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1 Ú ó

Cc5, |^Ã�0�¢yKò�Ç®¤�
Kò�ÇïÄ+����#9: [1−10]. nØïÄ
L², éu��Ó5Ã�0�, ��Ã�ëê�u
0��ò�Ç, Ò�¢y0�¥>^Å���D
Â [3], Ó�Ã�Kò�0�²���¢y�4zÅ
�æÅ�à� [4,5].

,, �céuÃ�Kò�0��ïÄÏ~b
�T0����Ó5 [1−10], =0��0>~êÚ
^�ÇÑ�Iþ. ¢Sþ, 8c¢yKò��Ã�
0�¿Ø´����Ó5, Ù0>~êÚ^�ÇÑ
�Üþ, �Ü©���É5Ã�Kò�0�, �´
3,
��þLyÑK�>^A5. ¢�y², �
�����Ó5�Ã�Kò�0�'�(J, �
�É5Ã�Kò�0�(�{ü, ´u¢y, Ïd
éu��É5Ã�Kò�0��ïÄ�äy¢¿
Â.

@3 1994 c, Lindell � [11] Ò®éü¶��É
5Ã�0��
��[��ïÄ, ,��¿vk
�ÄT0�¢y��ÅDÂ��U. 2006 c, Cheng
� [12] ïÄ
ü¶��É5Ã�0�¢yKò��
^�, uy��É5Ã�0����Ó5Ã�0�

9VK0� [13−17] (0>~êÚ^�ÇÓ�K) �
'U
Pk�õ�Kò��¹, �3ü¶��É5
Ã�0�¥Ñy
K��ò�½K�+ò�. Ó�
¦��ïÄ
>^Ålý�\��ü¶ÚV¶�
�É5Ã�Kò�0������ß�A5 [18,19].
��5¿�´ Cheng �ïÄ��1¶���.¡
R����¹, �©ò�Ä1¶���.¡²1
�¢yKò���U^�9Ùò�A5.

2 ü¶��É5Ã�0�¢yKò�
�^�

�Ä>^Å±� y ¶¤ θi �Y��\�� x-z
²¡, Ù¥ y < 0 �«��gd�m, Ù0>~êÚ
^�Ç�Iþ (ε0, µ0),  y > 0 �«��ü¶��
É5Ã�0�, Ù0>~êÚ^�Ç�Üþ (ε, µ),
Xã 1 ¤«.

ü¶��É5Ã�0����'X� [11] (3
�©¥b���|� exp(jωt), Ù¥ ω ��ªÇ)

D = ε · E − j
√

µ0ε0κH, (1)

B = µH + j
√

µ0ε0κE, (2)

Ù¥, ε = εtIt + εzzz, µ = µtIt + µzzz, It =
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xx + yy, κ = κzz. ùpb� κ > 0, µt > 0,
µz > 0, κ �Ã�ëê, µz (µt) Ú εz (εt) ©O�T
0��^�ÇÚ0>~ê31¶�� (�1¶�
�) �©þ, Ù¥ εz Ú εt �����K, z ���
��É5Ã�0��1¶��.

ã 1 ��ü¶��É5Ã�0�«¿ã

3��É5Ã�0�¥�3ü���Å [11]

p+ Ú p−, KT0�¥� Maxwell �§���

k± × E± = ωµtA± · H±, (3)

k± × H± = −ωεtA± · E±, (4)

Ù¥ A± = It + A±zz,

A± =
1
2

(
µz

µt
+

εz

εt

)
±

√
1
4

(
µz

µt
− εz

εt

)2

+
κ2µ0ε0

µtεt
.

d (3), (4) ª�¦�T0�¥>^ÅDÂ�Å
ê

k± =
kt√

sin2 θ± + cos2 θ±/A±

, (5)

Ù¥ kt = k0
√

εtµt. ?�Ú���T0��ÚÑ
�§

k2
y

A±
+ k2

z = k2
t , (6)

Ù¥ ky = k± cos θ±, kz = k± sin θ±, θ± ��ò�
� (Xã 1 ¤«).

31¶÷X z ���ü¶��É5Ã�0�
¥, k

[k± · A±] · E± = 0, (7)

z · H± = zYz± · E±, (8)

Ù¥,

Yz± =
εt

−jκ
√

µ0ε0

(
A± − εz

εt

)
.

dd��

z · (k± × E±) − z · ωµtA±H±

= [A± · (z × k± − zωµtYz±)] · E± = 0. (9)

d (7)—(9) ª�í�, T0�¥�>|�

E± ∼ (k± · A±) × [A± · (z × k± − zωµtYz±)]

= − 1
A±

kyz + kzy + xωµtYz±. (10)

�>|ÌÝ� E01,2, ÙeI 01, 2 ©OL«�ü�
�Å p+ Ú p− �>|ÌÝ, K (10) ªC�

E± = E01,2

(
− 1

A±
kyz + kzy + xωµtYz±

)
. (11)

Ón��T0�¥�^|�

H± ∼ − 1
A±

kyz + kzy − xωεtZz±, (12)

Ù¥

Zz± =
1

Yz±
=

µt

jκ
√

µ0ε0

(
A± − µz

µt

)
.

d (3) ª��, d��^|�L«�

H± = E01,2YZ±

(
− ky

A±
z + kzy − ωεtZZ±x

)
.

(13)

Ïd�í�T0�¥ß�Å�²þ Poynting õÇ
6�

〈St〉 =
1
2
Re

(
E01,2 × H∗

01,2

)
=

1
2
ω |E01,2|2

(
εt + µtY

2
z±

)
×

(
ky

A±
y + kzz

)
. (14)

¤±, y, z ��þ�²þ Poynting õÇ6©O�

〈Sty〉 =
ωky

2A±
|E01,2|2 ψ±y,

〈Stz〉 =
1
2
ω |E01,2|2 kzψ±z, (15)

Ù¥, ψ± = εt + µt |Yz±|2. d (15) ª��+ò�
� θg± ��ò�� θ± ÷v'Xª

tan θg± =
Sz

Sy
=

A±kz

ky

=
A± sin θ±

cos θ±
= A± tan(θ±). (16)

d (15), (16) ª��, ²þ Poynting õÇ6����
Åê ky, kz ���'Xd A± Ú ψ± ��Kû½,
θg± � θ± ��K'Xd A± ��Kû½.  A±

Ú ψ± ��Kqd0>~ê!^�ÇÚÃ�ëê
���û½. L 1 �Ñ
 µt = µz = µ0 �cJe,
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ØÓ�0>~êÚÃ�ëêé²þ Poynting õÇ
6!Åê±9+ò��Ú�ò���K�.

dL 1 ��, =¦3��Ã�ëêe, ü¶�
�É5Ã�0�E�¢yK��ò�½K�+ò
�, �3��Ã�ëêe�Ø�½kK�ò�½
K+ò���3. Ïd, ù���Ó5�Ã�0�
¢yKò�ké��ØÓ, �T�¹e�©z [12]

¥1¶R�u.¡�ÑyK+ò�ÚK�ò��
�¹�3é��O: ©z [12] ¥ εt > 0, εz > 0
Ú εt > 0, εz < 0 �, ��3K�+ò�, �©3
T�¹e, K��3K��ò�; εt < 0 Ú εz > 0
�, ©z [12] ¥Ñy�ò�, �©KÑy
Kò�.
I�`²�´, L 1 ¥w«Ø�3��¹, ´Ï�
ù
�¹e, ÚÑ�§ (16) ªØ�3¢ê).

L 1 µt = µz = µ0 �, 0>~êÚÃ�ëêé²þ Poynting õÇ6!Åê!+ò��Ú�ò���K�

εt, εz |κ| A± ψ± Sty � ky �� Stz � kz �� +ò�� �ò��

εt > 0 εz > 0

|κ| <
√

µzεz/µ0ε0 A± > 0

ψ± > 0

�Ó �Ó � �

|κ| >
√

µzεz/µ0ε0

A+ > 0 �Ó �Ó � �

A− < 0 �� �Ó � K

εt < 0 εz > 0

|κ| <
√

µzεz/µ0ε0

A+ > 0
ψ+ > 0

Ø�3 Ø�3 Ø�3 Ø�3
ψ+ < 0

A− < 0
ψ− > 0 �� �Ó � K

ψ− < 0 �Ó �� K �

|κ| >
√

µzεz/µ0ε0

A± > 0
ψ± > 0

Ø�3 Ø�3 Ø�3 Ø�3
ψ± < 0

A± < 0
ψ± > 0 �� �Ó � K

ψ± < 0 �Ó �� K �

εt > 0 εz < 0
|κ| <

√
µz |εz |/µ0ε0 A+ > 0

ψ± > 0
�Ó �Ó � �

|κ| >
√

µz |εz |/µ0ε0 A− < 0 �� �Ó � K

εt < 0 εz < 0
|κ| <

√
µz |εz |/µ0ε0

A± > 0
ψ± > 0

Ø�3 Ø�3 Ø�3 Ø�3
|κ| >

√
µz |εz |/µ0ε0 ψ± < 0

3 �ò���\���Cz�¹

�â0��.¡>|^|ëY5^�, k

k0 sin θi = k± sin θ±, (17)

d (5) Ú (17) ª��

sin2 θ± =
m

(1 − A±) m + A±
, (18)

Ù¥

m =
µ0ε0 sin2 θi

µtεt
.

d (18) ª��, e��y p+ ÅÚ p− ÅU
3T
0�¥DÂ, K7L÷v

0 6 m

(1 − A±) m + A±
6 1. (19)

e¡3 µt = µz = µ0 �cJe, ©O?ØØÓ εt,
εz ÚÃ�ëê κ �¹e, θ± � θi �Cz�¹.

3.1 εt > 0 ÚÚÚ εz > 0

3 T � ¹ e, é u ? ¿ κ Ñ kA+ > 1.
e p+ Å U 3 0 � ¥ D Â, K Ä k I ÷

v
m

(1 − A+) m + A+
> 0, d d � í Ñ Ù θi

7 L ÷ v sin2 θi 6 A+µtεt

(A+ − 1) µ0ε0
. , � �

¡, � 
 ¦
m

(1 − A+) m + A+
6 1, θi � I ÷

v sin2 θi 6 µtεt

µ0ε0
. Ù � . � © O P � θ1 =

sin−1

(
A+µtεt

(A+ − 1) µ0ε0

)
, θ2 = sin−1

(
µtεt

µ0ε0

)
, w

, θ2 < θ1. Ïd, d�e p+ ÅU30�¥DÂ,
K θi I÷v θi < θ2. I�5¿�´, � µtεt <

µ0ε0 �, T�.�w,�3, � µtεt > µ0ε0,
K sin2 θi 6 µtεt

µ0ε0
ð¤á, =Ø�3�.�, p+ Å

ðU30�¥DÂ.
éu p− Å, � |κ| <

√
µzεz/µ0ε0 �, ok 0 <

A− < 1. w,éu
m

(1 − A−) m + A−
> 0 ð¤

á, d
m

(1 − A−) m + A−
6 1, �íÑ sin2 θi 6

µtεt

µ0ε0
. Ïd3fÃ�ëêe, e p− ÅU30�¥

DÂ, θi Ó�I÷v sin2 θi 6 µtεt

µ0ε0
, � p+ Å��

¹�q. � |κ| >
√

µzεz/µ0ε0 �, ok A− < 0,

114101-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 114101

d p− ÅU3T0�¥DÂ�^��í�Ñ θi IÓ

�÷v sin2 θi > A−µtεt

(A− − 1) µ0ε0
9 sin2 θi > µtεt

µ0ε0
,

w,d� θ2 > θ1. Ïd3rÃ�ëêe, θi I÷
v θi > θ2 � p− ÅâU30�¥DÂ. Ó��?�
Ú��, �k µtεt < µ0ε0 �, p− ÅâU30�¥
DÂ, � µtεt > µ0ε0 �, sin2 θi > µtεt

µ0ε0
w,Ø¤

á, = p− ÅØU30�¥DÂ.
ã 2 �Ñ
�A�ê�O�(J. Ù¥ã 2(a)

¥�ëê� εt = 0.6ε0, εz = 2ε0, κ = 0.5, d
� µtεt < µ0ε0, |κ| <

√
µzεz/µ0ε0. lã 2 ¥�

±w�, �k3÷v θi < θ2 �, p+ ÅÚ p− ÅâU
30�¥DÂ, � θ± � θi �O�O�. Ó��
±5¿�, éu p− Å, � θi > θ2 �, TÃ�0�L
¡u)���; éu p+ Å, � θ2 < θi < θ1 �u
)���; 3 θi > θ1 �, θ+ C�Jê, Ù¢Ü� 0.
ã 2(b) ¥�ëê� εt = 0.6ε0, εz = 2ε0, κ = 1.5,
d� µtεt < µ0ε0, |κ| >

√
µzεz/µ0ε0. �±w�é

u p+ Å, Ùò�A5�fÃ�ëêe��¹�Ó.
éu p− Å, � θi > θ1 �âU30�¥DÂ, Ó
� θ− � θi �O�~�, �3 θ1 < θi < θ2 ��S
u)���. ã 2(c) ¥�ëê� εt = 2ε0, εz = 2ε0,

κ = 0.5, d� µtεt > µ0ε0, |κ| <
√

µzεz/µ0ε0. d
� p+ ÅÚ p− Å3?¿� θi eÑ�30�¥DÂ,
Ø�3�.�. �O�Ã�ëê�, p+ Å�ò�A
5CzØ�, � p− Å%ØU3T0�¥DÂ, X
ã 2(d) ¤«. ±þ�ê�O�(J�nØ©Û��
ÎÜ.

3.2 εt < 0 ÚÚÚ εz > 0

éu p+ Å, � |κ| <
√

µzεz/µ0ε0 �, k 0 <

A+ < 1, Ó�d (19) ª�íÑ p+ Å3T0�¥
DÂI÷v sin2 θi 6 µtεt

µ0ε0
, Ï� εt < 0, ¤±^

�Ø÷v, = p+ ÅØU30�SDÂ, Xã 3(a)
J �.  � |κ| >

√
µzεz/µ0ε0 �, k A+ < 0,

� í Ñ p+ Å 3 0 � ¥ D Â � θi ÷ v � ^ �

� sin2 θi > A− − µtεt

(A− − 1) µ0ε0
, Ø�ªm>ð�u 0,

ÏdØ�ªð¤á, = p+ Å3?¿� θi eÑ�3
0�¥DÂ, Xã 3(b) J�. éu p− Å, 3?¿�
Ã�ëêeÑk A− < 0, Ïd� p+ 3rÃ�ëê
e��¹�Ó, =?¿ θi e p− ÅÑ�30�¥D
Â, Xã 3(a) Ú 3(b) ¥¢�.

ã 2 εt > 0 Ú εz > 0 �, p+ ÅÚ p− Å� θ± � θi Cz (a) εt = 0.6ε0, εz = 2ε0, κ = 0.5; (b) εt = 0.6ε0,
εz = 2ε0, κ = 1.5; (c) εt = 2ε0, εz = 2ε0, κ = 0.5; (d) εt = 2ε0, εz = 2ε0, κ = 1.5
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ã 3 εt < 0 Ú εz > 0 �, p+ ÅÚ p− Å� θ± � θi �C
z (a) εt = −0.5ε0, εz = 2ε0, κ = 0.5; (b) εt = −0.5ε0,
εz = 2ε0, κ = 1.5

±þ�?Ø´�
εz

εt
+

µz

µt
< 0 ��¹, 

�
εz

εt
+

µz

µt
> 0 �, 3f�Ã�ëêe, Ù�/�

ã 3(a) �Ó. � |κ| >
√

µzεz/µ0ε0 �, kA± > 0,
� í Ñ p+ Å Ú p− Å 3 0 � ¥ D Â � ^ �
� sin2 θi 6 µtεt

µ0ε0
, w,TªØ¤á, =T�¹e

vkÅ30�SDÂ. T�¹e�©z [18] ¥�ò
��A5ké�ØÓ, T�¹e, �©¿vkÑy
�.�, �Ã���u).

3.3 εt > 0 ÚÚÚ εz < 0

d«�¹e, é?¿�Ã�ëêok A+ > 1,
A− < 0. p+ Å e U 3 0 � S D Â, K I ÷
v sin2 θi 6 µtεt

µ0ε0
, Ïd� µtεt < µ0ε0 �, �.

�w,�3, Xã 4(a) ¥�J�. � µtεt > µ0ε0

�, sin2 θi 6 µtεt

µ0ε0
ð¤á, Ø�3�.�, p+ Å

ðU30�¥DÂ, Xã 4 (b) ¥�J�, T�¹
� εt > 0 Ú εz > 0, |κ| >

√
µzεz/µ0ε0 � p+ Å

��¹�Ó. éu p− Å, Ùò�A5�� εt > 0
Ú εz > 0, |κ| >

√
µzεz/µ0ε0 �� p− Å�¹�Ó,

Xã 4(a), (b) ¥�¢�. I�5¿�´, ã 4(a), (b)
�Ñ�´r�Ã�ëêe�ò�A5, 3f�Ã�
ëêe (|κ| <

√
µzεz/µ0ε0) �äkaq�ò�A

5, ùpØ2�Ñ.

ã 4 εt > 0 Ú εz < 0 �, p+ ÅÚ p− Å� θ± � θi �C
z (a) εt = 0.4ε0, εz = −2ε0, κ = 1.5; (b) εt = 1.2ε0,
εz = −2ε0, κ = 1.5

3.4 εt < 0 ÚÚÚ εz < 0

d«�¹e, ÃØ κ �Û�, ok A± > 0.
d (19) ª�í�, eÅU30�¥DÂ, KI÷
v sin2 θi 6 µtεt

µ0ε0
, w,Ø�ªm>�u", =Ø�

ªØ¤á. Ïdù«�¹e, p+ ÅÚ p− ÅÑØU
30�SDÂ.

4 ( Ø

�©�[í�
1¶²1u.¡�ü¶��
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É5Ã�0�¥�>^|L�ª!Poynting õÇ
69+ò��Ú�ò��, ?Ø
ØÓëêeTÃ
�0�¥ü���ÅÑyK+ò��K�ò��
^�±9�ò���\���Cz5Æ. (JL²,
3÷v�½>^ëê�^�e, T0��±éN
´¢yK�ò�ÚK+ò�, Ø2I�÷vrÃ�

ëê���^�; 3ØÓ�ëêe, 0�¥ü«�
�Å��ò���3é��É, �1¶R�u.¡
�ü¶��É5Ã�0�¥��ò���', Ù�
¹�\E,, Ï�3 εt > 0 ��¹e, I�Ä µtεt

Ú µ0ε0 ��é��¯K; 3AÏ�^�e, ,��
½ü���ÅØU30�SDÂ.
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Negative refraction in uniaxially chiral medium with
optical axis parallel to the interface∗

Li Jie Dong Jian-Feng†

( Institute of Optical Fiber Communication and Network Technology, Ningbo University, Ningbo 315211, China )
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Abstract
The condition to realize the negative refraction in the uniaxially anisotropic chiral medium with an optical axis parallel to the

interface has been investigated. The variations of refraction angles of two eigenwaves with the incident angle for different electromag-
netic parameters and chirality parameters are also analyzed. The results show that the uniaxially anisotropic chiral medium is easy to
realize the negative refraction, even though it has a small chirality parameter. And for the different permittivities, chirality parameters
and incident angles, the phase refractive angles of the two eigenwaves in the uniaxially chiral medium are distinctly different. In a
peculiar condition, one or two eigenwaves cannot propagate in the medium.
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