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� � 文章编号: 1001�3806( 2002) 04�0279�05

The effects of temperature on the stability of bright

screening�photovoltaic spatial solitons*

Liu Jinsong , Hao Zhonghua

( National Laboratory of Laser T echnolog y, HUST , Wuhan, 430074)

Abstract: We present a theo ret ical analysis of temperatur e effects on the stability of screening�photovoltaic spatial

bright solitons in biased photovoltaic�photorefractiv e materials. A stable screening�photovo ltaic bright soliton formed at a

temperatur e is stable against small per turbat ions when the temperature changes in a regime by name the stable temperature

r eg ime whereas tends to be unstable when the temperature exceeds the regime. An unstable optical solitary beam can

evolve into a stable screening�photovoltaic bright soliton by adjusting the cryst al temperature.

Key words: nonlinear optics; spatial opt ical so litons; photorefract ive effects

温度对屏蔽光伏明孤子稳定性的影响

刘劲松 � 郝中华

(华中科技大学激光技术国家重点实验室, 武汉, 430074)

摘要: 研究了温度对加外电压的光伏光折变晶体中屏蔽光伏明孤子稳定性的影响。在某一晶体温度下形成

的稳定屏蔽光伏明孤子,当温度在一个较小范围内变化时, 孤子能够克服较小的微扰而保持其稳定性。当温度发

生足够大的变化而超出这一稳定温度范围时,孤子将变得不稳定。通过改变晶体的温度能使一个不稳定的孤子变

得稳定。
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Introduction

Optical spatial solitons in photorefractive media

have found a grow ing interest in the last

decade[ 1~ 14] . At present , three types of steady�state
photorefractive solitons have been predicted and, part

of them have been found experimentally. Screening

solitons are possible in steady�state when an ex ternal

bias voltage is appropriately applied to a non�
photovoltaic photorefractive crystal[ 1~ 6] . These

screening solitons result from nonuniform screening of

the bias field. Photovoltaic solitons are possible in

steady state in an open�closed�circuit photovoltaic�
photorefractive crystal w ithout a bias f ield. These

photovoltaic solitons result f rom the photovoltaic

ef fect
[ 7~ 9]

. The screening and photovoltaic solitons

have been found experimentally . Recent ly, it has been

predicted theoret ically that the screening�photovoltaic
( SP) solitons are possible in steady�state w hen an

electric field is applied to a photovoltaic�
photoref ract ive crystal[ 10~ 12] . T hese SP solitons

result f rom both the photovoltaic effect and spat ially

nonuniform screening of the applied field. In fact, we

can think of SP solitons as the unity form of screening

and closed�circuit photovoltaic solitons. If the bias

f ield is much st ronger than photovoltaic field, the SP

solitons are just like the screening solitons. If the

applied f ield is absence, the SP solitons degenerate

into the photovoltaic solitons in the close�circuit
condition.

M ihalache et al. [ 13] and Singh et al. [ 14] provided

a theoret ical analysis of the stability of w alking vector

and screening solitons, respect ively. Recently, the

stability of SP solitons w as investigated by
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numerically solving the dynamical evolution

equation[ 12] . The SP solitons tend to be stable against

small perturbations. However, beams whose wave

parameters significant ly depart from those of a self�
trapped solution do not retain their form but instead

tend to experience cycles of compression and

expansion or can breakup into beam filaments and

their max imum amplitudes oscillate w ith propagation

distances. The larger the perturbations are, the

st ronger the oscillat ion is. The SP solitons have a

similar w ay to screening solitons in stability.

Although the stability of photovoltaic solitons has not

been discussed yet , the closed�circuit photovoltaic

solitons should have a similar way to SP solitons in

stability because the closed�circuit photovoltaic

solitons are the special case of the SP solitons.

As w e know, the photorefractive effects are

dependent on the dark irradiance of the crystal and,

the irradiance is dependent on temperature[ 15~ 18] . As

a result, the photoref ract ive ef fects, such as two�beam
coupling and four�wave mixing, are st rongly

dependent on the crystal temperature[ 15~ 20] .

Obviously, the evolut ion, stability and the spatial

shape of a photorefract ive spat ial soliton w ill be

dependent on the crystal temperature. However, so

far, the effects of temperature on the photorefractive

solitons have not been researched. Is a photorefract ive

soliton, w hich is stable or tends to be stable against

small perturbations at a crystal temperature, stable at

another temperature? In the paper, w e invest igate the

effects of temperature on the stability of SP solitons in

the biased photovoltaic�photoref ract ive crystal. Our

results show that a stable SP bright. Soliton, early

formed at a temperature T 0, such as room

temperature, tends to be unstable when the

temperature changes from T 0 to T if the temperature

difference is big enough. How ever, if the temperature

dependence is small enough, the stable SP brigth

soliton can reshape itself and tends to evolve into

another stable SP bright soliton, that is, there is a

stable temperature regime in which the screening�
photovoltaic bright solitons are stable against small

perturbat ions. An unstable optical solitary beam can

evolve into a stable screening�photovoltaic bright

soliton by adjust ing the crystal temperature.

1 � Theoretical formulation

To analyze the evolut ion of a SP soliton in biased

photovoltaic�photorefract ive crystal, let us consider an

opt ical beam that propagates in the crystal along the

z�ax is and is permit ted to diff ract only along the x�
direction, and the optical c�axis of the crystal is

oriented along the x�coordinate. Moreover, let us

assume that the opt ical beam is linearly polarized

along x and that the external bias elect ric f ield is

applied in the same direct ion. Let I = I ( x , z ) denote

the pow er density prof ile of the opt ical beam, w hich

can be also expressed as I= I d| U |
2
, w here I d is the

so�called dark irradiance and U is the normalized

envelope of the opt ical beam. For this physical

model, in the case of neglecting the diffusion process,

the basic theory and formulat ion have been built up

and the normalized envelope U obeys the following

dynam ical evolut ion equat ion [ 11~ 12] :

i U�+
1
2

Uss - �(  + 1)
U

1 + | U |
2 -

!
(  - | U |

2
) U

1+ | U |
2 = 0 ( 1)

w here != ( k 0x 0 )
2
( ne

4
r 33/ 2) E p, �= ( k0 x 0 )

2 �

( n e
4
r 33/ 2) E 0,  = I  / I d, I  = I ( x ! ∀  , z ) , k 0

= 2∀/ #0, #0 is the f ree�space w avelength of the light

w ave employed, n e is the unperturbed ext raordinary

index of ref ract ion, r 33 is the electro�opt ic coefficient,

E p is the photovoltaic f ield constant , E 0 is the value of

ex ternal field st rength, �= z / ( n ek 0x 0
2) , s= x / x 0,

x 0 is an arbit rary spat ial width, U�= � U / ��, Uss =

�2
U / � s

2.

The dimensionless quant it ies ! and � are

associated w ith the photovoltaic effect and drift

process, respectively. Generally, ! and � do not

depend st rongly on temperature. In the paper, we pay

our at tent ion on the temperature dependence of I d.

Here we use the one�level and one�carrier model

presented by Cheng and Partov i[ 15] , w hich was

successfully used to explain the temperature

dependence of photoref ract ive effects in

LiNbO3
[ 16~ 17] , to describe the temperature

dependence of I d as the follow ing
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I d = I d0
T

300

3/ 2

exp
E t

K B

1
300 -

1
T

( 2)

w here K B is Boltzmann# s constant , T is the absolute

temperature, I d0 is the value of I d at T = 300K, E t is

the level locat ion in the gap. For photovoltaic

photorefractive crystal, such as LiNbO3, E t ~ 10
- 19

J[ 16~ 17] , for simplicity, w e take E t = 10- 19 J. Bright

SP solitary solut ion can be derived f rom Eq. ( 1) by

ent irely neg lect ing the dif fusion effects and, by

expressing the beam envelope U in the usual fashion:

U = r
1/ 2

y ( s ) exp ( i∃�) , where ∃ represents a

nonlinear shift of the propagation constant, y ( s ) is a

normalized real funct ion bounded betw een 0 ∃ y ( s ) ∃
1. The positive quant ity r is def ined as r= I ( 0) / I d.

For the bright spat ial solitons, w e require that y ( 0) =

1, �y ( 0) = 0 and y ( s ! ∀  ) = 0. Subst itutions of

this latter form of U into Eq. ( 1) w ith  = 0 and %

= 0, w e find that :

[ 2( �+ !) ]
1/ 2

s = ∀%
1

y ( s)

r
1/ 2

dŷ
[ ln( 1+ rŷ

2
) - ŷ

2ln( 1 + r ) ]
1/ 2 ( 3)

and ∃= -
�+ !

r
ln( 1+ r ) + !. Bright solitary beam

prof ile y ( s ) can be easily obtained from Eq. ( 3) by

use of simple numerical integration procedures. Let

r 0[ = I ( 0) / I d0] denote the value of r at T = 300K,

by use of Eq. ( 2) , the quant ity r = I ( 0) / I d can be

expressed as

r = r 0
T
300

- 3/ 2

exp -
E t

K B

1
300

-
1
T

( 4)

T he sign of � is dependent on the polarity of

E 0, w hereas the sign of ! is dependent on the

characterist ic of the photovoltaic crystal and the

polarizat ion of the light [ 21] . Therefore, either posit ive

or negat ive of the sign of � and ! is possible.

However, form Eq. ( 3) , the condit ions to obtain a

bright SP soliton are ( !+ �) > 0.

In order to give the quant ificat ional informat ion

about the temperature effects on the stability of SP

solitons, we int roduce tw o functions. One funct ion

&| U( T ) | 2 is defined as

& | U( T ) |
2

=
| U( s = 0, �= 1, T & 300K) |

2
- | U( s = 0, �= 1, T = 300K) |

2

| U( s = 0, �= 1, T = 300K) |
2 ( 5)

T he function denotes the relative difference of the

optical beam max imum amplitude at �= 1 betw een

T = 300K and others. Another funct ion &| W ( T ) |

is defined as.

& | W ( T ) | =
W ( �= 1, T & 300K ) - W( �= 1, T = 300K )

W ( �= 1, T = 300K )
(6)

Where W denotes the FWHM of the optical beam at

�= 1. T he funct ion &| W ( T ) | denotes the relative

difference of the FWHM of the optical beam at �= 1

between T = 300K and others.

2 � Temperature dependence of stability of

screening�photovoltaic bright solitons

� � We first ly consider the temperature effects on

the evolut ion of an incident bright SP soliton in the

biased photovoltaic�photoref ract ive crystal w ith the

parameters of != - 100, �= 135 and E t = 10- 19 J.

T his incident SP bright soliton solut ion can be

obtained from Eq. ( 3) w ith the parameters of !=

- 100, �= 135, E t = 10- 19 J and r 0 = 10 at T =

300K. The dynam ical evolut ion of the incident SP

soliton beam is exhibited by numerically solving

Eq. ( 1) under different temperature w ith != - 100,

�= 135, E t = 10- 19 J and r 0= 10. As expected, our

results conf irm that the incident solitary beam

remains invariant w ith propagat ion distance at T =

300K as shown in Fig. 1a, i. e. , the incident solitary

beam is stable at T = 300K. How ever, w hen T &

300K the incident beam cannot evolve a stable SP

bright soliton, but tends to experience larger cycles of

compression and expansion, and its max imum

amplitude oscillates w ith propagation distances at T

= 280K or to breakup into beam filaments at T =

360K, as show n in Fig . 1b and Fig. 1c. T he results

indicate that a stable SP bright soliton formed at a

temperature tends to be unstable at another

temperature. In other words, to change crystal

temperature w ill dest roy the stability of a

photoref ract ive soliton. The reason that the incident

beam cannot evolve a stable SP bright soliton at
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T = 280K and T = 360K is that the value of r =

I ( 0) / I d( T ) at T &300K is dif ferent f rom that at T

= 300K and, as a result , the wave parameters of the

incident beam deviate signif icant ly f rom those of a SP

bright solitary wave supported by the crystal at T =

280K and T = 360K.

Fig. 1 � Temperature effect s on the dynamical evolut ion of an input SP

bright solit on in the biased photovoltaic�photoref ract ive crystal

w ith the parameters of != - 100, �= 135 and r 0= 10

a- T = 300K � b- T = 280K � c- T = 360K � d- T = 305K

The input SP bright soliton is early obtain ed f rom Eq. ( 3) with

r 0= 10, E t= 10- 19J, != - 100 and �= 135 at T = 300K

When the crystal temperature deviates slightly

from 300K, such as T = 305K, the incident beam

reshapes it self and tries to evolve into a solitary wave

after a short distance, as shown in Fig. 1d. The

results indicate that a stable SP bright soliton can

evolve into another stable SP bright soliton w hen the

crystal temperature changes f rom one value to another

if the temperature difference is small enough. In

other w ords, there is a stable temperature regime in

w hich the SP solitons are stable against small

perturbat ions. In order to determ ine the w idth of the

stable temperature regime, w e calculate the

temperature dependence of funct ion &| U ( T ) | 2 and

&| W ( T ) | by numerically solving Eq. ( 1) w ith !=

- 100, �= 135, E t = 10- 19 J and r 0= 10 at different

temperature, as show n in Fig . 2, and the incident SP

bright soliton is early obtained from Eq. ( 3) w ith !

= - 100, �= 135, E t = 10- 19 J and r 0= 10 at T =

300K. As w e can see that the max imum amplitude is

more sensit ive to temperature than FWHM . It is

difficult to define the stable temperature regime

st rict ly. Here w e def ine the regime | &T | as

| &T | = min{ | &T | ∋& | U( T ) |
2 ∃ 5% ,

| &T | ∋& | W ( T ) | } ∃ 5% ( 7)

From Fig. 2, w e have | &T | ( 16K.

Fig. 2 � Temperature dependence of funct ion & | U ( T ) | 2 and

&| W ( T ) | w hen the incident beam is a bright SP solit on

w ith != - 100, �= 135, E t= 10- 19J and r 0= 10

We then invest igate the follow ing problem. Can

w e adjust the crystal temperature to make an unstable

opt ical beam become a stable SP bright soliton? For

example, an incident beam, w ith its wave parameters

deviat ing significant ly f rom those of a SP bright

soliton early formed in a crystal w ith != - 100, �=

135, E t= 10- 19 J and r 0= 10 at T = 300K, must not

evolve into a stable SP bright soliton in the same

crystal at T = 300K. Can it evolve into a SP bright

soliton at another temperature? At f irst , we consider

the case that the deviat ion comes from the beam

w idth. In doing so, w e take a Gaussian beam U =

( 10 ) 1/ 2 exp [ - s
2/ 0. 832 ] as the incidence beam.

Fig. 3a and Fig . 3b give the evolut ion of the Gaussian

beam in a biased photovoltaic�photoref ract ive crystal

by numerically solving Eq. ( 1) w ith != - 100, �=

135, E t= 10
- 19

J and r 0= 10 at T = 300K and 365K,

respect ively. Obviously , the Gaussian beam cannot

evolve into a stable SP bright soliton in the crystal at

T = 300K. How ever, if the crystal temperature is

adjusted to 365K, the Gaussian beam can evolve into a

stable SP bright soliton in the crystal. Secondly, we

consider the case that the deviation comes f rom the

beam amplitude. In doing so, w e take a Gaussian

beam U= ( 40) 1/ 2exp[ - s
2/ 0. 432] as the incidence

beam. Fig. 4a and Fig. 4b give the evolut ion of the

Gaussian beam in the crystal at T = 300K and T =

317K, respectively. As w e can see, although the

Gaussian beam cannot evolve into a stable SP bright

soliton at T = 300K, it can at T = 317K. T hese

results indicate that although a Gaussian beam cannot

evolve into a stable SP bright soliton in a crystal at

one crystal temperature, it can evolve into a stable SP

bright soliton at another one temperature. T his

means that one can adjust the crystal temperature to

make an unstable optical beam become into a stable

SP bright soliton.

282� 激 � � 光 � � 技 � � 术 2002 年 8 月



Fig. 3 � a) an input Gaussian beam U= ( 10 ) 1/ 2exp [ - s2/ 0. 832] can

not evolve into a stable SP bright soliton in a biased

photovoltaic�photorefract ive crystal w ith the param eters of !=

- 100, �= 135K and r 0 at T = 300K � b ) it can evolve into a

stable SP bright solit on in the crystal at T = 365K

Fig. 4 � a) an input Gaussian beam U= ( 40 ) 1/ 2exp [ - s2/ 0. 432] can

not evolve into a stable SP bright soliton in a biased

photovoltaic�photorefract ive crystal w ith the param eters of !=

- 100, �= 135 and r 0= 10 at T = 300K � b ) it can evolve into

a stable SP bright solit on in the crystal at T = 317K

3 � Conclusion

In conclusion, w e have investigated theoretically

the temperature ef fects on the stability of bright

screening�photovoltaic solitons in biased photovoltaic�
photorefractive crystals under steady�state conditions

for the case of neglect ing the material loss and

diffusion process. Our numerical study indicates that

a stable SP soliton formed at a temperature tends to

be unstable at another temperature when the

temperature dif ference is big enough. T here is a

stable temperature regime in which the screening�
photovoltaic solitons are stable against small

perturbat ions. An unstable opt ical solitary beam can

evolve into a stable screening�photovoltaic soliton by

adjust ing the crystal temperature.

T he physical factor related to the temperature

effects is the dark irradiance. As w e know , for a g iven

physical system, including a g iven photovoltaic�
photorefractive crystal, the biased voltage and the

intensity of the input opt ical beam , only one stable SP

soliton can form in it for a g iven temperature. The

spat ial prof ile of the stable SP soliton , including the

maximum amplitude, w idth and funct ional form,

depends on the ratio of the input intensity to the dark

irradiance that varies w ith the crystal temperature.

Therefore, w hen the crystal temperature changes, the

rat io w ill change. As a result, the input beam w ill

evolve into another stable SP soliton w hen the

temperature dif ference is small enough, w hereas it w ill

tend to be unstable w hen the temperature difference is

big enough.
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