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1 Ú ó

þf²(��@3��N+�d Esaki Ú Tsu

JÑ [1]. >f3þf²¥�$ÄG��³^åP,

�U3©á��þ½�3. Ï�´é>f$ÄG
��N�, ¤±q¡�>fþf². 1f¬NuÐ
±5, <��ì>fþf²�E
1þf² [2,3]. 1
f¬N´�«d0>á�±Ï5ü��¤�<ó
¬N, duõ�ZÑ��Ï, äkwÍ��YA
5 [4−7]. ò3A½ªãNyB��1f¬N�N
yÏ��1f¬N|Ü3�å, ©O��þf²�
^Ú², Ò�¤
1þf². ��1f3²1f¬
N¥�$ÄG��ëYCz, |¤1þf²�, 1
f�$ÄG�É�^1f¬NN�, �U½3A
�Õá�$ÄG�þ. �k�TÕá�$ÄG�ª
Ç�Ó�1âUßL1þf², �^u¢yõÏ�
ÈÅ. ��>fþf², 1þf²´é1N�, Ïd
3¢��yþäkBuÿþ�`:. �Xé1f¬
N��\ïÄ, 'u1þf²Ny�AÏ5�3�
�p5U1>ì��¡äkã��A^då [8−10].

~X,2000 c Qiao ïÄ|òü«1f¬N|Ü�
�å�E
1þf², ¢yõÏ�ÈÅ [3]. ©¥�

�
1þf²�)�Û���ê�²1f¬N�
±Ïê�Ó. ù�A5�1f¬N�,"��)�
"��ØÓ, Ï~"���ê���ü�.

1967 c Veselago[11] JÑ
,�«<ó�(�
á�, �á� (Metamaterials). T©znØy²�
,�á��0>~êÚ^�ÇÑ�K�, �´E,
÷vð�d��§5�, %NyÑ¯õ#ÛÔny
�. 2001 c Smith[12,13] |^m����Ú7á�

�¢��y
0>~êÚ^�Ç�K�, 'u�
á��ïÄ×���2�'5¿��
¯õ¤J.

�â0>~êÚ^�Ç���ØÓ�á��¹V
Ká� (q¡��Ãá�, 0>~êÚ^�ÇÑ�
K�)!üKá� (0>~ê½^�Ç�K�) Ú"
²þò�Çá� (0>~êÚ^�Ç©O½Ó��
"). <�ò�á�A^�1f¬N(�¥, #ÛÚ
ÕA�ÔnA5NyÑ5. ~X, Jiang ïÄ| [14]

JÑ1¬N²þò�Ç�"�, Ñy��AÏ��
Y, T�Yé¬�ºÝ!\��Ú �CzØ¯a.

eÏL�,"�Ú\"��, KT"���òØ�
¬�ºÝ!\��Ú �G��UCCz. |^
ü«üKá�¢y²þò�Ç�"�EõÏ�È
Åì, �,äk±þ`:, �´ØUÏLN!±Ï
ê5�����B��ê. Xu ïÄ| [15] ò�Ãá
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�ÚmÃá��¤�1f¬N��^, ¥mi\m
Ãá�
¤�1f¬N��², �¤1þf². n
ØO�(Jw«Û���ê�²1f¬N±Ïê
�Ó, �Û��ªÇ�\��Ú �Cz�f. Lin

ïÄ| [16] ïÄ
²1f¬Nd�Ãá�ÚmÃ
á��Oü���¹, nØO�(Jw«Û���
ê�²1f¬N±Ïê�Ó, Û��ªÇØ�\�
�Cz. 'u1þf²�ïÄ��9²S�þ!0
�!õþf²!��!n���¡ [2,10,17].

�©|^EÜ�mÃDÑ��{����1
þf², ïÄ�Åªã¹�Ãá��1þf²�Û
��A5. �éÛ��ªÇ9�ê�N!éü«Ø
Ó�²S0�?1
'�. ©¥�nÜ©{ü0�

1þf²��O9�á�����n; �e5é
ü«�¹e�DÑA5?1
©ÛÚé', ���
(Ø.

2 � n

�Oþf²(�� (AB)M (EF )N (AB)M , ü
à� (AB)M ��1þf²�²9, (EF )N ��²
SÔ�. Ù¥ A, E ��Ãá�, B, F �mÃá�,

M Ú N ©O��A�±Ïê. á� A, B, E Ú F

�þÝ©O� da, db, de Ú df . ÀJÜ·�á�ò
�ÇÚþÝ, K�¢y3A½ªÇ��S (AB)M

�B�, (EF )N �Ï�. òü«1f¬N|Ü��
å�¤1þf²Xã 1 ¤«.� � � � ���� � � � � � � �� 	� 
 �

ã 1 1þf²«¿ã (a) d1f¬N�¤�1þf²(
�; (b) 1þf²³¼ê©Ùã

±DÑ��Ä:\ó�á�, äk\�Ñ$!
�°°!(�ëYÚBu\ó�A:. ù�Eâ�
nØ�â�©Ùëê>´nØ, =òÄ�>´nØ
Ú>^|nØ�(Ü5ïÄ�ÅDÑÚ�Å�ä
A5. �þïÄ(JL²�ÏLGé>NÚ¿é>

a��{¢y3A½ªã��0>~êÚ��^
�ÇÓ��K�, =Kò�Ç. ÄuDÑ�nØ�
��á����>´ãXã 2 ¤« [18].

(a) (b)

L0

C0

C

L

C0

L0

ã 2 Äu�:�nØ(�ü���>´ã (a) �á�
��>´ã; (b) mÃá���>´ã

Ù¥ L0 Ú C0 ©O�DÑ��©Ù>aÚ©
Ù>N, L Ú C ©O�\1�¿é>aÚGé>
N. ã 2(a) ¤«(�ü����0>~êÚ��^
�Ç�ªÇ�éA'X�L«� [19]

εeff ≈
C0 −

1
ω2Ld

ε0p
, (1)

µeff ≈
p(L0 −

1
ω2Cd

)

µ0
, (2)

Ù¥ ε0 Ú µ0 ©O�ý�0>~êÚý�^�
Ç, p �DÑ��(�~ê [20], d �ü��Ý. Ï
LÀJØÓ� L Ú C �©O¢yØÓ���0
>~êÚ��^�Ç, l�OÑA½��á�.
ã 2(b) ¤«(�ü��DÚ�DÑ�, �ÏL�
½DÑ�°Ý(½��0>~ê. 3(½Ðþ
ÝÚ\1���Ä:þ, ò±þü«(�ü�U
ì (AB)M (EF )N (AB)M (�ü�=���Ñ�
�ü1þf². >^Å±�½�\��\��1þ
²�, ß�>^Å�\�>^Å��Ì�m�éX
�^DÑÝ
L« [19]. cos(kz∆z) − |µ|√

εµ − sin2 θ
sin(kz∆z)

−
√

εµ − sin2 θ

|µ| sin(kz∆z) cos(kz∆z)


(3)

Ù¥ kz = ω/(cδ
√

εµ − sin2 θ) (δ = ±1) �Å¥
3 z ���©þ, c �ý�¥�1�, ∆z �á�þ
Ý. Kß�Xê�L«� [21]

t(ω) =2 cos θ{[X11(ω) + X22] cos θ

+ i[X12(ω) cos2 θ + X21(ω)]}−1. (4)

|^úª (3) K�O�Ñ>^Å�DÑA5, ïÄ
1þf²�Û��5Æ.
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3 (J9©Û

©O|^DÑÝ
�{!LPKE-H100 .��
ÅÚ Agilent N5320C .¥þ�ä©Û¤é1þ
f²?1nØO�Ú¢�ïÄ. ���á��V
¡CÔ� FR-4 ��ÀæÙÚ8o��, FR-4 �
�ÀæÙ0>~ê ε = 4.75, þÝ t = 1.6 mm.

�âDÑ�nØ���ªÇ f = 1 GH, DÑ�
°Ý� w = 2.945 mm �, A�{| Z = 50 Ω,

���é0>~ê εeff,r ≈ 3.57, ���é^�
Ç µeff,r ≈ 1, q Ï É © Ù > a Ú © Ù > N �
K�, ��ªÇ f = 1 GHz �mÃá��ò�
Ç n ≈ 2 [20]. qÏ��~á��ÚÑ�~�, Ïd
�©òmÃá��ò�Ç�½� n ≈ 2. ��y{
|��, ò�Ãá�(�ü�¥DÑ��°Ý��
� w = 2.945 mm, d�(�ëê p = 4.05 [20]. ¢
�¥ò A Ú E ��Ó�«�Ãá�, �ëê©O
� L = 5.6 nH, C = 1 pF, da = de = 6 mm, Kd (1),

(2) ª����Ãá�ü�� εeff,r Ú µeff,r, (JX
ã 3 ¤«.
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ã 3 �Ãá�ü����é0>~ê εeff,r Ú���é
^�Ç µeff,r �ªÇ f �Cz

� 	 ü « 1 f ¬ N � ß � A 5: U
ì (AB)M (EF )N (AB)M (�, � M = 3, N = 0

K����1þf²²91f¬N�>^Åß�
A5Xã 4 ¤«. ã 4 ¥nØO�(Jw«ªÇ
3 1.25—2.00 GHz �m��B�; ¢�(Jw«
ªÇ3 1.36—2.10 GHz �m��B�. (J¤«
B���Ä��ÎÜ. ¢�(J��ý(J�p
ª£Ä, ù�Ø�Ì�´duV¡CÔ�Ú8o
����nØëê�¢Sëê� �Úå�, X
>N>a�!ÚÑ!¢S0>~ê�. ¢�(J

��ý(Jß�Ç$, ù�Ø�K´du�ÑÚ
å�. ,	��\óÚ<óÅ�8o���Úå
�ö�Ø��¬K�¢�(J. Uì1þf²(
�, � M = 0, N = 6, K����²S1f¬N
�>^Åß�A5Xã 5 ¤«. ã 5 ¥nØO�
(Jw«ªÇ3 1.27—2.00 GHz �m��Ï�; ¢
�(Jw«ªÇ3 1.43—2.00 GHz �m��Ï�.

é'ã 4 Úã 5 ��, ªÇ3 1.36—2.00 GHz �m
� (AB)M (EF )N (AB)M (�Ny1þf²A5.

� � � � � � � � � � � �� � �� � �� � �� ��� ��	
� �  � � �
ã 4 ²91f¬N (AB)6 Ñ�ëê S21 �ªÇ�Cz,

da = 6 mm, db = 12 mm

� � � � � � � � � � � �� � �� � �� � �� � �� ��
� � � 	 
� ����

ã 5 ²S1f¬N (EF )6 Ñ�ëê S21 �ªÇ�Cz,

de = 6 mm, df = 37 mm

ò 1 f ¬ N (EF )N ( � i \ 1 f ¬
N (AB)2M ¥, � � � Ï � � 1 f ¬ N � �
� � � B � � 1 f ¬ N ¥, Ï � É � å P, ë
Y � � É � N � � U ± © á � � � 3. U
ì (AB)M (EF )N (AB)M (�, - M = 3, N = 1—

3 Ñ�ëê�ªÇ�CzXã 6—8 ¤«.

é'ã 6—8 ��Û���1f¬N (EF)N �
±Ïê�Ó, ù�ë�©z [16] ¥(Ø��, �â
©z¥'u\��éÛ���K��ïÄ, ã 6—8

¤��Û��ªÇòØ�\��Cz, ù´¹�Ã
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á��1þf²du"²þò�Ç�Y¤äk�
AÏ5�.

� � � � � � � � � � � �� � �� � �� � �� � � �� 	
�� � � � � �
ã 6 1þf² (AB)3(EF )1(AB)3 Ñ�ëê S21 �
ªÇ�Cz, da = 6 mm, db = 12 mm, de = 6 mm,

df = 37 mm

� � � � � � � � � � � �� � �� � �� � �� � ��� 	
�� � � � � �
ã 7 1þf² (AB)3(EF )2(AB)3 Ñ�ëê S21 �
ªÇ�Cz, da = 6 mm, db = 12 mm, de = 6 mm,

df = 37 mm

� � � � � � � � � � � �� � �� � �� � �� � � �� 	
�� � � � � �
ã 8 1þf² (AB)3(EF )3(AB)3 Ñ�ëê S21 �
ªÇ�Cz, da = 6 mm, db = 12 mm, de = 6 mm,

df = 37 mm

�?�Ú�	Û��O\�ÔnA5, ò²
S 1 f ¬ N (EF )N O � � � Ã á � (D)N , N

��Ãá� D �ü�ê. D á�ëê��©O

� L = 1.2 nH, C = 1 pF, dd = 12 mm. d (1), (2) ª
���ªÇ�u 2.5 GHz �, ��0>~êÚ��
^�ÇÑ�K�. Uì (AB)M (D)N (AB)M (��
�1þf², - M = 3, N = 1 Ú 3 ��Ñ�ëê
�ªÇ�CzXã 9 Úã 10 ¤«. üã(Jw«
Û���ê�á� D ±Ïê�Ó.

� � � � � � � � � � � � � � � � � � � � �� � �� � �� � �� � ��	 
��� � � � � �
ã 9 1þf² (AB)3(D)1(AB)3 Ñ�ëê S21 �ªÇ
�Cz, da = 6 mm, db = 12 mm, dd = 12 mm

� � � � � � � � � � � �� � �� � �� � �� � �� � ��� 	
�� � � � � �
ã 10 1þf² (AB)3(D)3(AB)3 Ñ�ëê S21 �ª
Ç�Cz,da = 6 mm, db = 12 mm, dd = 12 mm

é' (EF )N Ú (D)N ü�¹(J, �²S�
1f¬N��^.¡�nØ)ºÛ���±Ïê
�éA�y�, ��²S��«á��, %ØUé
Ð�)º. du�á�����þ!0�, Ïd�
^p��5)ºù�y�. 1þf²üà�²91
f¬N|Ü��å/¤�n, �k÷v7Å^��
ªÇâUß�. ���±Ï��Ãá�½1f¬N
÷v7Å^��â¬ÑyÛ��, d�1§�Ð�
��Å�, ÏdzO\��±Ï, õÑy��Û�
�. ,	du�Ãá����0>~êÚ��^�
Ç�ÏLN!8o��5�½ØÓ��, Ïd3�
OõÏ�ÈÅì�¦^�Ãá�O�1f¬N�
�²SÔ�k|uì��.zÚëêN!.
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4 ( Ø

| ^ E Ü � m Ã D Ñ � E â � �

 (AB)M (EF )N (AB)M Ú (AB)M (D)N (AB)M

.1þf². ÏLUC²SÔ��±ÏêïÄ

Û��ªÇA5. (JL²: Û���ê�±Ïê
�Ó, ù�A5�^�np��nØ5)º. �Ã
á��¹e1þf²äkºÝ�!BuN!�`
:.

[1] Esaki L, Tus R 1970 IBM J. Res. Dev.14 61

[2] Jiang Y K, Niu C, Lin D L 1999 Phys. Rev. B 59 9981

[3] Qiao F, Zhang C, Wan J, Zi J 2000 Appl. Phys. Lett. 77 3698

[4] Yablonovitch E 1987 Phys. Rev. Lett. 58 2059

[5] John S 1987 Phys. Rev. Lett. 58 2486

[6] Li J, Zhou L, Chan C T, Sheng P 2003 Phys. Rev. Lett. 90 083901

[7] Chen Y H 2008 J. Opt. Soc. Am. B 25 972

[8] Xiang Y, Dai X, Wen S, Fan D 2007 J. Opt. Soc. Am. A 24 A28

[9] Chen Y H 2008 J. Opt. Soc. Am. B 25 1794

[10] Fei H M, Jiang Y K, Liang J Q, Lin D L 2009 Chin. Phys. B 18
2377

[11] Veselago V G 1968 Sov. Phys. Usp. 10 509

[12] Shelby R A, Smith D R, Schultz S 2001 Science 292 77

[13] Pendry J B 2000 Phys. Rev. Lett. 85 3966

[14] Jiang H T, Chen H, Li H Q, Zhang Y W 2003 Appl. Phys. Lett.

83 5386

[15] Xu C, Xu X C, Han D Z, Liu X H, Liu C P, Wu C J 2007 Opt.

Commum. 280 221

[16] Lin M, Ouyang Z B, Xu J, Qiu G X 2009 Opt. Express 17 5861

[17] Cox J D and Singh M R 2010 Nanoscale Res. Lett. 5 484

[18] Zhang L W, Zhang Y W, He L, Li H Q, Chen H 2006 Phys. Rev.

E 74 056615

[19] Eleftheriades G V, Balmain K G 2005 Negative-Refraction

Metamterials (New York: John Wiley & Sons)

[20] Yariv A, Yeh P 2007 Photonics: Optical Electronics in Modern

Communications (London: Oxford University Press)

[21] Born M, Wolf E 1999 Principles of Optics (Cambridge U. Press)

134210-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 134210

Properties of photonic quantum well structures
containing left-handed materials∗
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Abstract

According to the technology of LC-load transmission lines photonic quantum well structures are fabricated. Two kinds of struc-

tures are act as quantum well. While the left-handed materials works as well, the number of resonance modes increase with the thickness

of left-handed materials. Compared with the condition of photonic crystals work as well, the left-handed materials act as well has the

advantage of smaller size and adjusting. Experimental results are consistent with theory.

Keywords: photonic quantum well, metamaterials, composed of left/right handed transmission line, photonic crys-
tals
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