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‘We investigate theoretically the temperature effects on the evolution of both bright and dark screening-photovoltaic

optical spatial solitons in biased photovoltaic-photorefractive crystals in the case of neglecting the diffusion process. For

a stable bright or dark screening-photovoltaic soliton originally formed in a crystal at a given temperature, when the

crystal temperature changes, it will evolve into another stable screening-photovoltaic soliton if the change is quite small,

whereas it will become unstable or break down if the temperature change is large enough. The spatial shape of a stable

screening-photovoltaic soliton can be reshaped by appropriately adjusting the crystal temperature.
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1. Introduction

Spatial solitons in photorefractive media have
aroused much interest in the past few years.['=1%l
At present, three types of steady-state scalar soli-

(1=6] photovoltaic solitons7—9]

tons (screening solitons,
and screening-photovoltaic solitons[w*w]) have been
predicted, and the first two have been found ex-
perimentally. Screening solitons are possible in the
steady state when an external bias voltage is appro-
priately applied to a non-photovoltaic-photorefractive
crystal.l=®1 These screening solitons result from
Photo-

voltaic solitons are possible in the steady state in

nonuniform screening of the bias field.

a photovoltaic-photorefractive crystal without a bias
field. These photovoltaic solitons result from the pho-
tovoltaic effect.[7=9 Recently, it has been predicted
theoretically that the screening-photovoltaic (SP) soli-
tons are possible in the steady state when an elec-
tric field is applied to a photovoltaic-photorefractive
crystal.[19=15] These SP solitons result from both the
photovoltaic effect and spatially nonuniform screening
of the applied field. We can think of SP solitons as
the unity form of screening and closed-circuit photo-
voltaic solitons. If the bias field is much stronger than
the photovoltaic field, the SP solitons are just like the
screening solitons. If the applied field is absent, the

SP solitons degenerate into the photovoltaic solitons in

the close-circuit condition. The evolution of bright SP
solitons have been discussed and their stability then
investigated.['!] The incoherently coupled SP soliton

pairs have also been investigated.*!

As is known, the photorefractive effects are

dependent on the dark irradiance of the crys-
tal, and the dark irradiance is dependent on the
temperature.'9=21] As a result, the photorefrac-
tive effects, such as two-beam coupling and four-
wave mixing, are strongly dependent on the crystal
temperature.'6=21 Obviously, the evolution, stabil-
ity and the spatial shape of a photorefractive spa-
tial soliton will be dependent on the crystal temper-
ature. However, so far the effects of temperature on
the photorefractive solitons have not been studied. In
this paper, we investigate the temperature effects on
the evolution of both bright and dark SP solitons in
biased photovoltaic-photorefractive crystals. Our re-
sults show that the width and maximum amplitude of
both bright and dark SP solitons are sensitive to the
crystal temperature. For a stable SP soliton originally
formed in a crystal at a given temperature, when the
crystal temperature deviates from the given temper-
ature, it will become unstable or break down if the
temperature difference is large enough, whereas it can
evolve into another stable SP soliton if the tempera-

ture difference is quite small.

*Project supported by the National Natural Science Foundation of China (Grant No 69878022).
JrZhonghua Hao is now a doctoral candidate at the Institute of Applied Physics, Xidian University, Xian, 710071, China.
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2.Theoretical model

We derive and solve equations for beam propaga-
tion in biased photovoltaic-photorefractive media and
obtain the properties of SP solitons in one transverse
dimension. Let us consider an optical beam that prop-
agates in a biased photovoltaic-photorefractive crys-
tal along the z-axis and is permitted to diffract only
along the z-direction, which is also the direction of
the photovoltaic field of the crystal. We assume that
the optical beam is linearly polarized along = and that
the external bias electric field is applied in the same
direction. In this physical system, by employing stan-
dard procedures and neglecting the loss in the mate-
rial, we readily obtain the following envelope evolution

equation10—12]

6. 4 e — ()6 =0, (1)

Here the electric-field component E of the optical
beam with a slowly varying envelope ¢ is given by
E = 2¢(z,2)exp(ikz), ¢, = 0¢/0z, ¢ps = 0%¢/0z?,
k = kone, ko = 27/ Ao, Ao is the free-space wavelength
of the light wave employed, n. is the unperturbed ex-
traordinary index of refraction, r.g is the effective
electro-optic coefficient, and Fj. is the space-charge
field induced in this photovoltaic-photorefractive crys-
tal.

In typical photovoltaic-photorefractive media and
for relatively broad beam configurations, the value of
the steady-state space-charge field can be obtained
from the Kukhtarev’s transport model by neglect-

ing the diffusion process. It is approximately given

byl10-12]

Ioo+Id
E.=E E
Ty +

I—1
PI+1,°

(2)

where E,[= k,yrNa/(en)] is the photovoltaic field
constant, g is the carrier recombination rate, p is
the electron mobility, k, is the photovoltaic constant,
Ey is the applied field, I, = I(z — =oo,z) and
I = I(z,z) is the power density of the optical beam
in the crystal, and I is the so-called dark irradiance
which depends strongly on the temperature. Here we
use the one-level and one-carrier model presented by
Cheng and Partovi,['® which has been successfully
used to explain the temperature dependence of the
photorefractive effect in LiNbO3,[1718] and to describe

the temperature dependence of I as the following

() "l (s )] 0

where Iq9 is the value of I3 at T=300K, and E}
is the level location in the gap. For photovoltaic-
photorefractive crystals, such as LiNbOjs, E; ~
10~ 197.0718] For simplicity, we take E; = 10719J.
The envelope evolution equation can now be es-
tablished by inserting Eq.(2) into Eq.(1).
more convenient,

It proves
however, to study this equation
in a normalized fashion. In doing so, let us adopt
the following dimensionless coordinates and variables:
& =z/(kx3), s = x/zo and ¢ = (2n9I4/ne)*/?U. Here
no = (po/0)*/?, o is an arbitrary spatial width, and
the power density has been scaled with respect to the
dark irradiance I4. Using Egs.(1) and (2), we can then
show that the normalized envelope U satisfies the fol-

lowing dynamical evolution equation

(p—UPU
Ut 20, B(p+1 . —0, (4
Wet U Pt )T e 13 0P )
where o = (k0x0)2(ngreg/2)Ep, B = (kozo)?(nireg/2)

I /14. Generally, a and 8 do not depend

strongly on temperature.

FEp and p =
In this paper, we pay at-
tention primarily to the temperature dependence of
13.

In the case of bright soliton states the opti-
cal beam intensity is expected to vanish at infinity
(s = =£o00), and thus p = I./I4 = 0.

pressing the beam envelope U in the usual fashion,

By ex-

U = r'/2y(s)exp(iv€). Here v represents a nonlinear
shift of the propagation constant, y(s) is a normalized
real function bounded between 0 < y(s) < 1, and r
is defined as r = I(0)/I4. By integrating Eq.(4) un-
der the boundary conditions, y(0) = 1, §(0) = 0 and
y(s = 00) = 0, we find that[10—12]

206 + )]s
1 r1/234
= kL NG
[In(1+ rg2) — 92 In(1 + r)]t/2
y(s)
p+a

and v = —

In(1 + r) + a. The bright solitary

beam profile can be easily obtained from Eq.(5) by
simple numerical integration. Letting ro[= I(0)/I40]
denote the value of r at T=300K, using Eq.(3), the
quantity r = I1(0)/I4 can be expressed as

(T NP [ B (1 1 ©
"T\300) Pl Ks\300 T/
The dark SP solitary solution can be derived from

Eq.(4) by expressing the beam envelope U in the usual
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fashion: U = p'/2y(s)exp(iv€). For the dark spatial
solitons, we require that y(0) = 0, y(co) = 0 and
y(s — oo0) = 1. Substitution of this latter form of U
into Eq.(4) yields that the normalized dark-field pro-

file y(s) can be determined from the following equation
[—2(8 + @)]'/%s
1
dy

~9 1/2
y(s) [(@2 —-1) - prl In <1+py >}

> (7)

p 1+p
and v = —0. The dark solitary beam profile can be
easily obtained from Eq.(7) by simple numerical inte-
gration. Letting pg[= Ioo/Iao] denote the value of p
at T=300K, using Eq.(3), the quantity p = I /I4 can

be expressed as

T\ %/ E /1 1 )
= —_— ex - — -
P=Po\ 300 Pl ko \300 T

The sign of § is dependent on the polarity of Ey,
whereas the sign of « is dependent on the character-
istics of the photovoltaic crystal and the polarization
of the light.[?2] Therefore, either positive or negative
signs of B and « are possible. However, from Egs.(5)
and (7), the conditions to obtain bright and dark SP
solitons are (a+ ) > 0 and (a+ 3) < 0, respectively.

3. Results and discussion

U

(e) 0.2

0.1

0.0

Fig.1. Dynamical evolution of an input bright SP soliton in the crystal with a=-223, =300,
ro=1 and Ey = 1071%J at (a) T=280K, (b) T = 295K, (c) T=300K, (d) T=305K and (e)
T=320K. The input bright SP solitary state was obtained originally from Eq.(5) with a=—
223, =300, ro=1 and Fy = 10719J at T=300K.
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We begin our investigation with the temperature
effects on the evolution of the bright SP solitons in
In do-
ing so, a bright SP soliton is obtained from Eq.(5)

biased photovoltaic-photorefractive crystals.

with the system parameters chosen to be @ = —223,
B=300, ro=1 and E; = 107'°J at T=300K. Taking
the bright solitary state as the input beam, its evo-
lution in the crystal with the same system parameter
is analysed by numerically solving Eq.(4) at T=280K,
295K, 300K, 305K and 320K, respectively, as shown
in Fig.1. First, let us examine the case of T=300K,
as shown in Fig.1(c). As expected, our results con-
firm that the bright soliton beam remains invariant
with propagation distance in the crystal at 300K. We
then examine the case that the crystal temperature
deviates slightly from 300K. Figs.1(b) and (d) give
the evolution of the incident bright SP soliton in the
crystal at T=295K and T=305K, respectively. We can
see that the incident beam reshapes itself and tends to
evolve into another stable bright SP soliton. Finally,
we consider the case that the crystal temperature de-
viates significantly from 300K. Figs.1(a) and (e) give
the evolution of the incident bright SP soliton in the
crystal at T=280K and T=320K, respectively. We can
see that the incident beam cannot evolve into a sta-
ble bright SP soliton but instead tends to experience
larger cycles of compression and expansion, and its
maximum amplitude oscillates with propagation dis-
tance at T=280K, or to be divergent at T=320K.

2
2
L
5 1t
3
0 1
0.6 0.0 0.6

Fig.2. Intensity profiles of bright SP solitons formed in
the crystal with a=-223, 3=300, ro=1 and Fy; = 10~19]
at £=1: 1, T=30K; 2, T=295K; 3, T'=305K.

Figure 2 gives the intensity profiles of the stable
bright SP soliton at £=1; curves 1, 2 and 3 represent
T=300K, 295K and 305K, respectively. We can see
that the width and maximum amplitude of the stable
bright SP solitons at {=1 change with temperature.
This means that the spatial shape of a stable bright
SP soliton can be reshaped by appropriately adjusting
the crystal temperature.

We now investigate the temperature effects on the
evolution of dark SP solitons in biased photovoltaic-
photorefractive crystals. In doing so, we choose a
dark SP soliton as the incident beam. The dark SP
soliton is obtained from Eq.(7) with =-223, =118,
po=1 and E; = 107'°J at T=300K. The evolution
of the incident dark SP soliton in the crystal with
the same parameters at T=300K is shown in Fig.3(c),
and its intensity profile at £=1 is shown in Fig.4 by
curve 1. As expected, our results confirm that the
dark soliton beam remains invariant with propagation
distance. However, when the crystal temperature de-
viates slightly from 300K, the incident beam cannot
remain invariant with propagation distance, but in-
stead reshapes itself and tends to evolve into another
stable dark SP soliton, as shown in Figs.4(b) and 4(d)
for T=295K and T=305K, respectively. The intensity
profiles of the dark SP soliton evolved at £=1 for the
two temperatures are shown in Fig.4 by curve 2 for
T=295K and by curve 3 for T=305K. The width and
maximum amplitude of the dark SP soliton change
with crystal temperature, similar to the bright SP soli-
ton.

Finally, we consider the case that the crystal tem-
perature deviates significantly from 300K. Figs.3(a)
and 3(e) give the evolution of the incident dark SP
soliton in the crystal at T=280K and 7=320K, re-
spectively. We can see that the optical beam in the
crystal becomes unstable at T=320K, but it can still
evolve into another stable dark SP soliton at T'=280K.
In contrast to the case of bright SP solitons, dark SP
solitons are more insensitive to crystal temperature.
When the crystal temperature decreases further, the

optical beam in the crystal also becomes unstable.
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Fig.3. Dynamical evolution of an input dark SP soliton in a crystal with a=-223, =118,
po=1 and Ey = 10719J at (a) T=280K, (b) T=295K, (c) T=300K, (d) T=305K and (e)
T=320K. The dark SP soliton was originally formed from Eq.(7) with the same system

parameters at T'=300K.

The results obtained above indicate that the tem-
perature effects on the evolution of both bright and
For a stable bright

(dark) SP soliton formed in a crystal at temperature

dark SP solitons are obvious.

Ty, when the crystal temperature changes from Tj to
T, the solitary state can evolve into another stable
bright (dark) SP soliton when the temperature differ-
ence between T and Tj is quite small. Whereas the
solitary state cannot remain stable but instead tends
to experience larger cycles of compression and expan-
sion, and its maximum amplitude oscillates with prop-
agation distance or tends to break up into beam fila-
ments when the difference between T and Tj is large
enough. The spatial shapes of both stable bright and
dark SP solitons can be reshaped by appropriately ad-

justing the crystal temperature.

1.6

0.8

U

0.0
-1

Fig.4. Intensity profiles of dark SP solitons formed
in the crystal with a=-223, =118, pp=1 and E; =
10197 at £€=1: 1, T=300K; 2, T=295K; 3, T'=305K.

4. Conclusion

In conclusion, we present a theoretical investiga-

tion of the temperature effects on the evolution of both
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dark and bright SP solitons in biased photovoltaic-

photorefractive crystals under steady-state conditions.

The spatial shapes of stable SP solitons in a crystal

at different temperatures are calculated. The dynam-

ical evolutions of SP solitons in a crystal at different

temperatures are discussed.
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