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1 Ú ó

Uì>f�(��ØÓ, DÚ¿Âþ�á�
©�7áÚý�Nü�a. ÿÀý�N [1−18]

´�«#�þfÔ��, ù«Ô���N>f�
´kUY�ý�N, ÙL¡´ÃUY�7á�,
ÿÀý�N�L¡7á�dN>f��ÿÀ(
�é¡5û½. dug^;�ÍÜ�^, ÙL¡
¬�)d�m�üé¡5�o�ÃUY�L¡
>f�. �´duù
�A�, ÿÀý�Nk
�U3�5¼���A^. 3��á�¥, >
|�)>4z, ^|�)^4z, Ù>^5�d
>NÇÚ^�Çû½, Ù^>�Adð�d��
^ S0 =

1
8π

∫
d3xdt(εE2 − 1

µ
B2) £ ã, 3 ÿ À

ý�N¥, duÿÀý�N�^>�A, Ùð�
d��^?�� S =

1
8π

∫
d3xdt(εE2 − 1

µ
B2) +

Θ

2π

α

2π

∫
d3xdt(E · B)[2−5], ª¥ ε, µ ©O�>N

ÇÚ^�Ç, E, B ©O�>|rÝÚ^aArÝ,
α �°[(�~ê, d3xdt ´��NÈ�, Θ �£ã
ý�N�ëê½ÿÀ^>4zÇ (TMEP)[4,5,17,18],
3�m�üC� E → E, B → −B �, éu±Ï
XÚ, Θ �U�ü��, �Ò´ Θ = 0 Ú Θ = π[6],
Θ = 0 ´��ý�N, Θ = π ´ÿÀý�N. CAc

5, �m�üØCÚ�m�üé¡�»�ÿÀý�
N�2��ïÄ [1−18], ÿÀý�NVgQ�^ÿ
À|nØ½Â [3−8], q�^ÿÀ�nØ½Â [9−13],
ÿÀ^>�A|±Nõ#�ÿÀy�, X:>Öa
A�^ü4 [4], ¶|và�Ôn [5], ÿÀ{.1Ú
���A� [6,7]. ý¥âf�>^Ñ��2��ï
Ä [19−26], ©z [19—23] ^¥¥þÅ¼êÐm
\
�|!Ñ�|ÚS|¿ïÄ
ý¥âf�Ñ�5
�, ©z [24—26] 3ïÄ¥/âfÑ��Ä:þ^
õºÝC�ïÄ
ý¥âf�Ñ�5�, ©z [20]
3Ñ�|Úý¥S|¥Ö¿
��4z>^|, ï
Ä
�{>^�N (PEMC) �ý¥�>^Ñ�5
�. �©òþã¤JA^�ÿÀý�N, ^¥¥þ
Å¼êÐm
\�|!Ñ�|Úý¥S|; �âÿ
Àý�N���'X, ?�
ý¥S|ÚÑ�>^
|; |^ÿÀý�N�>.^�, í�
Ñ�>^
|. �[
��m�üé¡�»�, ÿÀ^>4z
ÇéÑ��¡�K�.

2 nØúª9�[

·�?Ø�ÿÀý�N´��^=�ý¥ (X
ã 1 ¤«), ^=�ý¥S�«� 2, Ù0>~êÚ
^�Ç©O� ε2 Ú µ2, ý¥	�«� 1, Ù0>~
êÚ^�Ç©O� ε1 Ú µ1, 3���IX¥, ��
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ð�d���Xe/ª:

∇× E = iωB, (1)

∇× B = −iωεµE, (2)

ª¥ ∇ ´�©�Î, ω ´�ªÇ, �©�©Û¥·
���
��Ïf e−iωt, e¡© TE Ú TM ü«4
z�¹?Ø.

2.1 TE 444zzz

ã 1 ´CX�^��ÿÀý�Ný¥âf
� > ^ Å Ñ � « ¿ ã, b � \ � ¡ � xz ² ¡,
·�Äk?Ø>|R�u\�¡��¹ (TE 4
z). ���IX (x, y, z) Ú�ý¥�IX (η, ξ, ϕ)
� ' X � x = f

√
(1 − η2)(ξ2 − 1) cos ϕ, y =

f
√

(1 − η2)(ξ2 − 1) sin ϕ, z = fηξ. η ´��I,
ξ ´»��I, ϕ ´� �, f ´��å�Ý, ª
¥ −1 6 η 6 1, 1 6 ξ < ∞, 0 6 ϕ 6 2π. >^|^
¥¥þÅ¼ê Mqmn Ú Nqmn Ðm,

ã 1 CX�^��ÿÀý�Ný¥âf�>^ÅÑ�

M r(j)
qmn = ∇× (rΨ (j)

qmn), (3)

N (j)
qmn =

1
k
∇× M (j)

qmn, (4)

ª¥

M r(j)
qmn = M (j)

qmnηη + M
(j)
qmnξξ + M

(j)
qmnφφ,

N r(j)
qmn = N (j)

qmnηη + N
(j)
qmnξξ + N

(j)
qmnφφ,

Ψ (j)
qmn(c; η, ξ, ϕ) = Smn (c; η) R(j)

mn(c; ξ)cossinmϕ,

r ´ �¥þ, q �L e (óê) ½ o (Ûê), c = fk,
k ´Åê, Smn (c; η) ´�¼ê, R

(j)
mn(c; ξ) »�¼ê,

j = 1, 2, 3, 4. b�Å¥ k �Y² z ¶¤ θ �, \�
>|�±Ðm� [20]

Einc = ey exp(ikx sin θ + ikz cos θ)

=
∞∑

m=0

∞∑
n=m

[ATE
mn(c1; θ)M r(1)

emn(c1; η, ξ, φ)

+ BTE
mn(c1; θ)N r(1)

omn(c1; η, ξ, φ)]. (5)

ò�§ (5) �\�§ (1) �

Binc = −i
√

ε1µ1

×
∞∑

m=0

∞∑
n=m

[ATE
mn(c1; θ)Nr(1)

emn(c1; η, ξ, φ)

+ BTE
mn(c1; θ)M r(1)

omn(c1; η, ξ, φ)], (6)

ª¥ c1 = fk1, k1 =
ω

c

√
ε1µ1 ´«� 1 �Åê,

ATE
mn, BTE

mn ´ÐmXê [20],

ATE
mn(c1; θ) = −2in(2 − δ0,m)

Nmn

×
′∞∑

r=0,1

dmn
r

(r + m)(r + m + 1)

×
dPm

m+r(cos θ)
dθ

,

BTE
mn(c1; θ) =

4min−1

Nmn

×
′∞∑

r=0,1

dmn
r

(r + m)(r + m + 1)

×
Pm

m+r(cos θ)
sin θ

,

Nmn = 2

′∞∑
r=0

(dmn
r )2(r + 2m)!

(2r + 2m + 1)r!
.

ÿÀý�N���'X� [4−6]

D = εE + 2αP3B, (7)

H =
1
µ

B − 2αP3E, (8)

ª¥ D, H ©O�> £Ú^|rÝ, α = e2/~c

´°[(�~ê [4−6], c ´ý�¥�1�,e ´>f
>þ, h = 2π~ ´ÊK�~ê, P3 = Θ/2π, Θ ´ÿ
À^>4zÇ (TMEP)[17,18]. 3ý�¥½��>0
�¥ P3 = 0[4−6], �©?Ø�m�ü�6�ÿÀ
ý�Ný¥âf, Ù�{ [17,18] ´3ÿÀý�Ný
¥âfL¡CX�~��^�, d��m�üé
¡�», ¯¢þ, �~�f�^|�6, �¬�»
�m�üé¡ [17,18], d� Θ = (2n + 1)π, ª¥ n
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´�ê, dCX�^�û½. Θ ��K�L«L¡
^z�� [17,18]. 3���>0�¥, �\�>^
|´ TM (TE) Å�, Ñ�ÅÚDÑÅþ� TM (TE)
Å; 3ÿÀý�N¥, duÿÀ^>�A, �\�>
^|´ TM (TE) Å�, Ñ�>^|ÚDÑ>^|
Ø=k TM (TE) Å, �k TE (TM) Å. Ïd, 3
Ñ�ÚDÑ>^|¥ATÖ¿��4z©þ, @
o, >^|�ÿÀý�Ný¥âfÑ���>|�
±�� [20]

Es =
∞∑

m=0

∞∑
n=m

[CTE
mn(c1; θ)M r(4)

emn(c1; η, ξ, φ)

+ DTE
mn(c1; θ)N r(4)

omn(c1; η, ξ, φ)

+ ETE
mn(c1; θ)M r(4)

omn(c1; η, ξ, φ)

+ FTE
mn(c1; θ)N r(4)

emn(c1; η, ξ, φ)]. (9)

ò�§ (9) �\�§ (1) �

Bs = −i
√

ε1µ1

∞∑
m=0

∞∑
n=m

[CTE
mn(c1; θ)N r(4)

emn(c1; η, ξ, φ)

+ DTE
mn(c1; θ)M r(4)

omn(c1; η, ξ, φ)

+ ETE
mn(c1; θ)N r(4)

omn(c1; η, ξ, φ)

+ FTE
mn(c1; θ)M r(4)

emn(c1; η, ξ, φ)], (10)

ª ¥ CTE
mn(c1; θ), DTE

mn(c1; θ), ETE
mn(c1; θ),

FTE
mn(c1; θ) ´Ñ�>^|ÐmXê, aq��{

�±��ý¥âfS�>^|

Et =
∞∑

m=0

∞∑
n=m

[XTE
mn(c2; θ)M r(1)

emn(c2; η, ξ, φ)

+ Y TE
mn (c2; θ)N r(1)

omn(c2; η, ξ, φ)

+ ZTE
mn(c2; θ)M r(1)

omn(c2; η, ξ, φ)

+ GTE
mn(c2; θ)N r(1)

emn(c2; η, ξ, φ)], (11)

Bt = −i
√

ε2µ2

∞∑
m=0

∞∑
n=m

[XTE
mn(c2; θ)N r(1)

emn(c2; η, ξ, φ)

+ Y TE
mn (c2; θ)M r(1)

omn(c2; η, ξ, φ)

+ ZTE
mn(c2; θ)N r(1)

omn(c2; η, ξ, φ)

+ GTE
mn(c2; θ)M r(1)

emn(c2; η, ξ, φ)], (12)

ª ¥ XTE
mn(c2; θ), Y TE

mn (c2; θ), ZTE
mn(c2; θ),

GTE
mn(c2; θ) ´ý¥S>^|�ÐmXê, c2 = fk2,

k2 =
ω

c

√
ε2µ2 ´«� 2 �Åê. d>^|>.^�

��: ý¥L¡>|���©þëY,

(Einc + Es)
∣∣
ξ=ξ0

= Et
∣∣
ξ=ξ0

. (13)

duÿÀý�N�^>�A, ý¥L¡kL¡
>6�), ý¥L¡?�^aArÝ B!^| H

Ú>| E ÷ve�>.^�:

1
µ1

Binc

∣∣∣∣
ξ=ξ0

+
1
µ1

Bs

∣∣∣∣
ξ=ξ0

=
1
µ2

Bt

∣∣∣∣
ξ=ξ0

− 2αP3E
t
∣∣
ξ=ξ0

. (14)

ò � § (3)—(6)! � § (9)—(12) � \ �
§ (13)—(14) �

∞∑
m=0

∞∑
n=m

[ATE
mn(c1; θ)M r(1)

emn(c1; η, ξ, φ)]

+
∞∑

m=0

∞∑
n=m

[CTE
mn(c1; θ)M r(4)

emn(c1; η, ξ, φ)]

=
∞∑

m=0

∞∑
n=m

[XTE
mn(c2; θ)M r(1)

emn(c2; η, ξ, φ)], (15)

∞∑
m=0

∞∑
n=m

[BTE
mn(c1; θ)N r(1)

omn(c1; η, ξ, φ)]

+
∞∑

m=0

∞∑
n=m

[DTE
mn(c1; θ)N r(4)

omn(c1; η, ξ, φ)]

=
∞∑

m=0

∞∑
n=m

[Y TE
mn (c2; θ)N r(1)

omn(c2; η, ξ, φ)], (16)

∞∑
m=0

∞∑
n=m

[ETE
mn(c1; θ)M r(4)

omn(c1; η, ξ, φ)]

=
∞∑

m=0

∞∑
n=m

[ZTE
mn(c2; θ)M r(1)

omn(c2; η, ξ, φ)], (17)

∞∑
m=0

∞∑
n=m

[FTE
mn(c1; θ)N r(4)

emn(c1; η, ξ, φ)]

=
∞∑

m=0

∞∑
n=m

[GTE
mn(c2; θ)N r(1)

emn(c2; η, ξ, φ)] (18)

∞∑
m=0

∞∑
n=m

[ATE
mn(c1; θ)N r(1)

emn(c1; η, ξ, φ)]

+
∞∑

m=0

∞∑
n=m

[CTE
mn(c1; θ)N r(4)

emn(c1; η, ξ, φ)]

=
√

ε2µ1

ε1µ2

∞∑
m=0

∞∑
n=m

[XTE
mn(c2; θ)N r(1)

emn(c2; η, ξ, φ)]

− 2αP3i
√

µ1

ε1

∞∑
m=0

∞∑
n=m

[GTE
mn(c2; θ)

× N r(1)
emn(c2; η, ξ, φ)], (19)

∞∑
m=0

∞∑
n=m

[BTE
mn(c1; θ)M r(1)

omn(c1; η, ξ, φ)]

+
∞∑

m=0

∞∑
n=m

[DTE
mn(c1; θ)M r(4)

omn(c1; η, ξ, φ)]
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=
√

ε2µ1

ε1µ2

∞∑
m=0

∞∑
n=m

[Y TE
mn (c2; θ)M r(1)

omn(c2; η, ξ, φ)]

− 2αP3i
√

µ1

ε1

∞∑
m=0

∞∑
n=m

[ZTE
mn(c2; θ)

× M r(1)
omn(c2; η, ξ, φ)], (20)

∞∑
m=0

∞∑
n=m

[ETE
mn(c1; θ)N r(4)

omn(c1; η, ξ, φ)]

=
√

ε2µ1

ε1µ2

∞∑
m=0

∞∑
n=m

[ZTE
mn(c2; θ)N r(1)

omn(c2; η, ξ, φ)]

− 2αP3i
√

µ1

ε1

∞∑
m=0

∞∑
n=m

[Y TE
mn (c2; θ)

× N r(1)
omn(c2; η, ξ, φ)], (21)

∞∑
m=0

∞∑
n=m

[FTE
mn(c1; θ)M r(4)

emn(c1; η, ξ, φ)]

=
√

ε2µ1

ε1µ2

∞∑
m=0

∞∑
n=m

[GTE
mn(c2; θ)M r(1)

emn(c2; η, ξ, φ)]

− 2αP3i
√

µ1

ε1

∞∑
m=0

∞∑
n=m

[XTE
mn(c2; θ)

× M r(1)
emn(c2; η, ξ, φ)]. (22)

Uì©z [20] ��{, ·��±��l�Ðm
Xê CTE

mn, DTE
mn, ETE

mn, FTE
mn , XTE

mn, Y TE
mn , ZTE

mn, GTE
mn

ÚÑ�>^| Es, Bs.

2.2 TM 444zzz

Xã 1, �>|²1\�¡� (TM 4z), \�
>|�±Ðm� [20]

Einc = (− cos θex + sin θez)

× exp(ikx sin θ + ikz cos θ)

= −i
∞∑

m=0

∞∑
n=m

[ATM
mn (c1; θ)N r(1)

emn(c1; η, ξ, φ)

+ BTM
mn (c1; θ)M r(1)

omn(c1; η, ξ, φ)]. (23)

ò�§ (23) �\�§ (1) �^aArÝ

Binc = −√
ε1µ1

∞∑
m=0

∞∑
n=m

[ATM
mn (c1; θ)

× M r(1)
emn(c1; η, ξ, φ)

+ BTM
mn (c1; θ)N r(1)

omn(c1; η, ξ, φ)]. (24)

aq��{, Ñ�>^|�±��

Es =
∞∑

m=0

∞∑
n=m

[CTM
mn (c1; θ)M r(4)

emn(c1; η, ξ, φ)

+ DTM
mn (c1; θ)N r(4)

omn(c1; η, ξ, φ)

+ ETM
mn (c1; θ)M r(4)

omn(c1; η, ξ, φ)

+ FTM
mn (c1; θ)N r(4)

emn(c1; η, ξ, φ)], (25)

Bs = −i
√

ε1µ1

∞∑
m=0

∞∑
n=m

[CTM
mn (c1; θ)

× N r(4)
emn(c1; η, ξ, φ)

+ DTM
mn (c1; θ)M r(4)

omn(c1; η, ξ, φ)

+ ETM
mn (c1; θ)N r(4)

omn(c1; η, ξ, φ)

+ FTM
mn (c1; θ)M r(4)

emn(c1; η, ξ, φ)]. (26)

ý¥S�>^|�±��

Et =
∞∑

m=0

∞∑
n=m

[XTM
mn (c2; θ)M r(1)

emn(c2; η, ξ, φ)

+ Y TM
mn (c2; θ)N r(1)

omn(c2; η, ξ, φ)

+ ZTM
mn (c2; θ)M r(1)

omn(c2; η, ξ, φ)

+ GTM
mn (c2; θ)N r(1)

emn(c2; η, ξ, φ)], (27)

Bt = −i
√

ε2µ2

∞∑
m=0

∞∑
n=m

[XTM
mn (c2; θ)

× N r(1)
emn1(c2; η, ξ, φ)

+ Y TM
mn (c2; θ)M r(1)

omn(c2; η, ξ, φ)

+ ZTM
mn (c2; θ)N r(1)

omn(c2; η, ξ, φ)

+ GTM
mn (c2; θ)M r(1)

emn(c2; η, ξ, φ)]. (28)

^Ó���{�±¦�l�ÐmXêÚÑ�
>^|. Uì©z [19, 20] ��{, ·��±?�Ú
��Ñ��¡, �1Xê, Ñ�rÝ�£ãÑ�5
��Ônþ.

ã 2 Ñ��¡ÚÑ���'X

Uì©z [4], ·��ý¥âfS («� 2)ε2 =
100, µ2 = 1, ý ¥ â f 	 (« � 1) ε1 = 1,
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µ1 = 1, \�� θ = 0, =�\�, ÿÀ^>4
zÇ TMEPΘ = (2n + 1)π, éu TE 4z, ·�
� � 
 Ñ � � ¡ Ú Ñ � � � ' X (X ã 2), p
¶ � L Ñ � � ¡, î ¶ � L Ñ � �. ù Ú  �
� L Θ = 0, � Ò ´ � � > 0 �; � Ú  � �
L TMEPΘ = 51π; ÉÚ��L TMEPΘ = 101π;
7Ú��L TMEPΘ = 151π. lã 2 �±wÑ:
Ñ��¡�Ñ��¤��Cz'X, � TMEP C
z�, Ñ��¡��²wCz; =3�ÓÑ��?,
� TMEP ��, Ñ��¡�Ì�, � TMEP ��,
Ñ��¡�Ì�. ·��ó�Jø
ÿþÿÀý
� TMEP ��{, �â TMEP ����±(½�m

�ü�6§Ý.

3 ( Ø

�©©Û
ÿÀý�N^=ý¥�>^|Ñ
�5�. >^|\��ÿÀý�Ný¥âf�, Ñ
�ÚDÑ>^|Ñy
��4z. �f�^�6
U�»�m�üé¡, �©|^CX�~��^�
�»�m�üé¡, ��m�üé¡�»�, TMEP
u)Cz, ê��[L²: Ñ��¡É TMEP K�
²w. Ù¦�ÎN, ý�ÎN, ¥N�>^Ñ���
�aq�?Ø.
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Abstract

Using Maxwell equations, we expand electromagnetic field components in spherical coordinate frame by using spherical vector

wave function. According to the constitute relations of the topological insulator (TI), we modify transmittance fields and scattering

fields. Using boundary conditions of topological insulator, we obtain the scattering electromagnetic fields. Numerical result show that

when the time reversal symmetry is broken, the scattering cross sections are influenced by the topological magneto-electric polarizabil-

ity.
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