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3^1Å�¥, >|¥þ E ¤÷v�ÅÄ�§
�

∇2E − ∇ (∇ · E) + k2
0 [ε]E = 0, (1)

Ù¥ k0 = 2π/λ ´ý�¥�Å¥, λ �Å�.

�	\^|²1u1�DÑ�� z ¶�, 0>
Xê�Üþ/ª

[ε] =


εr εxy 0

εyx εr 0

0 0 εr

 , (2)

ª¥ εxy = −εyx = −jδ, δ = nλθF/π, θF �^10
��'{.1^=�, n �0�ò�Ç.

�Å�÷ z ¶©Ùþ!, =÷v ∂εr/∂z = 0,

l (1) ª)Ñ x, y ©þ�
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1
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Ex
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0Ex = 0, (3b)

(3) ªL² x, y ©þ3DÑ�¬�pÍÜ, Ù�´
dÅ��AÛ�AÚå�, �Ï3u0>Xê εr 3
0��.?kâC; Ù�´d^1�AÚå�. Å
�AÛ�AÚå�ÍÜ�1�DÑ���', ´p
´�; ^1�A��^z���', �1�DÑ
��Ã', ÏdÚå�ÍÜ´�p´�. |^ùü
«ÍÜ�A��OÑp´��p´�=�ì. d
uù
ÍÜÏ~Ñ��, òÙ���6?n, Ïd
O TE �ÚO TM ���|�±L«�

Ey = Ay (z) φy (x, y) exp (−jβz) , (4a)

Ex = Ax (z) φx (x, y) exp (−jβz) , (4b)

Ù ¥ φx,y � O TE � 9 O TM � � � | © Ù,

β = (βTE + βTM)/2, βTE, βTM ©O�O TE �
ÚO TM ��DÑ~ê.

�â (3) Ú (4) ªí�Ñ�Ì Ax,y ÷v�ÍÜ
�§�

∂Ax/∂z = κxyAy − j∆Ax, (5a)

∂Ay/∂z = κyxAx + j∆Ay, (5b)

ª¥ ∆ = (βTM − βTE)/2, �ü�ª�� ��þ.

κxy Ú κyx �ÍÜXê:

κxy =
1
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∂
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0δ
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]
, (6a)
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1
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∂
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(
1
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+ k2
0δ
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]
. (6b)

ü�ÍÜXê÷v'X κxy = −κ∗
yx = κ, ÍÜXê

����0>Xê3 x ¶���©Ù!^1Xê
9�|�©Ù�'. b�3 z = 0 ?�k���ª,

= Ax (0) = A0, Ay (0) = 0, K3 z > 0 ?, �â (5)

ª¦Ñ�Ì�
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−j∆√

∆2 + |κ|2
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(√
∆2 + |κ|2z
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+ cos
(√

∆2 + |κ|2z
) ]

, (7a)
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−κ∗√

∆2 + |κ|2
sin

(√
∆2 + |κ|2z

)
, (7b)

duO TE ��õÇ� |Ay|2 ¤�', O TM ��õ
Ç� |Ax|2 ¤�', (7) ªL²ÍÜ¦z��ª�õ
Ç±Ï5Cz, ��=�Ç� |κ|2 A2

0/
(
∆2 + |κ|2

)
,

� ∆ 6= 0 �=�Ç�u 1. �=�.�lì´d
�� 45◦ ��p´��� 45◦ �p´�=�ì�
¤, =3z��=�ì¥�=�Çþ� 50%, ùÒ
�¦ |κ| > |∆|.

3 45◦ p´��p´�=�ì¥��
Ì�� 
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é¡(�¥, ù«ÍÜ�©�, ØU¢y�ª�=
� [13]. Ïd|^Å��AÛ�A�O�p´�=
�ìÑ´�é¡�, ÍÜXê�

κa =
−j

2β

∫∫
|φx|2 dxdy

×
∫∫

∂

∂x

(
1
εr
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∂y

)
φ∗

xφy dxdy, (8)

ù´��XJê, ÎÒ�Å��/Gk'. Eb�
Ð©Ñ\�k���ª, K3=�Ç� 50%�ü�
ª��Ì�

Ax =

√
|κa|2 − ∆2

a − j∆a

|κa|
A0√

2

=
A0√

2
exp (jθxa) , (9a)

Ay = − κ∗
a

|κa|
A0√

2
=

A0√
2

exp (jθya) , (9b)

du κa ´XJê, Ïd θya �u π/2 ½ −π/2,

 θxa � ∆a 9 κa �', N�Å�(�ëê�±U
C θxa.

�p´�=�ì�Å�(�Ï~Ñ´é¡�,

�ªm�ÍÜd^1�AÚå, ÍÜXê�

κb = − k2
0δ

2β

∫∫
|φx|2 dxdy

∫∫
φ∗

xφy dxdy. (10)

XJÐ©Ñ\�k���ª, K3=�Ç� 50%�
ü�ª�� �

exp (jθxb) =
(√

|κb|2 − ∆2
b − j∆b

)/
|κb|, (11a)

exp (jθyb) = −κb/|κb|, (11b)

du κb ´X¢ê, Ïd θyb �u 0 ½ ±π, θxb � ∆b

9 κb �', N�Å��(�, À^ØÓ^1Xê�
á�9UC^z��Ñ¬UCÙ�.

4 1�lì¥��ª=��n

1�lì�ÌNd=�Ç� 50%�p´��
p´�=�ì�¤, b�1lp´àÑ\, l�p
´àÑÑ, 3 z = 0 �, � Ax (0) = A0, Ay (0) = 0.

�1lp´�=�ìÑÑ�, TE, TM �=�
Ç� 50%, ü�ª��Ì� (9) ª, d�1ò?\
�p´�=�ì, 13�p´�=�ìDÑ�E÷
v (5) ª¤«�ÍÜ�§, �ÙÐ�� (9) ª, )T

Ð���©�§, |^ (11) ª, ¦Ñ�p´�=�
ìÑÑà��Ì�

Ax =0.5A0

[
exp (jθxa + jθxb)

− exp (jθya + jθyb)
]
, (12a)

Ay =0.5A0

[
exp (jθxa + jθyb)

+ exp (jθya − jθxb)
]
, (12b)

(12) ªL²1�lì�ÑÑ�ü�=�ì3=�
Ç� 50%?�� �', e¡é (12) ª?1äN�
?Ø, - θa = θxa − θya, θb = θxb − θyb.

(i) e θa + θb = nπ, (n = 0,±1,±2, · · · ), K
d (12) ª��

Ax =

0 n�óê,

A0 exp[j (θxa + θxb)] n�Ûê,
(13a)

Ay =

A0 exp [j (θya − θxb)] n�óê,

0 n�Ûê.
(13b)

(13) ª`²�ü��=�ì�� ��Ú� nπ�,

�lìÑÑ�k���ª. XJ��Ñ\� (Ax,

0), θa + θb � π�Ûê�, KÑÑ� (Ax, 0). �1�
�DÑ�, �p´�=�ì��  θyb òâC π, 
p´�=�ì�� ØC, Ïd θa + θb C� π�
óê�, ÑÑ� (0, Ay), ù���1Ò�±��Ø.

du θya �u π/2 ½ −π/2, θyb �u 0 ½ ±π,

Ïd3^� (i) ¥, DÑ~ê� ∆ 6= 0, 1�lìó
�3� ��^�e. du��Ñ\ÑÑ�ü�ª
�Ó, ��Ñ\ÑÑ�ü�ª��, Ïd �ì�
���, ù' Dammann ���Y¢^.

(ii) e θa + θb = (2n + 1)π/2, (n = 0,±1,

±2, · · · ), Kd (12) ª��

Ax =
A0√

2
exp

[
j
(
θxa + θxb ± π

4

)]
, (14a)

Ay =
A0√

2
exp

[
j
(
θya − θxb ± π

4

)]
, (14b)

(14) ª`²131���=�ì¥� Cz�
ÌØC, =ü��ªØ�p=�. lc¡�©Û�
�d� ∆ = 0, Wolfe, Holmes �|^� ���O
Ñ�Å�Òáuù«�¹, dud�p´��p´
�=�ìm�3 π/2 �� âC, ÏdI�3ü�
=�ì¥m\�� π/2 �� Ö�ì, w,ù¬O
\ì���ÝÚ�EJÝ.

XJ�lìó�3^� (i) ¥�� ��G�
e, 13p´��p´�=�ì¥DÑ�g�¬�
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) π/2 �Ö�� , �=�ì�å�
� Ö�ì
��^. � ��3 Wolfe, Holmes ���O¥´
��Ø|Ï�, I��Ø, �l�©�©Û¥�±
wÑ, Ün|^� ��Ø��±ü$Å���O
JÝ, ���±{zì��(�, ~�ì���
Ý.

(iii) e θa + θb = ∆θ, Kd (12) ª��

Ax =0.5A0 (1 − cos ∆θ + j sin ∆θ)

× exp [j (θxa + θxb)] , (15a)

Ay =0.5A0 (1 + cos ∆θ + j sin ∆θ)

× exp [j (θya − θxb)] . (15b)

ÏdÑÑàO TE �ÚO TM ��õÇ©�'~�

ηTM = sin2 (∆θ/2) , (16a)

ηTE = cos2 (∆θ/2) . (16b)

5 ê��ý

�âÍÜ�§ (3) ª, ^ FDBPM é�=�ì
?1�ý. b�ì�dî\.Å��¤, Xã 1

¤«, Å� λ = 1.55 µm, 0�ò�Ç n1 = 2.21,

n2 = 1.93, �p´�=�ì�^z��÷ z ¶�
�, ^1Xê� δ, p´�=�ì^1Xê� 0.�� � ��� ��

� � � �� � � �
� � 	

� 
 	
ã 1 �=�ì�¡ã (a) �p´�=�ì; (b) p´�=
�ì

�
ïÄp´��p´�=�ì|Ü3�å
��Ì� 'Xé�=�Ç�K�, �O
o«Ø

Ó(��p´�=�ì��p´�=�ì, ÏL�
ý, O�Ñ
=�Ç� 50%��DÑål L 9� 
� θa Ú θb, XL 1 ÚL 2 ¤«.

L 1 �p´�=�ì

SÒ a/µm b/µm δ L/µm θb/(◦)

NR1 0.72 0.66 −0.0085 159 −36

NR2 0.72 0.66 0.0085 159 144

NR3 0.66 0.72 −0.0085 159 36

NR4 0.66 0.72 −0.0055 280 65

L 2 p´�=�ì

SÒ a/µm b/µm c/µm d/µm L/µm θa/(◦)

R1 0.72 0.66 0.15 0.12 212 −140

R2 0.72 0.66 0.18 0.15 143 −123

R3 0.72 0.66 0.21 0.21 100 −113

R4 0.66 0.66 0.21 0.21 94 −92

ã 2 ��p´�=�ì NR1 ��ÌÚ� �
DÑålCz��ý(J, ã 3 �p´�=�ì R1

��ÌÚ� �DÑålCz��ý(J. �ý�
Ñ�p´�=�ì���=�Ç� 75%, p´�=

ã 2 �p´�=�ì NR1 �ÌÚ� �DÑål�'
X (a) �Ì; (b) � 
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�ì���=�Ç� 62%. ù`²3ü��=�ì
¥O TE ��O TM ��DÑ~êØÓ, ?u� 
��G�. ,	, >| Ex �� �DÑålCz,

Ey �� ØC, �nØ©Û�Ñ�(Ø��. XJ
Ð©Ñ\kü��ª, 13DÑ�du^1�A½
�é¡Å��)�ÍÜ�^�¬/¤½�� 
'X.

ã 3 p´�=�ì R1 �ÌÚ� �DÑål�'X
(a) �Ì; (b) � 

òL 1, L 2 �p´��p´�=�ì|Ü3
�å, �� 16 «ØÓ(��|ÜN, éù 16 «|
ÜN?1ê��ý, ��Xã 4 ¤«�(J. ã 4

��Ñ
U (16) ªO��nØ(J. ã 4 L², n
ØO��ê��ýÎÜ�éÐ.

ã 4 �=�Ç��  θa + θb �'X

� â c ¡ � ? Ø, � 
 � � � � � = � Ç,

θa + θb A�u nπ, �¬ R1 � NR1, NR2 �|ÜÄ
�ÎÜù«^� (−176◦ Ú 4◦), XJ R1+NR1 �1
���DÑ�ª, NR2+R1 K�1���DÑ�ª,

ùü«|Ü(���ª=�9� Cz(JXã 5

¤«. ã 5 ��ý(J�Ñ��Ñ\� TM ��Ñ
Ñ� TM �, ��Ñ\� TM ��ÑÑ� TE �, X

−
� �−
� �−
� �−

��
−

� �−
� �−
� �−

�� � �� �
� �� ���	

��	

 � �


  �
� �� �� � � � �

−
� � �−
� � ��� � �

� �� �� � � � �� � � � � � � � � �−
� � �−
� � ��� � �� � � 
 � �


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

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

�� ��
ã 5 ØÓDÑ����ý(J (a) 1��DÑ��õ
Ç; (b) 1��DÑ��õÇ; (c) 1��DÑ��� ;

(d) 1��DÑ��� 
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J3üà\\ �ì, K��¤1�lì. du�
�ÑÑ���ÑÑ�ü�ª��, Ïd �ì��
��, � Dammann �JÑ� �ì¤ 45◦ ��Ø
Ó. Ó�lã 2 Úã 3 ¥�±wÑ, 3ü�üÕ�
�=�ì¥, TE, TM ��=�Çþ�u 100%, �
òüö|Ü3�å�=�Ç%��
 99.3%, `²
3� ��^�e��±�¤�lì. lã 4 �±
wÑ, |Ü(��=�Ç��� 'X θa + θb �
', Uõù«� 'X�±Jp�ª�=�Ç.

6 ( Ø

3�=�.1�lì¥, �ª�=�Çdp´
��p´�=�ì3=�Ç� 50%?�� 'X
û½, |^ TE, TM ��m�� ���±Ö�p
´��p´�=�ìë��� π/2 � âC, ��
OÑó�3� ��^�e��lì, ê��ý(
J�nØí��Î. �©�nØ(JéïÄ�=�
.1�lìk�½�ë�d�.

[1] Ando K, Okoshi T, Koshizuka N 1988 Appl. Phys. Lett. 53 4

[2] Fujita J, Levy M, Osgood R M, Wilkens Jr L, Dotsch H 2000 Appl.

Phys. Lett. 76 2158

[3] Yang J S, Roh J W, Ok S H, Woo D H, Byun Y T, Lee W Y, Mizu-

moto T, Lee S 2005 IEEE Trans. Magn. 41 3520

[4] Wen X W, Li G J, Qiu G X, Li Y P, Ding L, Sui Z 2004 Acta Phys.

Sin. 53 3571 (in Chinese) [§¡©, oId, Ëp#, o[², ¶
[, �Ð 2004 ÔnÆ� 53 3571]

[5] Wen X W, Li G J, Qiu G X, Li Y P, Ding L, Sui Z 2005 Acta Phys.

Sin. 54 1847 (in Chinese) [§¡©, oId, Ëp#, o[², ¶
[, �Ð 2005 ÔnÆ� 54 1847]
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based on TE-TM mode conversion∗
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Abstract

According to the perturbation theory, the theory of self-phase compensation is developed for the optical waveguide isolator based

on the TE-TM mode conversion. The operation principle of such a device is explained in terms of synchronization of phase and power

conversion. The effect of balancing phase mismatches of the two convertors on achieving a proper percentage of mode conversion is

revealed. The simulation results confirm the self-phase compensation theory.

Keywords: magneto-optical isolator, nonreciprocal wave propagation, phase matching
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