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Based on the time-dependent band-transport model in a photorefractive medium, dark open-circuit photovoltaic

(PV) solitons are investigated both theoretically and experimentally. Compared with those of the time-independent

models, our theoretical results revealed that quasi-steady-state and steady-state PV solitons can both be obtained.

Our results also revealed that when r < 1 (r is the normalized intensity at infinity), the full width at half maximum

(FWHM) of solitons decreases monotonically to a constant value; when r > 1, however, the FWHM of solitons first

decreases to a minimum before it increases to a constant value. Moreover, the FWHM of steady solitons decreases with

increasing intensity ratio for r < 1, and increases with increasing intensity ratio for » > 1. We further observed dark

PV solitons in experiments, and recorded their evolution. These results indicated that steady solitons can be observed

at low optical power, while quasi-steady-state solitons can only be generated at higher optical power. Good agreement

is found between theory and experiment.
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1. Introduction

Over the past few years, photorefractive (PR)
spatial solitons have attracted growing attention due
to their potential applications in all-optical devices.!
According to their different physical origins and
characters, PR solitons can be classified into three
types, i.e., quasi-steady-state solitons,®3! screening
solitons!! and photovoltaic(PV) solitons.>¢ Quasi-
steady-state solitons were first predicted in 1992,
and were observed in experiment in the next year.
After that, bright and dark steady screening solitons
were demonstrated with a background beam. The
first theoretical model to explain quasi-steady-state
solitons was based on the PR couple-mode theory. ]
Screening solitons were obtained by the solution of
nonlinear Schrédinger equation in which the nonlin-
earity was given by a basic PR model.[®] This the-
ory has been further developed to explain the beam
self-deflection and solitons interaction.”) The above

theories show that the quasi-steady-state solitons and
screening solitons have the same physical origin. PV
solitons are different from other solitons because they
do not need an external applied field but rely on
the PV field. Dark PV solitons have been observed
and induced slab waveguides®'% in LiNbOjs crystal.
Bright PV solitons have also been experimentally ob-
served in sodium potassium strontium barium niobate
(KNSBN).[' From the pioneering work we find that
the formation of PV solitons is similar to that of the
screening solitons. We speculate that the PV solitons
can be of quasi-steady-state and steady-state regimes.
In light of quasi-steady-state solitons they have many
merits, such as smaller external bias voltage, less for-
mation time, independence of the beam intensity,?
to deepen the study on them is meaningful work.

In this paper, based on the bias of the time-
dependent band-transport model, we simulate the evo-
lution of full width at half maximum (FWHM) of one-
dimensional open-circuit dark PV solitons to show
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that the quasi-steady-state and steady-state regimes
can be treated together. The theory is confirmed by
dark PV solitons experiments in LiNbOgs:Fe crystal.
The experiments have revealed that PV solitons are
observed in the steady-state regime at low beam power
and in the quasi-steady-state regime at higher power.
In our samples, steady-state solitons at high optical
power were not achieved because of modulation insta-
bility.

2. Theory

To study the open-circuit dark PV solitons in PV
material, we assume that a beam propagates along the
z axis, which is allowed to diffract only along the x-
direction Iom(z). Moreover, we assume that the beam
is linearly polarized along the x coordinate. In the sole
charge carrier time-dependent band-transport model,
the standard set of rate and continuity equations and
Gauss’s law, which describe the PR effect!'3~1%] can

be given by
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where the five space- and time-dependent variables are
the density of ionized donors N , the electrons density
n, the space-charge field inside crystal F, the charge
density p, and the current density J. Relevant param-
eters of the crystal are: Ny, the total donor density;
N,, the density of ionized acceptors; 3, the dark gen-
eration rate; s, the photoionization cross section; v the
recombination coefficient; u the electron mobility; e,
the relative dielectric constant at low frequency; and
Bpn, the photovoltaic constant. T is the temperature,
€o the vacuum permeability, —e the electron charge,
and kg the Boltzmann’s constant.

To obtain the relation between the space-charge
field and the beam intensity, we make a hypothe-
sis that the density of electrons in the crystal can
be negligible compared with the density of ionized
donors or acceptors, thus the density of ionized donors
approximately equals that of the ionized acceptors
(Nf ~ N,). From Egs.(1b) to (1le), one can deduce

the relation of the space-charge field E, the beam in-
tensity Iem, and electron density n:
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Assuming that steady state has been reached in
Eq.(1), then the density of free electrons n can be ex-
pressed as

(6 + SIem)(Nd - Na)

n= N, . (3)

By substituting Eq.(3) into Eq.(2), and integrating
it with respect to x, one can obtain the differential
equation of space-charge field and beam intensity as

follows:
8E kBT aIem
Talq— Iom + 14)(E F —_—
ddat"‘( +1q)(Epn + E) + P
=Epnla, (4)
where Iy = f/s is the dark irradiance, Ty =

(e0er/ep) X [YaNa/BNg — N, )] is the dielectric relax-
ation time without an illumination field, and E,, =
BpnyNa/eps is the PV field. By employing the initial
condition E(t = 0) = 0 and slowly varying the am-
plitude approximation of the light intensity I.,,, the
space-charge field F in Eq.(4) can be expressed in the
following form
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In the PR medium, solitons can be generated

when the natural light diffraction is exactly compen-
sated for by the focusing effect. The stationary (no
diffraction) solution can be written as

Az, z) = \/rl4 - u(z) exp(il'z), (6)

where I' is the soliton propagate constant, and r =
Imax/Ia is the ratio of soliton peak intensity to dark
irradiance; u(z) is the normalized soliton profile which
depends only on z. Substituting space-charge field E
into the wave propagation equation with refractive in-
dex variation An = —n@regE/2, the soliton propaga-
tion equation becomes

r|u §
W' (z) = deQFu(x) + 1—|—|r|(1i((g|()|2
e

(7)
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where r.g is the effective electro-optic coefficient of
crystal, X = z/d is the dimensionless variable with
d = (|k*ndreg Epn|) ™. The sign in the second part
of Eq.(7) is identical to —regfpn. Thus, we express
dark (bright) solitons by using the plus (minus) sign.

The dark soliton’s temporal behaviour can be ob-
tained by numerical integration of Eq.(7). It reveals
that changing r gives rise to two different time evolu-
tion regimes of intensity FWHM. Figure 1 depicts the
FWHM of dark solitons as a function of 7 = ¢/Ty for
various values of r < 1, where the solid curve repre-
sents the 7 = 0.1 case, the dotted curve represents the
r = 0.5 case, and the dashed line represents the r = 1
case. From Fig.1, it can be seen that the FWHM of
solitons decreases monotonically with 7 and finally ap-
proaches a constant. The width of the steady soliton
decreases with increasing 7.

FWHM

102

Fig.1. The FWHM of solitons versus time for r < 1.
From the top line to the bottom one, r is equal to 0.1, 0.5
and 1, respectively.

Figure 2 exhibits the FWHM of dark solitons as

l

a function of 7 for r equal to 10, 50 and 100. From
Fig.2, it is seen that the FWHM of the solitons first
decreases with 7 to a minimum, and then increases
to a steady-state regime. The width of steady solitons
increases with increasing r. Note that the time needed
to reach the minimum transient intensity FWHM of
the quasi-steady-state soliton is defined as its forma-
tion time.['3] Figure 2 shows that the formation time
of quasi-steady-solitons decreases with increasing r.
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Fig.2. The FWHM of solitons versus time for r > 1.
From the top curve to the bottom one, r equals to 100, 50
and 10, respectively.

By applying boundary conditions of dark solitons
u(o0) = 1 and u”(c0) = 0 in Eq.(7), the propagation
constant can be obtained

r= g e () @

Then integrating Eq.(7) yields
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4 Y
For a given time, one can obtain the soliton pro-
file u(X) by solving Eq.(9). Figure 3 shows the soli-

T4

ton intensity profile u?(X) at different special time
for r = 10. In the early evolution time 7 = 0.001,
a wide soliton forms inside the crystal because the
spatial charge field is low and the diffraction effect



2842 Zhang Mei-Zhi et al

Vol. 18

dominates. With increasing time, the spatial charge
field builds up with the photo-induced refractive in-
dex changing dramatically. As a result, the width of
the soliton narrows. When 7 = 0.12, the width of the
solitons reaches its minimum. As time further evolves,
the width of the solitons becomes wider than that at
7 =10.12. After 7 = 1, the spatial charge field reaches
the steady state and the width of the soliton remains
constant. These results agree well with those in Fig.2
for the case of r = 10.
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Fig.3. The intensity profiles of dark solitons for r = 10
at 7 = 0.001 (dotted line), 7 = 0.12 (solid line), and 7 = 1
(dashed line).

In iron-doped LiNbOj crystals light tends to de-
crease the refractive index induced by PR effect. We
noted that the sign of An is identical to that of reg Bpn,
whereas the sign of electrooptic coefficient r.g is op-
posite to that of B,,. This character indicates that
the dark solitons can be observed in LiNbOgj crys-
tal. In this theory we assume that the spatial solitons
are formed at all times during the spacecharge field

buildup. Achieving this condition, we need to dynam-
ically adjust the width of dark ditch at the entrance
face of the crystal to the width of the ditch at the
exit face. Although this is not strictly fulfilled in the
experiment described below, the results qualitatively
agree with the theory. A similar method employed
in strontium barium niobate (SBN) crystal has been

successful.[16]

3. Experiment

3.1. Experimental setup

The experimental apparatus is depicted schemati-
cally in Fig.4. We use LiNbOj:Fe crystal with a c-axis
along the z direction, and launch an e-polarized beam
(A = 488 nm) to exploit the large electro-optic coeffi-
cient r33. To observe dark planar solitons, we expand
the laser beam by the beam expander EL, and then
insert a glass microscope cover slide G in a half beam.
Tilting G, when the phase is equal to ¢ = (2n+1)m, we
obtain a dark notch with some higher-order diffraction
fringes. In order to eliminate the higher order fringes,
we use a 4F system composed of G, lens L1, slit and
lens L2. The spatial filtered beam is focused by the
cylindrical lens CL to the entrance face of the crystal.
After the crystal, we set a polarizer P2 to moderate
the beam intensity which is imaged into a microscope
objective L3 and a CCD camera. Varying the dis-
tance between the CCD and crystal, we can obtain
pictures on the entrance and exit faces. A computer
is connected to the CCD camera to acquire images
and extract the relevant characters. The FWHM of
the dark notch is evaluated to within +0.5 pum.

EL G L1 slit L2

Fig.4. The experimental setup. M1, M2, mirror; P1, P2, polarizer; EL, beam expander; G, glass

slide; L1-L2, spherical lenses; slit; CL, cylinder lens; C, crystal; L3, microscope objective; CCD,

CCD camera.

3.2. The dark solitons experiment

First, we let a 10 uW laser beam having an 18 um
notch focus onto the entrance face of a 8.6 cm long
crystal, as shown in Fig.5(a). At ¢t = 0, the dark notch
at the crystal exit face diffracts to 63 um, as depicted
in Fig.5(b) . Under beam illumination, the dark ditch

becomes narrow for stronger PR effect. For about an
hour, the notch reaches steady state with a width of
18 pum in Fig.5(c). Horizontal intensity profiles at the
crystal entrance face and exit face with different time
of illumination are below the pictures. These results
indicate that dark PV solitons have formed.
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Fig.5. Pictures of dark solitons and the horizontal intensity profiles. (a) The input beam, (b)
the diffractive beam at the exit face, (c) dark solitons at ¢ = 60 min.

We then let the laser beam be equal to 10, 20
and 50 uW, respectively, and use a CCD camera to
acquire the images of the output beam at regular in-
tervals. Fitting the size of the dark notch at different
time, we obtain the evolution curve of the dark soli-
tons, as displayed in Fig.6, where circles represent the
case of 10 uW, triangles represent the case of 20 W,
and squares represent the case of 50 pW. In Fig.6, the
width of solitons decreases monotonically with time
and finally reaches a constant value. The widths of
steady solitons are 21, 18 and 13 um from the top
curve to the bottom one. These experimental results
agree well with the theory analysis in the range of
r < 1.
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Fig.6. Dark-notch intensity FWHM evolution for beam
power of 10 uW, 20 uW and 30 uW ,respectively, from the
top line to the bottom one.

In Fig.7, curves are measured with a 2mm-long
crystal, and the power of the laser beam is equal to
1 mW, 500 uW and 300 pW. All curves begin with
an initial FWHM of 15 pum. By changing the laser
beam power, the dark notch undergoes a self focusing
effect followed by some widening. Figure 7 shows that
the width of the solitons attains the same minimum
at different powers, but the minimum occurs earlier in
time for high power, as predicted in Fig.2. For a fixed
beam intensity, changing the size of the dark notch at
the crystal entrance face from 20 pm to 10 pm, we still
gain the same minimum approximately 5 pm. These
features demonstrate that the quasi-steady-state soli-
tons have formed in the PV material.
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Fig.7. Dark-notch intensity FWHM evolution for various
beam powers. Squares, 300 uW; triangles, 500 uW; circles,
1mW.
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In addition, we observe that the formation time of
quasi-steady-state solitons is inversely proportional to
the intensity of the laser beam, as depicted in Fig.8.
In these experiments, quasi-steady-state solitons are
obtained only because of modulation instability. By
comparing the experimental curves with the results
of the numerical integration in Fig.2, the qualitative
agreement is obvious.

6000
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~
S 3000 A
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o experiments
1000 A —linear fit
0 0.1 0.2 0.3 0.4 0.5

(1/Imax)/(mW*1 .Cm2)

Fig.8. Measurement of quasi-steady-state dark PV soli-
ton formation time o as a function of 1/Imax.

3.3. The experimental analysis

In our experiments, r equals the ratio of soliton
peak intensity to dark irradiance, which is the key
parameter in the evolution of dark solitons. The typ-
ical value of dark irradiance in LiNbOj:Fe crystal is
1 mW /cm?. We calculate beam intensity by the for-
mula of I = P/S, where P is optical power and S
is the area of the beam on the crystal. In Fig.6, the
beam intensities are all below 1 mW /cm?, which meets
the case of r < 1. In this situation, we find that
the FWHM of the dark notch decreases monotonically
with time, and the width of the steady solitons de-
creases with increasing r. These experimental results
are in concordance with the theory for » < 1. We then
enhanced the beam intensity to about 9 mW /cm?,
15 mW/cm? and 30 mW/cm? in Fig.7, which meet

the case of » > 1. Under these conditions, we have
obtained quasi-steady-state solitons only with forma-
tion time inversely proportional to the intensity. The
evolution of dark solitons agrees with the theory in
the quasi-steady-state regime but not the steady-state
regime because of beam breakup. In dark PV solitons
experiment, modulation instability is the main factor
inhibiting the formation of steady solitons, and it is
enhanced exponentially with increasing beam inten-
sity and crystal length.178 In order to reduce the
modulation instability, we have chosen a shorter crys-
tal at high intensities, but it cannot be eliminated.
Ignoring this limitation, the quantitative coincidence

is excellent.

4. Conclusions

In conclusion, we have presented detailed results
of the experimental observation of the dark PV soli-
tons in iron-doped LiNbOs crystal, and compared
these results with those based on the time-dependent
band-transport model. We proved theoretically that
dark PV solitons can exist in both the quasi-steady-
state and steady-state regimes. For r < 1, the FWHM
of the dark PV solitons decreases monotonically to a
constant value, whereas for r > 1, the FWHM of the
solitons first decreases to a minimum, and then in-
Moreover, the FWHM
of the steady solitons decreases with increasing r for

creases to a constant value.

r < 1, and increases with increasing r for » > 1.
We did experiments at both low and high beam pow-
ers, and obtained the temporal behaviours of the soli-
tons. The experimental results demonstrated that
steady solitons can be observed at low optical inten-
sities, while the quasi-steady-state solitons exist only
at higher beam power with the FWHM being 5 pm
wide. These experimental results agree well with our
theory, and more importantly, this is the first time one
has observed the quasi-steady solitons in LiNbOg3:Fe

crystal.
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