì'Ìã (a) l 0◦ z� 10◦ ^=� 90◦ ���Å/; (b) ¢�lþ�e©
O��=¡^= 0◦, 10◦, 20◦, 30◦, 40◦ �Ì�,J�le�þ©O��=¡^= 50◦, 60◦, 70◦, 80◦, 90◦ �Ì�, �ã� 2.0 THz
�&ÿ�Ì'�^=�Ý�Cz

ã 7 �â[²�=¡� ��¹

±�=¡L¡{��¶^=�=¡. l�=¡
ß���Å/¥ (Xã 6(a)) ·��±uy�ã 4(a)
���Å/kaq�?, l 0◦ ^=� 90◦ L§¥
ÑÑy
�m�ò´�ò´þ�Cq��. ,	,

lã 6(b) ¥�±wÑ&ÿ���=�â[Ì¥¿
�ÑyáÂ¸, 
l 0 Ý (éAã 6(b) ¥�þ�¢
�)^=� 40◦(éAã 6(b) ¥�e�¢�) L§¥
Ì�Åìeü, 
�pªÜ©eü��¯. UY
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l 50◦(éAã 6(b) ¥�e�J�)^=�¬, 3d
L§¥Ì�m©¡E, � 90◦(éAã 6(b) ¥�þ�
J�) �Ì�Ä�¡E�
 0◦ ���¹. �ã 4 �
?n�{��, 3ã 6(b) �ÀJ 2.0 THz ?J�Ø
Ó^=�ÝeéA��â[�&ÿ�Ì', òJ�
�êâ?1�u¼ê[Ü (Xã 6(b) �ã), (Ju
y�â[ß�Xê�^=�Ý¤�u±Ï5Cz,
Ù±Ï� 90◦. �=¡3 2.0 THz ?&ÿ�Ì'�
^=�Ý�Cz'X (Xã 6(b) �ã) ��=Ä.
V��¬3 2.0 THz ?&ÿ�Ì'�^=�Ý�C
z'X (Xã 4(d)) éaq. Ïd�±y²L�=Ä
.V��¬&ÿ���â[Å�^=�Ý�Cz
´d�=Ä.�5����.

e¡äN)º�)þãy��ÔnÅn. ��
É51Æá��=�Vò�5�¦ß���â[
 �UCl
K�� ZnTe é�â[�&ÿ [16]. X
ã 7 ¤«, k ��â[Å¥!E ��â[>|!�
=1¶®3�=L¡IÑ, \���â[óÀ>|
��Ä¡�Ì�¡�Y�� θ(d?Ò´\���
â[ ����1¶��Y�, ã 7 ¥®IÑ). �
=¬N7ÙL¡{�^=� θ UC. �1¶���
\���â[ ���²1�, = θ � 0◦, �â[
Å?\�=��k e 1!o 1�", �Ñ�=��
â[Å�\���â[ �����, �±���
&ÿ� (Ï��\�=�¬c®²N�Ð&ÿ¬
N ZnTe �� , ¦�U
���Ç/&ÿ�\�
��â[Å); 1¶���\���â[ ���
R��, = θ � 90◦, ?\�=���â[>|�Ä
���,ØC, �du�=¡�^=Ì²¡®²�
^=, d��â[>|�Ä��R�uÌ²¡� o
1, 
 e 1�", �Ñ�=� s  ���â[Å�\
���â[ ���E��, ��±���&ÿ�.
þ¡ü«�¹�â[óÀ3?\&ÿ¬N ZnTe �
��Ä��Ñ�\���â[ �����, Ñ�
±���&ÿ�, �´ùü«�¹�â[Å3�
=¬N¥LyÑ5�5�´Ø���. 1�«�
¹ (²1�) Ly� e 1, Ùò�Ç�, DÂ�Ýú;
1�«�¹ (R��) Ly� o 1, Ùò�Ç�, D
Â�Ý¯. Ïd, ùü«�¹3&ÿ�����Å
/��mò´Ø��: 1�«�¹ (²1�) &ÿ
��� p  ���â[Å, �mò´���, éA
ã 6(a) ¥ 0◦ ��Å/ã�¶1�«�¹ (R��)
&ÿ��� s  ���â[Å, �mò´��c, é
Aã 6(a) ¥ 90◦ ��Å/ã�. ,	, �\���
â[ ����1¶��QØR��Ø²1�, 3

�=¥ o 1!e 1Ó��3�¦�3�=¥�ò�
ÇØÓ���Ñ��)
 ��, ?
¦�Ñ��
�â[Å���ý� �1. d�\��&ÿ¬N
þØ¬���&ÿ�, Ïd&ÿ����Å/�Ì
Ý��ucü«�¹ (Xã 6(a) ¥ 20◦—80◦ éA
�ã�). 3�ÌªÌã¥ (Xã 6(b)) ·�U
é�
Ù�w�ß�Xê�^=�ÝCz, Ù�Ï��´
Ï� 0◦ Ú 90◦ �ß���â[Å���&ÿ�, 

Ù¦�Ý���ý� �1ØU���&ÿ�. î
�/ù, ã 6(b) ¿ØU`²�â[óÀ²L�=�
ß�Xê�^=�ÝCz�¹ (Ï� 20◦—80◦ ß
���â[óÀ¿���&ÿ�), Ù£ã�´&ÿ
���â[�\���=þ��â[��Ì'�
^=�Ýu)Cz.

du 0◦ Ú 90◦ �&ÿ����Å/©OéA
u p  �Ú s  �, Ïd·��±J��=¥ e 1
Ú o 1�ò�Ç. �â

n(f) = ∆φ(f)
c

2πfD
+ 1 (2)

��
 e 1 (éA 0◦ �¹) Ú o 1 (éA 90◦ �¹)
�ò�ÇÌã (Xã 8). (2) ª¥ n �ò�Ç, ∆ϕ �
�â[óÀ²L�=¡�²L�í� ��, f �
�â[ÅªÇ, c �ý�¥1� 3× 108 m/s, D ��
=¡�þÝ 1500 µm.

ã 8 �=¡?u 0 ÝÚ 90 Ý�Ùò�ÇÌã

ã 8 ¥¢�� 0◦ �éA e 1ò�ÇÌ�,J�
� 90◦ �éA o 1ò�ÇÌ�. �±wÑ3 2.0 THz
? e 1Ú o 1ò�Ç©O� 2.16 Ú 2.11 �� 0.05,

3��1��S�=¬N� o 1!e 1Ìò�Ç
��=� 0.009 �m, Ïd�±�ä�=¬N3�
â[Åã�Vò�y�'��1Åã²w�õ.

o�, &ÿ��²L�=Ä.V��¬��â
[óÀ5��^= �Ý ¥±Ï5C z (Xã 4), Ù

048101-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 048101

�Ï´�=¬N�Vò�5�UC
�â[óÀ
� ��, ?
K��
 ZnTe é�â[óÀ�&
ÿ. ù«�^=�Ý3ª�ÌÚ��Å/¥Ñy
�±Ï5Cz�7áV�(�Ã', 
áÂ¸�
¸ �7áV�(�´k'�. ,	, lã 6(b) ¥
�±w���¬?u 0◦ Ú 90◦ �&ÿ���â
[Ì�?u�p , ß���â[óÀ����
&ÿ� (d�ß�Xê��� 85%)¶d�3 0.5—
2.6 THz ��SÌ�é², `²dªãCzé�. 

3 20◦—80◦ A«�¹¥&ÿ���â[Ì�¬Ñ
ypªeüy�. 3ïÄæÅ�7á(��â[ß
�5��, �â[Ì�Ñyþ¡¤`�pªeü�
y�¬K��7á(���â[ß�5�, e�;
�ù«�¹�u)�±ÏL¢�r 0◦(\���â
[ ���²1u�=1¶��) Ú 90◦(\���
â[ ���R�u�=1¶��) ù
AÏ��
Ýé�, 3ù���Ýe?1¢�=�. e�±�
=�Ä.�O3L¡SØä���Ó5�7á(
��, ��L§¥Ò��Ä�1¶���7á(�
� �'X.

3.5 ��� === ÄÄÄ ... ��� VVV ��� ��� ¬¬¬ ��� âââ [[[ ��� ßßß
���555���

·��c [12] JÑµ(�pÖ�7áV�Ú�

V�(�¦��ß�Ì�ÑypÖ5, =eã 1(a)
Ú (c) ¥�(�ëê a = a′, b = b′, w = w′, d = d′,
KV��V��¬ß�ÌpÖ. �
�\¿©/y
¢: �=Ä.�Vò�5�é�¬ß�5��K
�, ·�ÀJ�V�(��7á�¬, Ä.E��
= (Xã 1(c), (d)). (J^=L§¥��Å/Úß
�Ì�E,Ñy
aquã 4 ¥��^=�Ý±
Ï5Cz�y� (Xã 9(a), (b)).

lã 4(b) Úã 9(b) �±wÑ, V�(�Ú�
V�(�3�â[ªÌã¥Ñy
A�¸, |^
ù�A:·��±òÙ��¤�â[Åã�ÈÅ
ì [17,18]. ,	, XJò7áV�(�����=
Ä.þ, |^ ZnTe ¬N&ÿ�¬��ã 4(b) ¤«
�Ìã, �,î�`ùØ´�¬�ß�Ì, Ï�ù
�&ÿ��¿�¤kß���â[óÀ, �eò�
=Ä.���þß����\��â[ ���
�Ó� �¡, ã 4(b) �ÌãÒ´�â[óÀ²L
�¬Ú �¡ù�ö�ß�Ì. lã 4(b) ¥��:
��u 1.25 THz �, �¬^=ØÓ��Ýß��
�â[P~�¹k²w�O, �^=� 40◦ �, �
u 1.25 THz ��â[��Ìß�'C�é�
$
ª��%ép, ù���u$ÏÈÅ. o�, |^æ
Å�7á(��A�¸Ú�=¬Né�â[ �
��UC�±��ØÓ5U��â[ÈÅì.

ã 9 �=Ä.�V��¬�â[ß�5��^=�Ý�Cz (a) �¬?u 0◦, 30◦, 60◦; 90◦ �&ÿ��ß��â[���
Å/; (b) �¬?u 0◦, 30◦, 60◦, 90◦ �&ÿ��ß�Ì

4 ( Ø

�©ÏL¢�ïÄ
±7½�=�Ä.7á
V�Ú�V��¬��â[óÀß�5�. ²Lï
Äy²µß�Ì¥�áÂ¸
u7á�¬�\�
��â[Å/¤�5��. ,	, �éu��1�
�, �=¬N3�â[ªÇ��S�Vò�y�é

²w, 
��=¬N�Vò�5�UCß���â
[ ��¦�&ÿ���â[óÀ�^=�ÝÑ
y²w�±Ï5Cz. 
7vkVò�5�, Ïd
±7�Ä.��¬3^=�Ù�â[ß�5�Ã
Cz. 3�
AÏ��Ýe (θ � 0◦ ½ 90◦) ²L
� =¬N���â[E�� ���\���â
[  �� � ²1, �±� � �& ÿ �, & ÿ� �
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Abstract
Terahertz waves through a split-ring resonator (SRR) can induce the resonant absorption, and this can be explained by using the

theory of LC resonant circuit and the model of half wave resonance. However, in the dual-ring structure without the split gap, we still
observe the resonant absorption in the THz frequency range. By analyzing the phenomenon, we think that it can be explained by using
a the model of half wave resonance. Furthermore, it is found that if the structure is fabricated on quartz crystal substrate, we can obtain
the angle-dependent terahertz waveforms using terahertz time-domain spectroscopy (TDS) when the sample is rotated in plane, as well
as the frequency domain spectra. But this phenomenon does not exist in the silicon-based structure, which may be attributed to the
birefringence effect of the quartz crystal substrate on the subwavelength metal dual-ring structure. The main purpose of this article is
to explain the physical process of the effect.
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