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1 Ú ó

1f¬N´dØÓò�Ç�á�±Ïü�

¤�. Ù���A:Ò´äk1f�Y, Ñy1
f�Y��Ï�±^13±Ï(�¥�Ù.�Ñ
�5)º [1−3], ù«�Y�¡�Ù.��Y, T
�Yéá��AÛº�Ú±Ï(��Cz'�¯
a [4−6]. gKò�Çá�Ñy±�, <�quy

ü«ØÓuÙ.��Y�1f�Y, �«´d�!
Kò�Çá�±Ïü�
¤�1f¬N¤äk�
"²þò�Ç�Y [7,8]; ,�«´dü«üKá�
±Ïü�
¤�1f¬N¤äk�"k�� �
Y [9]. ®kÆöïÄL²: ùü«�Yé(�º�
�Ø�½±Ï5Þá, $�\��Ý±9 ��ª
�Cz¿Ø�¯a [10,11]. �
?�ÚïÄ��a
1f¬N��YA�, �E
d>üKá� A Ú^
üKá� B |¤� (AB)N (BA)N é¡.1f¬N,

¿|^DÑÝ
{ïÄ
T1f¬N��YA�.

ïÄuy: d>!^üKá�|¤���é¡.1
f¬N��Y¥Ñy
��B�, T�B�k�

#�A�. 1f¬N(�¥á���êê�K��

B��°Ý
ØUCÙ �; 
üá�AÛþÝ!
>üKá��^�Ç½^üKá��0>~ê�
Cz�K��B�� �
éÙ°ÝK�Ø�, �
B�é\���CzØ�¯a. ù
A��·�|
^da(��1f¬NÄ�N�>^Å�DÂJ
ø
kÃ�ë�.

2 (��.9O��{

��é¡.1f¬N�(�Xã 1 ¤«. ã
¥ A �>üKá�, B �^üKá�. é>üKá
�, Ù^�Ç� µA, 
0>~þ� εA, ÷v [12]

εA = εa −
α

ω2
, (1)

é^üKá�, Ù0>~ê� εB, 
^�Ç µB

÷v

µB = µb − β

ω2
, (2)

ª¥ εa, µb þ��u"�~ê, α, β ©O>lzª
ÇÚ^zªÇ, ω �\�1�ªÇ.

æ^DÑÝ
{, þã1f¬N���DÑÝ
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�

M =
N∏
k

TkATkB ·
N∏
k

TkBTkA, (3)

Ù¥ TkA Ú TkB ©O´1 k ±Ï¥ A, B üá��
A�Ý
, N �±Ïê. éu1 k ±Ï¥� j á�
�, ÙA�Ý
 Tkj �äNL«´

Tkj =

 cos δkj i sin δkj/ηj

iηj sin δkj cos δkj

 , (4)

Ù¥ δkj = 2πdj

√
εjµj − sin2 θj/λ, é TE �: ηj =√

εj/uj cos θj , θj �1 k ±Ï¥ j á��¥1��
ò��. e

M =

 m11 m12

m21 m22

 , (5)

Kß�Ç� [13]

T =
4η2

a

|ηam11 + η2
am12 + m21 + ηam22|2

, (6)

ª¥ ηa �1f¬N	ý0���B.

ã 1 ��é¡.1f¬N(�«¿ã

3 �B��A�

O � � A, B � � A Û þ Ý � da = db =

500 nm, µA = εB = 5, µb = εa = 1.8, α = β =

1015 Hz.

3.1 ±±±ÏÏÏêêêééé���BBB������KKK���

��	±ÏêØÓ�é¡.1f¬N�ß�
A�, 1f¬N�þãëê, \�� θ �", �±Ï
ê N � 1—5 �, Ù TE Å�ß�ÌXã 2 ¥¢�
¤«.

lã¥��, � N = 1 �, 3 1700—2400 nm

m´�Ï�, �¥Cq��mé¡, Ùm���ß

�Ç�k 0.24, 
3 2000 nm ?k�ß�¸, Ùß�
Ç� 1. �X N �O\, �Ï��.Ü×�ü$, ß
�¸:ìCÄ
¤�B�¥�kb��B�. �n
)T�B��/¤, ã¥��Ñ
�~(�1f¬
N TE Å�ß�Ì, lã¥J���, � N = 1 �,

�A«m´�OB�, �X N �O\, �OB�.
Ü×�ü$
¤�î��B�. é¡(�1f¬N
B�¥Ñy��B��)º� [14]: Ïé¡�.¡
?ü� B á�UÜ3�å, ¦ÙþÝC��5� 2

�, eP� B′, ù��u3d?/¤
� AB′A .
"�, B�¥��B���u"��. 
é (AB)2N

(�, ÏÃd"��, �da�~(��1f¬N
B�¥Ø�UÑyù«"��. lã¥��, éù
ü«(��1f¬N, N ��, B��!áÅ>�
�Í, B�°Ý�Ä. 
é (AB)N (BA)N .1f¬
N
ó, N ��, Ù�B��kb, ��B�¸�¤
éA� �©ª�±3 2000 nm ?ØC. e±�¸
�°ÝL«�B��°Ý, ?�Ú�O���, �
B��°ÝÚ±Ïê N �'XXL 1 ¤«.

ã 2 ±ÏêØÓ��ß�Ì

L 1 N ØÓ��B��°Ý

N 1 2 3 4 5

∆λ/nm 164.5 15.89 2.027 0.2581 0.03225

lL¥��, ±Ïê N O\, �B�°Ý:ì
eü, �l N = 2 m©, N zO\ 1, �B�°ÝÒ
eü 87.3%. ±Ïê N éü«1f¬Nß�Ì�K
��)º�: �X±Ïê�O\, ��á�m�N
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�Øä\r, l
¦�Ù�Y>�CÍ, �B�°
Ýeü.

3.2 \\\������ééé���BBB������KKK���

�&?\��éþã�B��K�, 1f¬N
�±�ëêØC, ±Ïê N � 3, \��Cz�,

Ù TE Å�ß�ÌXã 3 ¤«.

ã 3 \��ØÓ��ß�Ì

lã¥��, �\�� θ 3 0◦—80◦ �mCz
�, 1770—2210 nm m��Yo´�3, \��O
\, �Y�!áÅ>�þ�áÅ��£Ä, � 20◦—

70◦ «m�£ÄÇ��
Ù¦«m�£ÄÇé�.

Nã��Ù/L², \�� θ O\, �B���áÅ
��£Ä, Ó� 0◦—20◦ Ú 70◦—80◦ ü«m�£Ä
Çé�, 20◦—70◦ «m�£ÄÇ���Ä��±�
~þ, O�L², d«m�7££ÄÇ |∆λ/∆θ| =

1.98. lNã���, \��O\, �B��°Ý�
k¤O\. �´3 θ < 60◦ �«m, �B�°Ý�
Oþé�, 
3 60◦—80◦ �«m��, Ù²þCz
Ç |∆(∆λ)/∆θ| = 0.16. �B� �Ú°Ý�\�
��Cz�¹L², da1f¬N��B�é\�
��CzØ�¯a.

3.3 000���þþþÝÝÝééé���BBB������KKK���

�?ØAÛþÝé�B��K�, A, B üá
�AÛþÝ�Ä��þ� 500 nm, ±Ïê N � 3.

� da, db 3Ä��þ©O½Ó�Cz 5%, e^
¢�!J�Ú:y�©OL« da, db Ó�Cz!

= da CzÚ= db Cz��ß�­�, KT1f¬
N TE Å�ß�ÌXã 4 ¤«. lã¥��, � A

Ú B �AÛþÝ�Ä�þÝ (500 nm) �, 3 1790—

2260 nm m´��Y, �B�3 2000 nm ?. á��
AÛþÝ~�, �B�� �7£, ��½,. A, B

á��AÛþÝÓ�Cz�é�B� ��K�
��, B á�üÕCz�é�B� ��K���.

üá��AÛþÝÓ�Cz��B� ��£Ä
Ç©ª�±� 4. 
�B��°Ýéá�AÛþÝ
�Cz¿Ø¯a.

ã 4 á�þÝØÓ��ß�Ì

3.4 000���~~~þþþÚÚÚ^̂̂���ÇÇÇééé���BBB������KKK���

�?Ø>üKá� A �^�Ç µA Ú^üKá
� B �0>~ê εB é�B��K�, A, B üá�
�AÛþÝþ�Ä�� 500 nm, ±Ïê N E� 3,

>^ÅR�\�. � µA Ú εB 3 4—6 m± 0.5 �
Ú�©O½Ó�Cz, e^¢�!J�Ú:y�©
OL« µA, εB Ó�Cz!= εB CzÚ= µA C
z��ß�­�, KT1f¬N TE Å�ß�ÌX
ã 5 ¤«. lã¥��, Ò��Y
ó, µA, εB O\,

�Yù£; ��½,. µA, εB Ó�Cz' µA ½ εB

üÕCz�é�Y�K��; µA ½ εB ©OCz�
é�Y�K���. µA, εB O\, �YÚ�B��
 �ù£; ��ù£. µA, εB Ó�Cz�é�B�
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 ��K���; 
 εB üÕCzé�B� ��
K���. µA, εB O\, �B�C°, �B�°Ý
� µA, εB �'XXL 2 ¤«.

lL 2 ¥�±wÑk��5Æ: µA (½ εB)

� 4.0, 
 εB(½ µA) O\�, �B�°Ýk~�
�O�, Cz¥é¡5; µA (½ εB) � 4.5, 
 εB

(½ µA) O\�, �B�°Ýk~�
��O�,

CzÃé¡5; µA (½ εB) � 5.0, 5.5, 6.0, 
 εB

(½ µA) O\½üöÓ�O\�, �B�°ÝüN
~�.

ã 5 0>~ê^�ÇØÓ��ß�Ì

L 2 >üKá��^�Ç µA Ú^üKá��0>~ê εB

ØÓ��B��°Ý
HHHHH
µA

εB 4.0 4.5 5.0 5.5 6.0

4.0 5.38 nm 4.61 nm 4.47 nm 4.79 nm 5.44 nm

4.5 4.24 nm 3.27 nm 2.76 nm 2.72 nm 2.90 nm

5.0 3.87 nm 2.58 nm 1.98 nm 1.71 nm 1.70 nm

5.5 4.10 nm 2.44 nm 1.66 nm 1.24 nm 1.15 nm

6.0 4.79 nm 2.53 nm 1.57 nm 1.11 nm 0.967 nm

4 nØ©Û

éuþã1f¬N��B��0��þÝ!
\��!0>~ê½^�Ç�Cz5Æ, �±ln
Øþ��{�©Û. ���1f¬N9DÑÝ
{
�A:, �©Û�Bå�, rü�0�����Ä

��DÑü�, l��m�k AB Ú BA ü«DÑ
ü�. � AB DÑü��DÑÝ
�

TATB =

 T11 T21

T12 T22

 , (7)

K1�a�'ÈÅõ��nþ [15] �

x =
T11 + T22

2
. (8)

d (4) ª9 A, B �0��A:, O���

x = cos δA cos δB − η2
A + η2

B

2ηAηB
sin δA sin δB, (9)

Ù¥

δA = 2π
√

εAµAdA cos θA/λ, (10)

δB = 2π
√

εBµBdB cos θB/λ. (11)

d�'ÈÅõ�ª�5���, � x = 1 �,

DÑü��DÑÝ
 TATB ´ü Ý
, éu BA

DÑü�������Ó�©Û, Ï
þ1f¬
N�oDÑÝ
�´ü 
. d��ß�Ç T =

1, éAß�Ì¥��B�Ú�Y>�. d (9) ª�
�, � δA = δB = 2kπ �, �'ÈÅõ��nþ÷
v x = 1. d (10), (11) ªÏ
k

√
εAµAdA cos θA = kλ, (12)

√
εBµBdB cos θB = kλ. (13)

dd��, éu k ��½�, �0�þÝ d O
\!µA ½ εB O\�, ÷v (12), (13) ª�Å� λ

�òO\, =�B�Ú�Y>�ù£. ùÒ´0�
þÝ!µA ½ εB Cz�, �B�Ú�Y>�£Ä�
�Ï.

d Snell ò�½Æ��, ü0�¥�ò�� θA

Ú θB ÷v

θA = sin−1(n0 sin θ/
√

εAµA), (14)

θB = sin−1(n0 sin θ/
√

εBµB). (15)

d (14), (15) ª��, \�� θ O\, ü0�¥
�ò�� θA Ú θB �O\, d (12), (13) ª��, 0
�þÝ�½�, ÷v (12), (13) ª�Å� λ Cá. ù
Ò´\��O\�, �B��áÅ��£Ä�{ü
)º.

5 ( Ø

^>üKá� A Ú^üKá� B �¤�é¡
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.1f¬N, ê�O�L²T1f¬N��Y¥Ñ
y
��B�, T�B�kXeA�: 1) �üá�
�ê�K��B��°Ý
ØK�Ù �, á��
êO\, �B��°Ý:ì~�. 2) �B�é\�
��CzØ�¯a. 3) á��AÛþÝ~�, �B
�� �7£, ��½,. A, B á��AÛþÝÓ
�Cz�é�B� ��K���, £ÄÇ©ª�

±ØC, B á�üÕCz�é�B� ��K��
�. 
�B��°Ýéá�AÛþÝ�Cz¿Ø¯
a. 4) µA, εB O\, �Yù£; ��½,. µA, εB Ó
�Cz�é�B� ��K���; 
 εB üÕC
zé�B� ��K���. µA, εB Ó�O\�,

�B��°ÝüN~�. �B��±þA5�>^
ÅDÂ�Ä�N�Jø
kÃ�ë�.
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Abstract

Electrical single-negative material A and magnetic single-negative material B are used to constitute a symmetrical one-

dimensional photonic crystal. Numerical calculation results indicate that a tunneling mode will appear in its band gap. With material

layers increasing, the width of the tunneling mode narrows sharply, but its position remains unchanged. The position and width of the

tunneling model are not sensitive to the incident angle. With the geometry thickness of the material reducing, the position of the tun-

neling mode is blue-shifted, but its width remains unchanged. With µA and εB increasing, the location of tunneling mode is red-shifted

and the width decreases. Using the properties of the tunneling mode, it is possible to realise dynamic regulation for electromagnetic

wave propagation.
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