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�m �Cz�±Ï¼ê, ��¼ê1f¬N¤é
A�0���ò�Ç©O� n (z). e¡, ·�òí
�13��¼ê1f¬N¥�$Ä�§.

Äk, ·��Ñ13��1f¬N¥���m
DÂ�$Ä�§, �Ò´`ò�Ç� n = n (z), $
Ä�;,3 xy ²¡þ. \��1Åì�3²¡þ
� A :, � AB Ú BC ©OL«1�\�´»Ú
��´», Xã 1 ¤«.

C  

B

A 

θ

n/n↼z↽

x

z

ã 1 13��¼ê1f¬N¥�DÂ´»

1�$Ä�§�±d¤ê�n��, §´:

δ

∫ B

A

n(z)ds = 0, (1)

3��DÂ�m¥, �� ds �:

ds =
√

(dx)2 + (dz)2 =
√

1 + ż2dx, (2)

Ï� ż =
dz

dx
, �§ (1) C¤

δ

∫ B

A

n(z)
√

1 + ż2dx = 0, (3)

r�§ (3) =�¤:∫ B

A

(
∂n(z)

√
1 + ż2

∂z
δz

+
∂n(z)

√
1 + ż2

∂ż
δż

)
dx = 0. (4)

é u A Ú B ü � à :, ¦ � C z � ",
= δz (A) = δz (B) = 0, �§ (4) �±��:

∂n(z)
∂z

− n(z)
z̈

1 + ż2
= 0. (5)

�§ (5) �13��1f¬N¥���mDÂ�$
Ä�§.

3 ü0��¥DÑÝ
�í�

3�!, ·�òO�Ñ13��¼ê1f¬N
���$Ä�m�ü0��¥DÂ�DÑÝ
. d
>|Ú^|�>�'X: 30��.¡�����
þ�>|rÝÚ^|rÝ´ëY�. Xã 2 ¤«,
E0, H0 �3.¡ I �þý�|¥þ, EI Ú HI �3

.¡ I �eý�|¥þ, EII Ú HII �3.¡ II �
eý�|¥þ. 3.¡ I �þ>|©þk\�1
Å Ei1, ß�1Å Et1, ��1Å Er1 Úl.¡ I e
ý\��.¡ I �1Å E′

r2.

Ei

Ei

Et

Hi

Hi

Ht

Ht

Et

θi

θi

θi

θi
Εr
ϕ

Ηr
ϕ

Ηr

Εr

Ηr
ϕ

Εr

Ηr

Εr

ϕ

ã 2 30��¥1�DÂ

d>|Ú^|�>�'X, éu.¡ I �üý,
>|rÝ E Ú^|rÝ H 3����þ�©þ´
ëY�, .¡ I �üýk E0 = E1, H0 = HI, ¤±
3.¡ I þkE0 = E1 = Et1 + E′

r2,

H0 = HI = Ht1 cos θI
t − H ′

r2 cos θI
t.

(6)

Ó�éu.¡ II �üý, >|rÝ E Ú^|
rÝ H 3����þ�©þ�´ëY�, L«�:EII = E′

I = Ei2 + Er2,

HII = H ′
I = Hi2 cos θI

t − Hr2 cos θI
i .

(7)

>|rÝ Et1 �:

Et1 =Et10 e i(kxxA+kzz)|z=0

=Et10 e i ω
c n(0) sin θI

txa , (8)

Ú>|rÝ Ei1 �:

Ei2 =Et10 e i(k′
xxB+k′

zz)|z=b

=Et10 e i ω
c n(b)(sin θI

txB+cos θI
tb), (9)

3ùp xA Ú xB ´ x 3 A Ú B ü:��I©þ.
y3, ·�O�\�� θI

i , d�§ (8) �±��
í�Ñ:

∂n(z)
n(z)

=
ż∂ż

1 + ż2
. (10)

é�§ (10) ü>Ó�?1È©, ��:(n(b)
n(0)

)2

=
1 + k2

b

1 + k2
0

, (11)

Ù¥

kb =
dz

dx
|z=b = cot θI

i , (12)
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k0 =
dz

dx
|z=b = cot θI

t, (13)

Ú

θI
t = arcsin

( n0

n(0)
sin θI

t

)
, (14)

Ù¥ n (0) ��í�ò�Ç, ¿� n (0) = n (z) |z=0.
r � § (12), � § (13) Ú � § (14) � \ �

§ (11), �±��:

1 + cot2 θI
i

1 + cot2 θI
t

=
n2(b)
n2(0)

. (15)

l�§ (15), ·��±uy� n(0) = n(b) �, k:

θI
t = θI

i . (16)

é�§ (10) ü>Ó�?1È©, ·��±���I
©þ xB ,

xB = xA +
∫ b

0

dz√
(1 + k2

0)
(n(z)

n(0)

)2

− 1

. (17)

r�§ (17) �\�§ (9), ��:

Ei2 =Et10 exp
[
i
ω

c
n(b)

(
sin θI

i

×
∫ b

0

dz√
(1 + k2

0)
(n(z)

n(0)

)2

− 1

+ sin θI
ixA + cos θI

i b

)]
, (18)

2r�§ (8) �\�§ (18), ��:

Ei2 = Et1 e iδb , (19)

Ù¥

δb =
ω

c
n(b)

(
cos θI

i b + sin θI
i

×
∫ b

0

dz√
(1 + k2

0)
(n(z)

n(0)

)2

− 1

)
, (20)

Ó�

E′
r2 = Er2 e iδb . (21)

r�§ (19) Ú�§ (21) ©O�\�§ (6) Ú�

§ (7), ¿�Ï� H =
√

ε0

µ0
nE, �±��:

EI = Et1 + Er2 e iδb ,

HI =
√

ε0

µ0
n(0)Et1 cos θI

t

−
√

ε0

µ0
n(b)Er2 cos θI

t e iδb ,

(22)

Ú 
EII = Et1 e iδb + Er2,

HII =
√

ε0

µ0
n(0)Et1 e iδb cos θI

i

−
√

ε0

µ0
n(b)Er2 cos θI

i ,

(23)

d�§ (22) Ú�§ (23), ·��±��:

EI = 1√ ε0

µ0
n(b)Et1 e iδb cos θI

i

×
√

ε0

µ0
n(b) cos θI

i cos δbEII

−i sin δbEII,

HI =
n(0) cos θI

t1

n(b) cos θI
t2

(
− i

√
ε0

µ0
n(b) cos θI

i

× sin δbEII + cos δbEII

)
.

(24)

�§ (24) ���(
EI

HI

)
= M

(
EII

HII

)
, (25)

Ù¥ M Ý
�

M =


cos δb

−i sin δb√
ε0

µ0
n(b) cos θI

i

−i
√

ε0

µ0
n(0) cos θI

i sin δb
n(0) cos θI

t

n(b) cos θI
i

cos δb

 .

(26)

� § (26) ¥ � M � � � ± Ï � D Ñ Ý 
.
� n(0) = n(b) �, ��:

θI
t = θI

i , (27)

K��±Ï�DÑÝ
 M C�:

M =

 cos δb − i
ηb

sin δb

−iηb sin δb cos δb

 , (28)

Ù¥ ηb =
√

ε0

µ0
n(0) · cos θI

i . e¡, ·�òïÄ

3 n(0) = n(b) �¹e��¼ê1f¬N.

4 ��¼ê1f¬N¥DÑÝ
�
í�

3þ�!, ·���
��±Ï�DÑÝ
.
·���DÚ�1f¬N´dü«ò�ÇØÓ�
0��¤, ¿�ò�Ç3ü0��L¡Ø´ëY�.
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u´·��O���¼ê1f¬N�(�Xe: 3
þ��±Ï�0�¥, 0��ò�Ç´ n1(z), 3e
��±Ï�0�¥, 0��ò�Ç´ n2(z), þ�
�±ÏÚe��±Ï�0�þÝ©O� b Ú a, ¦
��ò�Ç÷v�^��: n1(b) 6= n2(0), Xã 3
¤«.

θi
o

θt
o θi

θt

θi

θt

θi

θt

θi

b

b

a

a

n↼z↽

n↼z↽

n↼z↽

n↼z↽

Mb

Ma

ã 3 ü�±Ï¼ê1f¬N�Ý�ã

�\��� θ0
i . �âò�½Æ, �±��:

sin θI
t =

n0

n1(0)
sin θ0

i , (29)

Ù¥ n0 �13�í¥�ò�Ç, ¿� n1(0) =
n1(z)|z=0.

� n1(0) = n1(b), θI
i = θI

t �, ·�U
��3
1���±Ï¥�DÑÝ
 M I

b �:

Mb =

 cos δb − i
ηb

sin δb

−iηb sin δI
b cos δI

b

 , (30)

Ù¥

ηb =
√

ε0

µ0
n1(0) cos θI

t, (31)

Ú

δb =
ω

c
n1(0)

[
cos θI

t · b + sin θI
t

×
∫ b

0

dz√
(1 + k2

0)
(n1(z)

n1(0)

)2

− 1

]
, (32)

Ù¥ k0 = cot θI
t.

31���±Ï II ¥, �âò�½Æ, �±�
�:

sin θII
t =

n1(b)
n2(0)

sin θI
i , (33)

� n2(0) = n2(a) �, ·���

θII
i = θII

t , (34)

u´·�U
��31���±Ï¥�DÑÝ

 M I

a �:

Ma =

 cos δa − i
ηa

sin δa

−iηa sin δa cos δa

 , (35)

Ù¥

ηa =
√

ε0

µ0
n2(0) cos θt, (36)

Ú

δa =
ω

c
n2(0)

[
cos θII

t · a + sin θII
t

×
∫ b+a

b

dz√
(1 + k2

1)
(n2(z)

n2(0)

)2

− 1

]
, (37)

Ù¥ k1 = cot θt. �â�§ (29) Ú�§ (33), ·�
�±��:

sin θII
t =

n0(0)
n2(0)

sin θ0
i , (38)

Ú

cos θII
t =

√
1 − n2

0

(n2(0))2
sin2 θ0

i . (39)

��·���
DÑÝ
 M �:

M =MbMa

=

 cos δb − i
ηb

sin δb

−iηb sin δb cos δb



×

 cos δa − i
ηa

sin δa

−iηa sin δa cos δa.

 . (40)

éu1 N �±Ï, >|rÝ EN , EN+1 Ú^|r
Ý HN , HN+1 ÷v�'Xª�:(

EN

HN

)
= MN

(
EN+1

Hn+1

)
. (41)

l�§ (41), ·��ª�� N �±Ï1f¬N�A
��§, A��§�:E1

H1

 =M1M2 · · ·MN

EN+1

Hn+1


=MbMaMbMa · · ·MbMa

EN+1

HN+1
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=M

EN+1

Hn+1


=

A B

C D

 EN+1

Hn+1

 , (42)

Ù¥ M = MbMaMbMa · · ·MbMa, Ò´��¼ê
1f¬N�DÑÝ
.

5 ��¼ê1f¬N���Ç!ß�
ÇÚÚÑ'X

·��â1��.¡Ú1 N + 1 .¡þ�>
^©þ�§, d�§ (42) �±¦Ñ��1f¬N�
ß�ÇÚ��Ç, ©O�:

ß�Xê

t =
EtN+1

Ei1
=

2η0

Aη0 + Bη0ηN + C + DηN+1
, (43)

ß�Ç

T = t · t∗, (44)

��Xê

r =
Eri

Ei1
=

Aη0 + Bη0ηN − C − DηN+1

Aη0 + Bη0ηN + C + DηN+1
, (45)

��Ç

R = r · r∗. (46)

�âA�Ý
�§ (41), ·���:EN

HN

 = MbMa

EN+1

Hn+1

 , (47)

q�â Bloch ½nk,EN

HN

 = e−ikd

EN+1

Hn+1

 , (48)

Ù¥ d = b + a, k �ÙââÅ¥. d�§ (47) Ú�
§ (48), ·�uy:EN

HN

 = MbMa

EN+1

Hn+1

 = e−ikd

EN+1

HN+1

 ,

(49)

�´�§ (49) k�"), ½)�^�´:

det(MbMa − e−ikd) = 0, (50)

=(
cos δb cos δa − ηa

ηb
sin δb sin δa − e−ikd

)
×

(
cos δb cos δa − ηb

ηa
sin δb sin δa − e−ikd

)
+

(
− i

ηa
cos δb cos δa − i

ηb
sin δb cos δa

)
× (−iηb sin δb cos δa − iηa cos δb sin δa) = 0, (51)

u´·�����±Ï(��¼ê1f¬N�Ú
Ñ'X�:

cos(kd) = cos δb cos δa

− 1
2

( ηb

ηa
+

ηa

ηb

)
sin δb sin δa. (52)

6 ê�©Û

ÏLþ¡�nØO�, ·��Ñ
��±Ï
(��¼ê1f¬N�ÚÑ'XÚß�Ç, d�
§ (44) Ú�§ (52), ·��±©O�Ñ��¼ê1
f¬N��Y(�ÚÚÑ'X. e¡, |^DÑÝ

nØO�¼ê1f¬N�ß�Ç!ÚÑ'X±
9ØÓ\��éß�Ç!ÚÑ'X�K�.

(1) ØÓ¼ê/ª�ò�Çé1f¬N�Y�
K�

·�?Ø1f¬N0��ò�Çé1f¬N
�B�K�. ½ÂÙ§�ëê�±ØC, À�ØÓ
¼ê/ª�ò�Ç. A 0���þÝ a � 740 nm,
ò�Ç��m�I¼ê, Ù©Ù� n1(z) ¼ê, B 0
���þÝ b � 1260 nm, ò�Ç���m�I¼
ê, Ù©Ù� n1(z) ¼ê, �m±Ï d = a+b = 2000
nm, Å� λ � 6955.6 nm, n1(0) = n1(b) =

√
1.9,

n2(b) = n2 (b + a) =
√

5.5, θ0
i = π/3, m = 4,

A1 = 100, A2 = 200, ±Ïê� 64 ±Ï. e¡·
�À�n««ØÓ¼ê/ª�ò�Ç, 5©Ûò�
Çé1f¬N�Y�K�. n«ØÓ¼ê/ª�ò
�Ç©O�:

1) �u¼ê.ò�Ç:


n1(z) = n1(0) + A1 sin

(π

b
z
)
, 0 6 z 6 b,

n2(z) = n2(b) + A2 sin
(π

a
(z − b)

)
, b 6 z 6 b + a,

(53)
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2) þò�¼ê.ò�Ç:

n1(z) =


n1(0) +

2(m − 1)n1(0)z
b

, 0 6 z 6 b

2
,

n1(0) +
2(m − 1)n1(0)

b
(b − z),

b

2
6 z 6 b,

(54)

n2(z) =


n2(0) +

2(m − 1)n2(0)
a

(z − b), b 6 z 6 b +
a

2
,

n2(0) +
2(m − 1)n2(0)

a
(a + b − z), b +

a

2
6 z 6 b + a,

(55)

3) eò�¼ê.ò�Ç:

n1(z) =


n1(0) − 2n1(0)(1 − 1.1 sin θI

t)
b

z, 0 6 z 6 b

2
,

n1(0) − 2n1(0)(1 − 1.1 sin θI
t)

b
(b − z),

b

2
6 z 6 b,

(56)

n2(z) =


n2(0) − 2n2(0)(1 − 1.1 sin θII

t )
a

(z − b), b 6 z 6 b +
a

2
,

n2(0) − 2n2(0)(1 − 1.1 sin θII
t )

a
(a + b − z), b +

a

2
6 z 6 b + a.

(57)

|^�§ (48), ·�U
��¼ê1f¬N�ÚÑ'XÚ�Y(�, ¿��±|^�§ (49) Ú (50) ¦
Ñ¼ê1f¬N�ß�Ç. �§ (53)—(57) �'X�Xã (4).

ã 4 ���±ÏSò�Ç¼ê��ã, (a), (b) ���±ÏS��u¼ê.ò�Ç�, = (53) ª�
¼ê�, (c), (d) ���±ÏS�þò�.ò�Ç�, = (54) ªÚ (55) ª�¼ê�, (e), (f) ���±Ï
S�eò�.ò�Ç�, = (56) ªÚ (57) ª�¼ê�. l (53)—(57) ª��3��±Ï¥�ü��±Ï
Sò�Ç´�m�I�ëY¼ê, �3ü��±Ï�>.?ò�ÇØëY, Ï� n1(b) 6= n2(b). Ù§¼ê.
�©Ù��kdA:.

n

↼z

↽
n


↼z

↽
n


↼z

↽

n

↼z

↽
n


↼z

↽
n


↼z

↽

z 

z 

z 

z 

z 

b⇁a

b⇁a

b⇁a

↼b⇁a↽/

↼b⇁a↽/

↼b⇁a↽/b

b

b





b/

b/

b

b

bb/

(f)(e)

(d)(c)

(b)(a)

z 

ã 4 ��±ÏSò�Ç¼ê��ã (a), (b) ���±ÏS��u¼ê.ò�Ç�; (c), (d) ���±ÏS�þò�
.ò�Ç�; (e), (f) ���±ÏS�eò�.ò�Ç�
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ã 5 �0���ò�Ç��u.¼ê��1
f¬N�Y(�. ã 6 �0���ò�Ç��þò
�.¼ê��1f¬N�Y(�. ã 7 �0���
ò�Ç��eò�.¼ê��1f¬N�Y(�.
dã 5!ã 6 Úã 7, ·��±��Xe(Ø: (i) 3

ÚÑ�äm�«�, k�Y. (ii) äm�«���,
�Y�°. (iii) 3ã 7(a) ¥, � kd = 3 �, �XªÇ
�O\, äm«��°Ý~�, �A�Y°Ý~�;
� kd = 0 �, �XªÇ�O\, äm«���°Ý
O�, �A�Y°ÝO�.
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(2) \��ØÓé1f¬N�Y�K�
1f¬N�\�1Å�±©� TE(î>Å)

Ú TM(î^Å). ÃØ´ TE Å�´ TM Å, �Y�
 �Ú°ÝÑ�\���CzCz. e¡·��
�Ä TE, ¿^O�Å�[O�\���Czé1
f¬N�Y�K�, ©Û\��Cz�1f¬N�
Y� �Ú°ÝCz�5Æ.

·�æ^O���1f¬N�ß�ÇÚÚÑ
'X5©Û\��Cz�1f¬N�Y� �Ú
°ÝCz�5Æ, ¤æ^�ëê�: A 0���þ
Ý a � 740 nm, ò�Ç��m�I¼ê, Ù©Ù
� n1(z) ¼ê, B 0���þÝ b � 1260 nm, ò�
Ç���m�I¼ê, Ù©Ù� n1(z) ¼ê, �m±
Ï d = a + b = 2000 nm, n1(0) = n1(b) =

√
1.9,

n2(b) = n2 (b + a) =
√

5.5, θ0
i = π

3 , m = 4,
A1 = 100, A2 = 200, Å� λ � 6955.6 nm, ±Ï
ê�� 64 �±Ï, \�� θ0

i = π

3 ©OÀJ π/6,
π/3 Ú 5π/12. éuò�Ç�À�, ·�À��«¼
ê/ª�ò�Ç, ïÄ\���UCé1f¬N�
B�K�.

·�À��´�u.¼ê�ò�Ç, ò�Ç
�¼êL�ª��§ (53), ÏLO���ØÓ\
�����¼ê1f¬N��Y(�. ã 8 ©O
�Ñ
��¼ê1f¬N�\��Ý� π/6, π/3
Ú 5π/12 �ß�ÇÚªÇ�'X, ÏL*	·��
±uy, �X\���Ý�O\, ��¼ê1f¬
N�1fB�°ÝO�, 1fB�ê8�3O\,
�Y�ß�Ç�5�$, ��Ç�5�p.
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(3) þÝØÓé1f¬N�Y�K�
·�½ÂÙ§�ëê�±ØC, A 0���

þÝ a � 740 nm, ò�Ç��m�I¼ê, Ù©Ù
� n1(z) ¼ê, B 0���þÝ b � 1260 nm, ò�
Ç���m�I¼ê, Ù©Ù� n1(z) ¼ê, �m
±Ï d = a + b = 2000 nm, n1(0) = n1(b) =

√
1.9,

n2(b) = n2 (b + a) =
√

5.5, θ0
i = π/3, m = 4, Å

� λ � 6955.6 nm, A1 = 100, A2 = 200, θ0
i = π/3.

e¡·�?Ø�«¼ê/ª�ò�Ç, ¦��þÝ
UCé1f¬N�B�K�.

·�À��´�u.¼ê�ò�Ç, ò�Ç�
¼êL�ª��§ (53), 0���þÝ©O� (540
nm, 1060 nm), (640 nm, 1160 nm), (740 nm, 1260 nm),
(840 nm, 1360 nm), (940 nm, 1460 nm) Ê«�¹. Ï
L*	ã 9, ·��±uy, �X0���þÝ�O
\, ��¼ê1f¬N�1fB�ê8Oõ, 1f

B��°Ý~�.

7 ( Ø

nþ¤ã, ·�JÑ
�«#.¼ê1f¬N,
=§�ò�Ç´�m �¼ê. 3¤ê�n�Ä:
þ, ·��Ñ
13��¼ê1f¬N¥�$Ä�
§, ¿O���¼ê1f¬N�ÚÑ'X!�Y(
�Úß�Ç. ÏLÀJØÓ�ò�Ç�m©Ù¼ê,
�±��'DÚ1f¬N�°½�Ä�B�(�.
2|^DÑÝ
nØO�1f¬N0���ò�
Ç!±Ïê!\��Ú0���þÝ�é1f¬
N�Y�K�, ���
�(J, ò�·��O
ØÓ�Y(��1f¬NJønØ�â, Ó��Ñ
�«#��Og´.
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Abstract
In the paper, we present a new kind of function photonic crystal of which the refractive index is a function of space position.

According to Fermat principle, we give the motion equations of light in one-dimensional, two-dimensional and three-dimensional
function photonic crystals. For one-dimensional function photonic crystal, we give the dispersion relation, the band gap structure and
the transmissivity, and we obtain wider or narrower band gap structure than that of conventional photonic crystal. We study the effects
of the refractive index, the number of period, the incidence angle and the thickness of medium layer on photonic crystal band gap, and
obtain some valuable laws. Our results give the theoretical support designing the photonic crystals of different band gap structures.
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