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�©ïÄ
7Î3 MnFe2O4 ^5�N�µ¥ü�¤8>/(����1f¬N��N�Kò�A5. |^²
¡ÅÐm{Ú��k��©{nØïÄ
7Î - ^5�NNX��1f¬N��Y(�!�ª­�ÚKò�y�
�	^|rÝ�Cz'X. �[(JL², 7Î - ^5�NNX��1f¬Nó�3 TE �ª�, ÙKò�A5�d
	^|N!. 3�½�µM��^5�âNÈ©êÚ\�1ªÇ�, ¤ïÄ�ò�1å� =�Ú1f¬N�Kò
�Çýé��	^|�O�
O�, 
3�½�µM��^5�âNÈ©êÚ	^|rÝ�, Kò��ÚKò�Ç
�ýé��\�18�zªÇO�
~�. �½	|rÝÚ\�1ªÇ�, ¤ïÄ(��Kò�A5��µM��
^5�âNÈ©êO�
Cf.

'�c: ^5�N, Kò�, �N�

PACS: 47.65.Cb, 42.70.Qs, 78.20.Ls

1 Ú ó

�Ãá� (left-handed materials, LHM) ��¡
�Kò�Çá� (negative index materials, NIM), §
´3>^Å,�ªÇ��SÓ�äkK�0>~
êÚK�^�Ç�á�. ù�Vg�@d Veslago
u 1964 cJÑ [1], �3g,.¥��vkuyU
,�Kò�Çá�. Smith �u 2000 c|^±Ï
5ü��[Ô��Úm���� (SRR) Äg�E
Ñ3�ÅÅãÓ�äkK0>~êÚK^�Ç�
<óEÜá�, ¿¢�*	�
Kò�y�, l

y¢
�Ãá���35 [2]. Cc5, Kò�á�
��
Æâ.�­À, dcýÿäk�~5á��
���
ÛÉ1Æ!>^Æy� (X_�r�½
Æ [3,4]!_õÊV�A [5]!_�ë�ÅË� [6]!
Û�� [7]) �U�nØ½¢�y¢. cÙ´ Pendry
u 2000 cJÑ� “�{ßº”[8], duÙU
â»
DÚ�û�4�
éÔN?1æÅ�¤�É�


2��'5.
yk<óÜ¤�Kò�Çá�, Ì�±7á�

��á�, ·^u�Å��Å�>^Å, 
1ª>
^ÅK4N´�7áá�áÂ, ��1Uþ�&E
Ã{3Äu7á�Kò�Çá�¥DÂ, l
��

1ªKò��uÐ�A^. 3,
Åã, 1f¬
N (photonic crystals, PCs) �û��AU
�)�
�Kò�Ç$�ý��Kò�Ç. Ïd, ØÓu7
á�ï�Kò�á�, d±Ï5N�>0�á��
¤�1f¬NÃ¦´1ª>^Å��Kò�á�
�n�ÿÀö. 8c^1f¬N¢yKò���{
Ï~�©�üa: �´|¤1f¬N�á�´Kò
�Çá�, �´^�ò�Çá��ï�1f¬N�
�r��Ù.�Ñ� [9] Ú��É5 [10] 5¢yK
ò�, 
�ö´8cïÄ��2��.

B�^5�N´�«AÏ�^5õUá�, �
2�/A^uó§�Eâ+�, §´dL¡¹5J
�K�B�^5�â [11](�»��� 10 nm) ©Ñ
3·��1�¥/¤��NXÚ. 3	^|��^
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e, B�^5�N�SÜ�(�¬u)Cz [12−17],
l
��ò�Ç�UC, Ïd´���N�1f
¬N��Àá���. Fan �ïÄ
	^|é^
5�N��1f¬N��YN!A5 [18], ·�|
^^5�Ng|C¤��1f¬N�(��.,
ïÄ
^5�N1f�Y�^|N!A5 [19,20],
Gao �ÄuU5�^5�NnØ�[
ÙKò�
A5 [21], �3¢Sö�¥, éá�����¦�p,
7L¦�z�B�^5�â	�C���/��
Ó5�7á	�. Ó�, du7áé1Åäkér
�áÂA5, ��ù«á��1�Ñé�. 8cÄ
u^5�N1f¬N��N�Kò��ïÄ�é
��. �©¥, ·�±±Ï5ü��N7Î�mY
W¿ MnFe2O4 ^5�N�NX, nØïÄ
	^
|éÙKò��N��^, |^d�{¢yKò�,
ÙN���B, ´�«¢��N��ª. TNXÏ
L�N7Î�±Ï5ü�;�
d^5�âg|
C¤^Î
�U�3��±Ïy�, Or
1f¬
N�A. Ó�d7á��¤�7Îé1vkáÂ�
A, 
^5á�|C¤�^Îé1äkér�áÂ
5, ¤±TNX�1�Ñ�é��.

2 �.Ú�n

d70��Îü�u^5�N�µM�¥/
¤���8>/1f¬N(�Xã 1 ¤«. T��
1f¬N´d�� (7Î) Ú�� (^5�N, =�
µM�) ü�|¤. �N7Î�0>~ê´�~ê,
Ø�	^|
UC, ��µM��0>~ê�	^
|rÝk'. �X	^|rÝ�O�, ^5�N¥
��(�¬u)UC [22,23], ?
���µM� (^
5�N) 0>~ê�UC. Ïd, 0�ÎÚ�µM�
ò�Ç��� (é1f¬N�A5äk­��K
�) �ò�^|�Cz
Cz. �, ÄuTNX�1
f¬N��UKò��d	^|N!.

éu TE � (\�1|�>¥þ E ²1u0
�Î���), ��\ã 1 ¤«���^|�, ÷v
©z [18] ¥�p^|^�, K�µM��0>~
ê εliq ��µM�¥B�^5�â�NÈ©ê P

±9	\^|Ïf α(0 < α < 1) nö�'X� [18]

εliq − εh

αεliq + (3 − α)εh
= P

εp − εh

εp + 2εh
, (1)

ª¥ εh Ú εp ©O�^5�N1��0>~êÚ
B�^5�â�0>~ê, α � H �¼ê, ´£ã

	\^|rÝ�ëê, �X H �O�, α ��Åì
ª�u 0[24].

Ïd, 0�ÎÚ�µM�ò�Ç��� ∆n �

∆n = ncol − nliq =
√

εcol −
√

εliq

=
√

εcol −
{
εh

(
εp (1 + 3P − αP )

+ εh(2 − 3P + αP )
)

× [εp (1 − αP ) + εh (2 + αP )]−1
}1/2

, (2)

Ù¥, ncol Ú εcol ©O�7Î�ò�ÇÚ0>~ê,
nliq ��µM��ò�Ç.

ã 1 d7ÎÚ^5�NNX|¤�1f¬N(��.9
1Å31f¬N¥u)�!Kò��nã

ã 2 ØÓ^5�âNÈ©ê�, �µò�Ç�0�ÎÚ
�µM��ò�Ç���	^|�Cz'X

ã 2 ��µM�¥^5�â�NÈ©ê P ©
O� 0.24, 0.485 Ú 0.73 �, d (1) Ú (2) ªO�Ñ
� nliq Ú ∆n �	^|�Cz'X. 3O�¥, �
â�©�¢S�¹, � εh = 1.77(Y), εp = 13.9876
(MnFe2O4 ^5B��â), εcol = 11.9993(7Î).
dã 2 �wÑ, �µM�ò�Ç�^|Ïf�O
� (^|rÝ�~�) 
O�. ¿�^5�â�NÈ
©ê��, �µM��ò�ÇCzÌÝ�Ò��.
∆n �^|Ïf�O� (^|rÝ�~�) 
~�,
=T1f¬N�ò�ÇN�Ý�d	^|N!, l
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�T1f¬Nó�3Kò�G��, �¢y�N
�Kò��8�.

3 �[(J�?Ø

Notomi �Ñ, d0�Î|¤���1f¬N,
Ù TE ��Kò�y��²w [25], ��©=?
Ø TE ���¹. 3nØïÄ¥, Äkæ^²¡ÅÐ
m{O�7Î - ^5�NNX��1f¬N��(
�Ú�ªã (equi-frequency surface, EFS), ,�|^
�ªã©Û1f¬N�É~ò�A5, ¿^��k
��©{ (finite–difference time-domain, FDTD) �
[1Å31f¬N¥�DÂ�¹. Ø���5, 3
�[O�¥, � d/a = 0.7(d �Å�°Ý, a �¬�
~ê).

0.0

0.1

0.2

0.3

0.4

0.5
0.0

0.1

0.2

0.3

0.4

0.5

0.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Γ ΓMK

f/.

f/.

f/.

f/.

f/.

f/.

(ω
a
/
2
p
c/

a
/
λ
)

P/.

P/.

P/.

α=0.5

α=0.5

α=0.5

ã 3 � α = 0.5, �µM�^5�âNÈ©ê P ©O
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�U�(�ã (ã¥þeü�I«�©OL«8�zª
Ç f = 0.3448 Ú 0.3333 ¤3� �)

ã 3 � α = 0.5 �, �µM�^5�âNÈ©
ê P ©O� 0.24, 0.485 Ú 0.73 �, ��8>/ü

��7Î - ^5�N1f¬N3 TE �ªe�U�
(�ã. dã 3 �wÑ, 31��U��$ª«�,
\�1�Å���u¬�~ê, d�1f¬N��
uþ!0�, vk²w�Kò�y�. ��©À�
1��U�?1ïÄ.
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�, u)Kò��, 1f¬NS1Å�Å¥ kf ��
Ú+�Ý vg ���²1, =¤ 180◦ �Y�. Ïd,
3T\��e�ò�1Å, �^�r�½Æ�Ñ�
��Kò�Ç.

�	1��U���S8�zªÇ� 0.3333
Ú 0.3448 �ü�ªÇ�\�1, Ù�ª­�Xã 4
¤«. ã 4 ¥, J� 1 L«Ñ�.¡, J� 2 «Ñ�

.¡�{�, J� 3 �J� 2 ²1, L«ÄþÅð
½Æ�I«�, J� 4 L«\�.¡, ��L«�
í��ª�, kf Ú vg ©OL«1f¬NS1Å�
Å¥Ú+�Ý¥þ, k e Ú vge ©OL«�í¥1
Å�Å¥Ú+�Ý¥þ. dã 4 �wÑ, ØÓ P �
¹e, z�8>/�ªÓ+Ñ´± Γ �¥%, ¿�
÷ ΓM ���, 8�zªÇÅì~�.
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ã 5 � f = 0.3448 �, TE 1Å37Î - ^5�N1f¬N¥�DÂ�¹�[ã

e1f¬NS1Å� kf · vg < 0, �\�ÅÚ
ò�Å u{��Óý, Kd�u)Kò�, �ò
�� θ < 0. ��, e1f¬NS1Å� kf · vg > 0,
�\�ÅÚò�Å u{��üý, Kd�u)
�ò�, �ò�� θ > 0. ©Ûã 4 ¥8�zª

Ç f = 0.3448 uy, Ñ�.¡?, \�1�Úò
�1� u{��Óý, �äkKò�A5. �
�µM�^5�âNÈ©ê P ©O� 0.24, 0.485
Ú 0.73 �, ÷ ΓM ��\�1¤éA�ò�� θ

©O� −46.65◦, −32.98◦ Ú −19.13◦. �â�r�
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½Æ��, T7Î - ^5�N1f¬Né8�zª
Ç� 0.3448 � TE Å, 3 ΓM ��þ���ò�Ç
©O� −0.8397, −0.6286 Ú −0.3784. Ïd, |^
äk 60◦ º����cº	/���7Î - ^5
�NNX1f¬N, 3A½�\��e, �é8�
zªÇ� f = 0.3448 �1Å�)�*	Úÿþ�
Kò�y�. 8�zªÇ f = 0.3333 � f = 0.3448
�5Æaq, ¤±d?=± f = 0.3448 �~?1
?Ø.

�
?�Ú�yþãKò�y�, ·�æ^�
�k��©{�[
1Å37Î - ^5�N1f
¬N¥DÂ�¹. ã 5 �Ñ
 f = 0.3448 �, \
�1ÅÏL1f¬N�DÂ�¹. ã 5 L², 31
f¬N�Ñ�.¡, ò�Å�\�Å u{��Ó
ý, =u)
Kò�. |^Ó���{, ��[ÑØ
Ó P ��, ØÓ^|rÝ (=ØÓ α �) e, 1Å3
7Î - ^5�NNX1f¬N¥�DÂ�¹, ,�
�âdr�½Æ=��Ñò�1��Ý±9�A
�Kò�Ç3A½�NÈ©êe�^|�Cz'
X, Xã 6 Ú 7 ¤«.

ã 6 � f = 0.3448 �, 3n�A½^5�âNÈ©ê
e, ò�1�ò���^|�Cz'X

ã 7 � f = 0.3448 �, 3n�A½^5�âNÈ©ê
e, Kò�Ç�^|�Cz'X

dã 6 �wÑ, �X^|Ïf�O� (^|r
Ý�~�), ò�� (Kò���ýé�) Åì~
�. � P = 0.73 �, ò��Ýeü�ÌÝ²w¯
u P = 0.24 Ú 0.485 ��¹. ¿���µM�^5
�âNÈ©ê P ©O� 0.24, 0.485 Ú 0.73, ^|Ï
f α = 0.5 �, ò�1å� =�©O� −46.84◦,
−32.56◦ Ú −18.76◦, T���ªã�{¤��(
JoNÎÜ�Ð. ���Ø��U´d FDTD �
{¥ò���J�E¤�. dã 7 �wÑ, Kò
�Çýé��X^|Ïf�O� (^|rÝ�~
�) 
~�. nÜã 3—7 �wÑ, \�18�zª
Ç f = 0.3448 å1�B�þ>.�ål (=ã 3
¥ f = 0.3448 I«�� ��1�B�þ��å
l) �C, 1Å�Ù.�Ñ��AÒ�²w, l
�
�ò�1� =�Ý��, Ï
¤éA�Kò�Ç
�ýé�Ò��, ù�y�� Notomi �Ñ�(Ø
�� [25].

ã 8 � f = 0.3333 �, 3n�A½^5�âNÈ©ê
e, ò�1� =��^|�Cz'X

ã 9 � f = 0.3333 �, 3n�A½^5�âNÈ©ê
e, Kò�Ç�^|�Cz'X

|^aq��{, ã 8 �Ñ
8�zªÇ f =
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0.3333 �, 7Î - ^5�NNX1f¬NÑ�.¡
?�ò���	^|�Cz'X, �ã 6 '��
�, 3�ÓNÈ©êÚ^|e, f = 0.3333 �ò�
1å� =��u f = 0.3448 �ò�1å� =
�, ¿�3$^5�âNÈ©ê!��	^|Ïf
�, ò�1 =��u\�� (éAuã 9 ¤«K
ò�Ç�ýé��u 1). ùlã 4 �ØJwÑ, Ï
� f = 0.3333 �8>/�ªÓ+3 f = 0.3448 �
�ªÓ+	�. � � � � � �� � � � � � �� � � � 	 �
 � � 
 
 � � � 
 � � � 
 � � � 
 � � � 
 � � �� 
 � 
� 
 � �� 
 � �� 
 � �� 
 � �

�
ã 10 � α = 0.5, ^5�âNÈ©ê P ©O� 0.24, 0.485
Ú 0.73 �, Kò�Ç�\�18�zªÇ�Cz'X

ã 10 �Ñ
1��U���SKò�Ç�\
�18�zªÇ�Cz'X. lã¥�±wÑ, 3

A½^5�âNÈ©êe, Kò�Ç�ýé��X
\�18�zªÇ�O�
Åì~�, ù´du�
X8�zªÇ�ÅìO�, TªÇ¤3 ��1�
B�þ>.ålÅìO�, ��Ù.�Ñ��AÅ
ì~f. ,	, �8�zªÇ f 3 0.335 � 0.36 �
�S, ^5�âNÈ©ê� P = 0.24 ��¬Kò�
ÇCzÌÝ²w�u^5�âNÈ©ê P = 0.485
Ú 0.73 �¬. A^ù«\�1ªÇ�6�Kò�Ç
A5��O!��Å©E^1Æì�, ½��?�
ÚïÄ�cºy�Jøë� [26].

4 ( Ø

ïÄ
±7á��0��Î, MnFe2O4 ^5�
N��µM��¤���8>/1f¬N�Kò
�A5. ÏLé1��U�¥A½��ª­�?1
©Û, �Ñò�1å� =�, ¿d��k��©
{?�Ú�y, uyü«�{�Ñ�(J�~�C.
y²
ò�1å� =�±9�A�Kò�ÇU

/d	^|5N!. ÏLO�^|, ò�1å�
 =�ÚKò�Çýé����O�. Kò�á�,
AO´�N�Kò�á�, äkNõ~5á�¤Ø
ä��A5, éÙ?1ïÄò¬4�/r?1Æ�
ì��uÐ.
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Abstract

Tunable negative refraction of two-dimensional photonic crystal made of silicon cylinders hexagonally arranged in a MnFe2O4

magnetic liquid is studied. The plane wave expansion and finite-difference time-domain method are used to calculate and simulate

its band structure, equi-frequency surface and negative refraction property. For the TE mode, the negative refraction of the two-

dimensional photonic crystal made of the silicon column-magnetic liquid system can be tuned by a magnetic field. When the volume

fraction of magnetic nanoparticles within the magnetic liquid and the frequency of the incident light are fixed, the deflection angle of

the refraction light and the absolute value of the negative refractive index increase gradually with the external magnetic field increasing.

When the volume fraction of magnetic nanoparticles within the magnetic liquid and the strength of the external magnetic field are fixed,

the absolute value of the negative refractive angle and negative refractive index decrease with the normalized frequency of the incident

light increasing. In addition, when the external magnetic field and the normalized frequency of the incident light are fixed, the negative

refraction weakens with the increase of magnetic nanoparticle volume fraction of background solution.
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