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±V¥%�.�Ä:, nØïÄ
 LiNbO3:Cu:Ce ¬N3��¹e���uV1VÚ�E�;5U. ïÄ¥
�Ä
3¬N�U?¥% Cu+/Cu2+ �fU?¥% Ce3+/Ce4+ �md�B�AÚå�>Ö����L§. (JL
², o��m>Ö|��Ì�d�U?þ��m>Ö|¤û½, ¿���u�E�;5UÌ�d�B�AÚå��
U?¥% Cu+/Cu2+ �fU?¥% Ce3+/Ce4+ �m�>Ö����L§¤û½. ��B�A�'�á�ëêéu
��uV1VÚ�E�;�5Uå�
�'���^.

'�c: V¥%�., �E�;, �m>Ö|, �B�A
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1 Ú ó

du1òCá�3¢y�Eêâ�;�¡k
Xép��;Uå!éá��A�mÚ¯��ê
âDÑ�`��5U, Ïd^Ù¢y��uV1V
Ú�E�;@®¤�9:. 3��uV1VÚ�E
�;¥, á�3kX�áÅ���"Ë1�ì�e
âéP¹1Å�¯a. Ïd, �K"Ë1�, ^�å
P¹1Å��ë�1ÒU
Ø»��;�1»�
ÖÑ&E. ù���E�;Eâ�6u31òCá
�¥kü�ØÓU? (©O���!fU?) �>
f�². �²´dá����"�½´ á�p�
\·��,� (~X�c���) ¤E¤� [1−4].

� � u V 1 V Ú � E � ; � @ Ï ï Ä ó
� ´ ^ p r Ý - 1 ó À ï Ä Ó ¤ © LiNbO[5]

3

Ú LiTaO[5,6]
3 . �´�
A^�I�, 3$1rë

Y1^�e¢y��u�E�;´�©k7��.

Bai � [7,8] ^$1rëY1y¢
3 LiNbO3 ¬N
¢y��uV1VÚ�E�;L§¥kX¥mU

?. ù�¥mU?´dul Fe2+ ¥%Ú/½Vó4
f Nb4+

Li Nb4+
Nb ¥%-u�>f���"� Nb5+

Li ¤
Ð¼l/¤�4zf Nb4+[1,2,9,10]

Li . �4zf�
Æ·ÚV1VÚ�E�;�5UÑ´d¬N�|
©!�\�,�Ú�z��§Ý¤û½� [1,2,9,10].

éu`z��uV1VÚ�E�;5U, �
��´t�Ù3�EP¹L§¥1-u16f�
Ñ$L§. �d, Jermann Ú Otten[11] |^�«V¥
%�.5)º3p1re1r�1�ò�Ç�C
z�m�'X, 3�.¥J�
3�fU?�m>
f�����¤Úå��B�A. fU?¥%�5
�y¢�3 LiNbO3 ¬N¥�� "� Nb5+[12,13]

Li .

Berben � [14] ÏLïÄ�4zf�VP~y¢

3�U? Fe2+/Fe3+ �fU? Nb4+

Li /Nb5+
Li �m(

¢�3��>f��L§. du LiNbO3:Cu:Ce ä
kp�û��ÇÚ$�Ñ�D(, �®¤��«�
~kcå���u�E�;á�. 4l©���

^ü«ì²�{3 LiNbO3:Cu:Ce ¬N¥¢y�
�u�E�;¿?1
P¹Ú¯z1r�`zÁ
�ïÄ [15,16].
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�©± V ¥ % � .�Ä :, l n Ø þ ï Ä
LiNbO3:Cu:Ce ¬N�$1rëY1^�e�
�uV1VÚ�E�;�5U. ùp�Ä
3�f
U?�m¤k�U�>f��L§, �)�fU?
�m��>f��Ú>f²L��?1��. (J
L², 3 LiNbO3:Cu:Ce ¬Np, �fU?�m��
�>f��L§3¤kL§pé�E�;�5U
K���, ���'�ëê3�;5U�¡�åX
'���^.

2 nØ�.

ã 1 ¤«�U�ã£ã
 LiNbO3:Cu:Ce ¬N
�E�;��U? Cu+/Cu2+ �fU? Ce3+/Ce4+

�m¤k�U�>f��L§. b½��L§¥k
ü«�U�å»µ�«´>f�²L��?1�
�, ,�«´d�B�AÚå�>f3�fU?�
m����. L§¥"Ë1U
r>fl Cu+ ¥%
-u���½ö��� Ce4+ ¥%l/¤ Ce3+.

3 Ce3+ ¥%�>fU
�"Ë1ÚP¹1½´d
9-u-u���. Ó�3 Ce3+ ¥%, @
�Ð¼
�>f�U
��ÏL�B�A2g� Cu2+ Ð
¼. �>þ�>fÏL*Ñ!¤£Ú1Ï�A�ª
� Cu2+ Ú Ce4+ ¥%¤Ð¼. ùpI�`²�´
"Ë1U
-u Cu+ Ú Ce3+ ¥%�>f, P¹
1�1fvkv
�Uþ-u Cu+ ¥%þ�>f.

 

Ce3+/4+

Cu+/2+

CB

VB

ã 1 LiNbO3:Cu:Ce ¬N¥V¥%�.�U?ã

�â�Ñ$�., e��§£ã LiNbO3:Cu:Ce

¬NpV1VÚ�E�;�>fÑ$L§:
∂N+

D

∂t
=(SUDIU + βD + SDSIUN+

S )(ND − N+
D )

− γDN+
D ne − γDSN+

D (NS − N+
S ), (1)

∂N+
S

∂t
=(SUSIU + SRSIR + βS + γDSN+

D )

× (NS − N+
S ) − γSN+

S ne

− SDSIUN+
S (ND − N+

D ), (2)

∂ne

∂t
=(SUDIU + βD)(ND − N+

D ) − γDN+
D ne

+ (SUSIU + SRSIR + βS)(NS − N+
S )

− γSN+
S ne +

1
e
∇ · J, (3)

J =eµneE + kBTµ∇ne

+ GUDSUD(ND − N+
D )IU

+ GRSSRS(NS − N+
S )IR

+ GUSSUS(NS − N+
S )IU, (4)

∇ · E =
e

εε0
(N+

D + N+
S − ne − NA), (5)

Ù¥, ND, NS Ú NA ©OL« Cu Ú Ce �o�ê
�Ý9�±¬N3V^�e>¥5�ØÄÖ�>
Öê�Ý; N+

D , N+
S Ú ne ©OL« Cu2+, Ce4+ Ú

��>f�ê�Ý; SUD Ú SUS ´3"Ë1�^
e�áÂ�¡, �>fl Cu+ Ú Ce3+ lf¥%
�-u���k'; SRS ´3P¹1�^e�á
Â�¡, �>fl Ce3+ lf¥%�-u���k
'; βS Ú βD ©O´>fl Ce3+ Ú Cu+ lf¥%
�-u����9-u�Ç; γS Ú γD ©O´>
fl��� Ce4+ Ú Cu2+ lf¥%�Ð¼Xê;

SDS Ú γDS £ã�´3"Ë1-ue3 Cu+/Cu2+

Ú Ce3+/Ce4+ �m��?1>f���áÂ�¡
ÚÐ¼Xê; µ, kB, T , E, J , ε Ú ε0 ´[£Ç!
À�[ù~ê!ýé§Ý!¬Np�>|Ú>6
�Ý9¬N��é0>~êÚý�0>~ê GRS

Ú GUS ©O´ Ce3+ 3P¹1Ú"Ë1ì�e
� Glass Xê; GUD ´ Cu+ ¥%3"Ë1ì�e
� Glass Xê; IR Ú IU ©O´P¹1Ú"Ë1
1r. ùp, �Ä
*Ñ!¤£Ú1ÏÅ�. I
��Ñ�´, 3O�p, ©O^ 390 Ú 633 nm �
-1��"Ë1ÚP¹1, ÏdÀ^ëê��Ó
©z [17].

3��uV1VÚ�E�;L§¥, ´^�å
þï�"Ë1Ú�åN�Ý� m ��uN�P¹
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1Ëì¬N,

IU = IU0, (6)

IR = IR0(1 + mRe(exp(iqx))), (7)

Ù¥, q = 2π/Λ, Λ ´1»må. �
{z, ��Ä
���¹. éué��1N�Ý (m ¿ 1), ²L�
5z?n�, N+

D , N+
S , ne Ú E L«Xe:

N+
D = N+

D0 + Re(N+
D1 exp(iqx)), (8)

N+
S = N+

S0 + Re(N+
S1 exp(iqx)), (9)

ne = ne0 + Re(ne1 exp(iqx)), (10)

E = E0 + Re(E1 exp(iqx)). (11)

é u z � þ, “0” Ú “1” © O L « § � "
� � 3 exp(iqx) ¥ � � � �. r (6)—(11) ª �
� (1)—(5) ª ¥, Ò U � � £ ã " � � Ú � �
� � ü @ � §. 3� � ¹ e ù ü @ � § ª
´ U 
 ) �, ¿ � � � � � þ N+

D1 Ú N+
S1 U


 � � � O � Ñ 5. 3©z [18] ¥, � Ñ 

o � � m > Ö | E1 � � [ )ÛL � ª, Ù ¥,

ED1 = −ieN+
D1/(qεε0) Ú ES1 = −ieN+

S1/(qεε0)

©O��U?ÚfU?�m>Ö|. du3U
���ëY1rÝ��S n e1 ' N+

D1 Ú N+
S1 �

�õ, Ïd�Ñ
 ��>féo�m>Ö|�
K�.

L 1 LiNbO3:Cu:Ce ¢yV1VÚ�E�;¤�9���Üþ�ü 9��

LiNbO3:Cu:Ce ¬N¥� Cu k'�á�ëê

þ (ü ) ND/m−3 N+
D /m−3 SUD/(m2/J) γD/(m3/V) GUD/(mJ/V)

ê� 3.84 × 1024 — 2.5 × 10−4 5 × 10−15 −1.1 × 10−33

©z [17] — �© �© �©

LiNbO3:Cu:Ce ¬N¥� Ce k'�á�ëê

þ (ü ) NS/m−3 N+
S /m−3 SUS/(m2/J) SRS/(m2/J) GUS/(m3/V) GRS/(m3/V) γS/(m3/V)

ê� 1.44 × 1025 — 2.7 × 10−4 7 × 10−6 −3 × 10−33 −4.5 × 10−33 5 × 10−16

©z [17] — �© �© �© �© �©

LiNbO3:Cu:Ce ¬N¥� Cu Ú Ce k'�á�ëê9Ù¦ëê

þ (ü ) SDS/(m5/J) γDS/(m3/V) µ/(m2/V·s) ε m q/(m−1) T/K

ê� 8 × 10−31 2.5 × 10−22 7.5 × 10−5 28 0.1 2.9 × 106 293

©z �© �© [11] [11] — — —

3 O�(J9?Ø

±þ>nØ�Ä:, ÏLØÓëY1^�ê
�O�
 LiNbO3:Cu:Ce ¬N¥�>| ES1, ED1

Ú E1. �
)3���uV1VÚ�E�;¥,

ØÓ>fÑ$L§éo�m>Ö|�K�, ùp
Ø
�Ä�
¤k�U�>f�[L§, ��Ä
�
ü«AÏ�¹ SDS, γDS = 0 Ú SUD, SUS = 0.

SDS, γDS = 0 ù«�¹£ã�´>f²L��3
�fU?�m?1�� (Ø�Ä>f3�fU?�
m��?1��),  SUD, SUS = 0 ù«�¹£ã
�´Ø
"Ë1-u�!fU?þ�>f���

�	¤k��U�¹, ÙÌ�Ü©´d�B�A¤
Úå�>f3�fU?�m��?1��. 3��
«�¹e, 3 Cu+ lfþ�>f�"Ë1ÏL�B
�A-u, l/¤ Ce3+. Ó� Ce4+ lf�P¹
1-u���½ö���NC� Cu2+ ¤Ð¼. �
�þ�>f²L¤£!*Ñ½ö1Ï�A� Cu2+

¥%Ú Ce4+ ¥%Ð¼. ù�, ¬No��m>Ö|
3�U? Cu+/Cu2+ ÚfU? Ce4+/Ce3+ þïá
å5.

L 1 �Ñ
3O�¥^�� LiNbO3:Cu:Ce á
�ëê, Ü©ëê�gÂc¬��ó� [17], Ü©
ëê�g Jermann ��ó� [11]. I��Ñ�´, d
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u3 LiNbO3:Cu:Ce V1VÚ�E�;¥vk	\
>|, ¤± E0 ��". N+

D ��3V^�e´d
¬N��z��G�û½�, 3ùp�� 0.9 ND,

ùÄ�þ�¯¢���. �b½ Ce 3VG�e
�>l, ¬N�V>��ÑØO, Ïd�
�±
¬N3V^�e�>¥5, �½ NA ≡ N+

D + NS.

d	, Ï�9-uëê�1-uëê3O��1
r��S�'���ÑØO, Ïd9-uëê βS

Ú βD ��". 3ê��[L§¥, Äk3Cq
^� ne0 ¿ N+

D0, N
+
S0 eO�
"�� N+

D0, N+
S0

Ú ne0. r§��\�)Ûª ES1, ED1 Ú E1 �, Ò
��>Ö| ES1, ED1 Ú E1 ��Ì.

ã 2 £ã
��Ä�¤k�U�>f��
L§�, 3ØÓ�P¹1^�e�m>Ö|�
�Ì |ES1|(:�), |ED1|(J�) Ú |E1|(¢�) �C
z. ã 2(a) L«3 IU = 1.0 × 104 W/m2 � |ES1|,
|ED1| Ú |E1| � IR �Cz. 3ùÜã¥²w�±w
� |ED1| ²w�u |ES1|, |E1| ��A��u |ED1|
��. ��±w�, |ES1|, |ED1| Ú |E1| � IR Ñk
X���q�Cz: §�Ñ´k�5O\, ,��

��g����. ù´Ï�P¹13�4zfþ�
1-u�Ç SRSIR(NS − N+

S0) 3$1re��4
zf�VP~�Ç�'�±�ÑØO, ,3p1
r IR e§qC¤
����Ï�. ¤±3$P
¹11r�, �4zfêþ�±��~ê, 1-u
�Ç SRSIR(NS −N+

S0) �X IR �O\�5O�.

ù��
3$P¹11r�, �m>Ö|��Ì�
5O\. ,, 3pP¹11r^�e, P¹11
r�O\��
�4zfßÝ�ü$, 3ù«�¹
e, 1-u�Ç SRSIR(NS − N+

S0) Ú�m>Ö|�
�ÌÅì�Ú¿�ªeü. ã 2(b) ´ |ES1|, |ED1|
Ú |E1| n��m>Ö|3 IR = 5.0 × 104 W/m2 �
� IU �Cz. �±w�, |ED1| Ú |E1| 3$"Ë
11reÑ�±ØC¿A�´���, 3p"Ë
11reÑ�5eü. |ES1| 3$"Ë11re�
5O�, �������X"Ë11r�?�Ú
O�eü. ��5¿�´ |ES1| 3$"Ë11r
e' |ED1| ��õ, � IU �u 105 W/m2 � |ES1|
Ú |ED1| ��Ä���, du ��ØÓ, �� |E1|
3p " Ë 1r e�5eü. |ES1|, |ED1| Ú |E1| �
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ã 2 (a) �m>Ö| |ES1|, |ED1| Ú |E1| �P¹11r IR �Cz; (b) �m>Ö| |ES1|, |ED1| Ú |E1| �"Ë11r IU �
Cz; (c) � IR/IU �½�, �m>Ö| |ES1|, |ED1| Ú |E1| �P¹11r IR �Cz
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ù
5�´d"Ë13V1VÚ�E�;¥�
ü�p_��J¤E¤�: "Ë11r�O\
� � 
 � 4 z f ß Ý� O �, Ï d |ES1|, |ED1|
Ú |E1| ��O\. ,��¡, "Ë1qÜ©/!
Ø
3 Cu+/Cu2+ U?Ú Ce3+/Ce4+ U?þ�1
». 3ã 2(c) ¥, � IR O\¿� IR/IU �'��½
� 5 �, |ES1|, |ED1| Ú |E1| kO\,����Ú.

ù
(J`²
�m>Ö|3$1re�XP¹
1�O\�5O�, ¿ìªu�Ú. ¤±, p�ò
�ÇCzØ�±{ü/ÏLO\P¹1Ú"Ë1
�1r5��, AT?�Ú�ÄÃX`zá�ÚÀ
J·¨�"Ë1ÚP¹1Å���{5Jp��
uV1VÚ�E�;5U.

ã 3 ¿3'�ØÓ>f��L§3V1V
Ú � E � ; ¥ é � m > Ö | � K �. 3 ã 3(a),

(b) Ú (c) ¥©O£ã
� IU = 1.0 × 104 W/m2

� |ES1|, |ED1| Ú |E1| � IR Cz��¹. � 1!
� 2 éA�©O´ SDS, γDS = 0 ÚSUD, SUS = 0

ùü«�¹, � 3 éA��¹´�Ä�
¤k

�>f��L§. �±w� |ES1|, |ED1| Ú |E1|
3ùn«�¹pÑ´k�5O\, ,���§�
�g����. 3 SDS, γDS = 0 ù«�¹p (
� 1), pP¹11re, �m>Ö|��ÌÑ²
weü½ªu�Ú. lã 3(b) Ú 3(c) ¥��w�,

3 SUD, SUS = 0 ù«�¹ (� 2) Ú¤k>f
��L§Ñ��Ä��¹p (� 3), �U?þ
�m>Ö| |ED1| �o�m>Ö| |E1| �Cz
Ä���, dd�±`²¬No��m>Ö|Ä
�´d�U?þ�m>Ö|��û½. d	, l
ã 3(c) ¥�w�� 2 ²w�u� 1, Ó�
� 2 U3�$�P¹1re��§�����.

dd`²3�fU?�m���>f��L§
¤����B�A3 LiNbO3:Cu:Ce ¥�V1V
Ú�E�;på�
�~���^, ���'
�ëê3�;5U�¡�åX'���^. ¤±
� 2 £ã�1òCá�¤éA�U?�EÚ
>fÑ$L§U
�Ñ�Ð���u�E�;
5U.
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ã 3 (a) dØÓ�>fÑ$L§¤�)� |ES1| � IR �Cz; (b) dØÓ�>fÑ$L§¤�)� |ED1| � IR �Cz; (c) d
ØÓ�>fÑ$L§¤�)� |E1| � IR �Cz
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4 ( Ø

�©lnØþïÄ
�$1rëY1^�
e LiNbO3:Cu:Ce ¬N�V1VÚ�E�;5U.

ÏL'��fU?�m>Ö|���uy¬No
��m>Ö|Ì�d�U?þ�m>Ö|û½. �

&?¬NSÜ>fÑ$L§éÙ�m>Ö|�

K�, ©)¤n«ØÓ�>fÑ$�.. ÏL'�
�fU?�mùn«ØÓ�>f��L§é¬N
o�m>Ö|¤E¤�K�, ��ÏL�B�A3
�fU?�m���>f��L§3o���L
§på�
��^. ÏdÏL`z��B�Ak
'�ëê��Jp LiNbO3:Cu:Ce ¬NV1VÚ�
E�;5UJøã��Ï.
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Abstract

The steady-state nonvolatile two-step, two-color holographic recording performance is studied theoretically for LiNbO3:Cu:Ce

based on the two-center model, with taking into account the direct electron transfer between the deep-trap center Cu+/Cu2+ and the

shallow-trap center Ce3+/Ce4+ due to the tunneling effect. The results show that the total space-charge field is determined by the

space-charge field on the deep-trap center, and the direct electron exchange between the Cu+/Cu2+ and the Ce3+/Ce4+ levels through

the tunneling effect dominates the charge-transfer process in the two-step, two-color holographic recording. Therefore, the material

parameters related to this direct tunneling process play a key role in the two-step, two-color holography performance.
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