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This paper investigates the temporal behaviour of open-circuit bright photovoltaic spatial solitons by using numer-

ical techniques. It shows that when the intensity ratio of the soliton, the ratio between the soliton peak intensity and

the dark irradiance, is small, the quasi-steady-state soliton width decreases monotonically with the increase of τ , where

τ is the parameter correlated with the time, that when the intensity ratio of the soliton is big, the quasi-steady-state

soliton width decreases with the increase of τ and then increases with τ , and that the formation time of the steady-state

solitons is not correlated with the intensity ratio of the soliton. It finds that the local nonlinear effect increases with

the photovoltaic field, which behaves as that the width of soliton beams is small and the self-focusing quasi-period is

short. On the other hand, we also discuss that both the time and the temperature have an effect on the beam bending.
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1. Introduction

Self-trapping of beam and formation of opti-
cal spatial solitons have been studied for several
decades.[1−19] Due to their potential applications in
all-optical switching, three-dimensional optical inter-
connects, and beam steering, this field has attracted
considerable attentions. To our knowledge, three
generic types of photorefractive (PR) solitons, which
are quasi-steady-state,[2,3] screening[4,5] and photo-
voltaic (PV)[6−8] solitons, have been extensively stud-
ied theoretically and experimentally. Of particular in-
terests are PV solitons, which are separated from other
solitons because they strongly depend on the PV ef-
fect but not the external field. Considering that the
intensity of incident beam plays a very important role
in the formation time of solitons, we find that investi-
gating the temporal behaviours of PV spatial solitons
is of great interest.

By exploring the connection between quasi-
steady-state solitons and screening ones, the forma-
tion of solitons has been studied theoretically and ex-
perimentally based on the bidimensional band trans-

port model by Fressengeas et al in Ref.[9]. The equal-
ity of external applied voltage and PV effect has been
elaborated. Moreover, under some given conditions,
the analytical solution of time-dependent charge field
has been obtained, and the temporal nonlinear beam
propagation equation has been derived. In Ref.[10],
Maufoy et al have numerically simulated the spa-
tiotemporal evolution properties of screening solitons
by using split-step Fourier method. Furthermore,
optical-branching and interaction of solitons have been
discussed. In Ref.[11], Chauvet has established the
formation theory of one dimensional PV solitons, and
studied the temporal behaviours of open-circuit dark
PV solitons theoretically and experimentally. Yet, to
date, the temporal behaviours of bright PV solitons
and the effect of temperature on the beam bending
have not been done, however, and these properties
have a significant meaning on the application of bright
PV solitons.

In this paper, on the basis of the temporal non-
linear beam propagation equation, we simulate the
evolution of full width of half maximum (FWHM) of
one-dimensional open-circuit PV PR spatial solitons.
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We find that when the intensity ratio of the soliton is
small, the quasi-steady-state soliton width decreases
with an increase in τ , where τ is the parameter corre-
lated with the time, that when the intensity ratio of
the soliton is big, the quasi-steady-state soliton width
decreases with the increase of τ and then increases
with τ , and that the formation time of the steady-
state solitons is not related with the intensity ratio of
the soliton. By employing the steady-state PV soli-
ton as the incident beam, the propagation of beam in
BaTiO3 has been simulated by using numerical tech-
niques. We elaborate that the local nonlinear effect
increases with the PV field, which behaves as that the
width of soliton beams is small and the self-focusing
quasi-period is short. In addition, we also discuss that
both the time and temperature have an effect on the
beam bending.

2. Spatial charge field and propa-

gation equation

At appropriate intensity the electron density n

is negligible in comparison with the density of ion-
ized donors or acceptors in PR crystals. The time-
dependent space-charge field is given by Ref.[11]
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(
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e
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where Td = (ε0εr/eµ) × [ζNa/β (Nd −Na)] is the di-
electric relaxation time in the absence of an illuminat-
ing field, Eph = βphζNa/eµS is the PV field, Iem is
the light intensity, Id = β/S is the dark irradiance,
I = Iem + Id is the total intensity, Nd is the total
donor density, Na is the density of ionized acceptors,
β and S are the thermal and photoexcitation coeffi-
cient respectively, ζ is the recombination coefficient,
µ is the electron mobility, εr is the relative dielectric
constant, βph is the PV constant, ε0 is the vacuum
permeability, T is the absolute temperature, and kB

is Boltzmann’s constant.
Let us assume an optical beam uniform along the

y axis that propagates along the z axis and is per-
mitted to diffract only along the x direction. The
propagation of such optical field in a medium with a
low index modulation is theoretically described by the
scalar wave propagation equation[1,11]
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ne
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where k = 2πne/λ is the wave number in the medium
whose unperturbed extraordinary refractive index is
ne, λ is the vacuum wavelength, A is a slowly varying
envelop and ∆n = −0.5n3

er33E is the refractive-index
variation due to space-charge field E, where r33 is the
electro-optic coefficient.

By ignoring the constant variable of refractive in-
dex induced by Id, from Eqs.(1) and (2) we can obtain
the temporal nonlinear beam propagation equation as
following
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where U(x, z, τ) = A(x, z, t)/
√

Id, τ = t/Td, L =
kn2

er33Eph/2 and B = kn2
er33kBT/(2e) are related

to quasi-local nonlinearity and diffusion, respectively.
The self-deflection of beam originates from the term
of B∂|U |2/∂x.[12]

We can ignore the deflection component, i.e. B =
0 provided that the PV field Eph is strong enough.
Under this condition, the normalized light field can
be written as

U (x, z, τ) =
√

ry (x, τ) exp (iνz) , (4)

where r is the ratio of soliton peak intensity Imax to
dark irradiance Id, ν is the propagation constant, and
y(x, τ) is a normalized real function bounded between
0 ≤ y(x, τ) ≤ 1.

Substituting Eq.(4) into Eq.(3), we obtain
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)
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where y′′ is the second order derivative of y versus x.
Integrating Eq.(5) by using the boundary conditions
of bright solitons y(0, τ) = 1 and y′(0, τ) = 0, we then
obtain
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By employing the boundary conditions y(∞, τ) = 0
and y′(∞, τ) = 0, the propagation constant can be
calculated as

ν = L− L

r
ln (1 + r)

− L

rτ
[exp (−τ)− exp (− (1 + r) τ)]

−L

r
{Ei (−τ)− Ei [− (1 + r) τ ]} . (7)

Let the PR crystal be BaTiO3 crystal.[13] The
propagating beam is polarized along x axis (the x-
direction being taken parallel to the c-axis) in the me-
dia. In this case, r33 = 80 × 10−12 m/V, ne = 2.365.
For different given r, the widths of solitons evolve at
different ways. Figure 1 shows the evolving curves
of the FWHM of intensity of solitons. We can see
that, when r equals to 1, the quasi-steady-state soli-
ton width decreases with the increase of τ . However,
when r equals to 100 or 10, the quasi-steady-state soli-
ton width decreases with the increase of τ and then
increases with τ . For r equaling to 10 or 100, the
minimum width of soliton emerges at τ approaching
to 2/r, and the minimum value is independent on in-
tensity. Interestingly, it is also obvious that the for-
mation time of steady-state solitons is close to a fixed
value Td for a variety of r.

Fig.1. Intensity FWHM of PV bright spatial soliton ver-

sus τ . The calculation parameters are Eph = 40 kV/cm,

T = 300K for r = 100 (solid curves), 10 (dash curves) and

1 (dash-dot curves)

3. Propagation of solitons in

BaTiO3

We study the propagation of a soliton with the
input beam profile U(x, 0, t) =

√
ry(x,∞), which is

polarized along x axis at wavelength 0.5µm. When

r = 100, Eph = 40 kV/cm and T = 300 K, L and B

equal to 11.25 × 103/m and 7.72×10−5 respectively,
and the width of the incident soliton is 15.87µm with
a propagation distance 10.6 mm. At τ = 0, the space-
charge field has not been established yet, and ∆n = 0.
The incident beam propagates in the homogeneous
media. In Fig.2(a), obviously, the width of incident
beam broadens along z axis because there is no self-
focusing effect. As the time is evolving, the width
of quasi-steady-state soliton reaches the minimum at
τ = 0.02 = 2/r. When τ approximately equals to 1,
the width of output soliton starts to evolve steadily as
the way of τ → ∞ with the width 15.82µm. Figures
2(b)–2(f) clearly show that self-deflection effect takes

Fig.2. Evolution of PV bright soliton. The calculation

parameters are r = 100, Eph = 40 kV/cm, T = 300 K

with the input profile U(x, 0, t) = y(x,∞). (a) τ = 0,

(b) τ = 0.01, (c) τ = 0.02, (d) τ = 0.1, (e) τ = 0.2, (f)

τ = 1, (g) report the comparison among the output beam

profile and the beam profiles at τ = 0.01, τ = 0.02 and

τ = 1 respectively. Here x ∈ [−150 µm, 150 µm] and z ∈[0,

10.6mm].
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takes place during the propagation of soliton. And
the maximum of the deflection distance, which equals
to 25.49µm, appears roughly at τ = 0.01. In partic-
ular, it is obvious that the intensity of soliton varies
periodically along z axis. The focused periods for the
different moment lengthen as the τ increases. When
τ = 0.02, τ = 0.1 and τ = 0.2, the focused periods
are 1.0 mm, 1.7mm and 2.4mm, respectively. When
τ = 0.2, the phenomenon of the periodic variety of
intensity begins to get indistinct and it disappears at
τ = 1, which can be realized as the focused period
being infinite.

After changing Eph to 20 kV/cm and maintaining
r and T , L and the width of incident soliton change
to 5.62 × 103/m and 11.26µm, respectively. L is a
quantity related to quasi-local nonlinearity and is pro-
portional to Eph. As Eph is small, the local nonlinear
effect becomes weak. Compared with Fig.2 at the each
same moment, the width of soliton broadens in Fig.3,
and in Figs.3(b)–3(d), furthermore, we can clearly see
that the focused periods of beam during the propaga-
tions increase.

Fig.3. Evolution of PV bright soliton. The calculation

parameters are r = 100, Eph = 20 kV/cm, T = 300 K

with the input profile U(x, 0, t) = y(x,∞). (a) τ = 0, (b)

τ = 0.01, (c) τ = 0.02, (d) τ = 0.1, (e) τ = 0.2, (f) τ = 1.

Here x ∈ [−150 µm, 150 µm] and z ∈[0, 10.6mm].

Figure 4 exhibits the evolvement of soliton at
Eph = 40 kV/cm and r = 10, where L = 11.25 ×
103/m, B = 7.72 × 10−5 and the width of input soli-

ton is 7.92 µm. Because the ratio of soliton peak in-
tensity to dark irradiance becomes small, in Figs.4(a)
and 4(b), we can easily observe that the input beam
diffracts rapidly at τ = 0 and τ = 0.02. After the soli-
tons being formed, there are no quasi-periodic struc-
tures. Nevertheless, the self-deflection effect is still
clear at τ = 0.2 and τ = 1. When the beam exports
steadily after τ = 1, the width of steady-state soli-
ton reaches 7.32 µm. In comparison with r = 100, the
width becomes narrower and that is consistent with
Fig.1 when r = 10.

Fig.4. Evolution of PV bright soliton. The calculation pa-

rameters are r = 10, Eph = 40 kV/cm, T = 300K with the

input profile U(x, 0, t) = y(x,∞). (a) τ = 0, (b) τ = 0.02,

(c) τ = 0.05, (d) τ = 0.1, (e) τ = 0.2, (f) τ = 1. Here

x ∈ [−100 µm, 100 µm] and z ∈[0, 10.6mm].

Self-deflection effect appears in Figs.2–4. Under
different physical conditions, the deflection distances
change accordingly. Figure 5 shows that the centre of
output beam deflects along the negative direction of x

axis versus τ at a variety of temperatures. The deflec-
tion goes forward steadily after τ = 1. B is a param-
eter which is related to the self-deflection of beams.
The bigger it is, the more obvious phenomenon of
the self-deflection effect is. Knowing that B is pro-
portional to T , here we display the movement of the
deflection distance of the centre of output solitons at
different temperatures, T = 300 K, T = 400 K and
T = 500K. In Fig.5, it is clear that the distance in-
creases with the rising temperature at the each same
moment. In other words, the higher temperature
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makes the self-deflection effect more significant. Fur-
thermore, for each temperature, deflection distance of
output steady-state soliton tends to increase with an
increment of τ and then decreases with τ , and the
largest distance appears at a fixed time approaching
to τ = 0.01 = 1/r.

Fig.5. Deflection distance of the centre of the output

beams along the negative direction of x axis versus τ at dif-

ferent temperatures. Here r = 100 and Eph = 40 kV/cm.

4. Conclusion

To conclude, we have investigated the temporal
behaviour of open-circuit bright PV spatial solitons
by using numerical techniques. We have shown that
when the intensity ratio of the soliton is small, the
quasi-steady-state soliton width decreases with an in-
crease of τ , that when the intensity ratio of the soliton
is big, the quasi-steady-state soliton width decreases
with an increase of τ and then increases with τ , and
that the formation time of the steady-state solitons is
closed to a fixed value Td for a variety of intensity ratio
of the soliton. Moreover, we have found that the local
nonlinear effect increases with the PV field, which be-
haves as that the width of soliton beams is small and
the self-focusing quasi-period is short. In addition, we
have discussed that both time and temperature have
an effect on the beam bending. For a given tempera-
ture, there exists a largest deflection distance appear-
ing roughly at τ = 1/r. For the same propagation
time, the higher temperature is, the larger deflection
distance is.
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