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We present numerical and experimental analyses showing the formation of (2+1)D spatial photorefractive soli-
tons at visible wavelengths in electrically biased lithium niobate crystals for ordinary and extraordinary light
polarizations. Similarly sized self-trapped beams are observed for both polarizations, despite the polarization-
dependent electro-optic coefficients. The tensorial character of the photovoltaic effect is shown to play a key
role. The soliton-induced waveguides are able to properly guide telecommunication wavelengths. Finally, a
higher degree of anisotropy is observed for ordinary polarized solitons for specific electro-optic configurations,
which reveals the presence of the photorefractive field component perpendicular to the applied field. Experi-

mental results are confirmed by a time-dependent numerical model.

1. INTRODUCTION

Since the first observation of optical spatial solitons by
Kerr in the late 1980s [1], spatial solitons have been stud-
ied in various nonlinear media [2—21]. These self-trapped
beams that propagate without alteration of their trans-
verse profiles have been observed, for instance, in qua-
dratic media [13] and also at very low power intensity in
liquid crystals [7,14,15] or photorefractive media
[2-4,6,10-12,16], with recent studies devoted to propaga-
tion in periodic nonlinear media [5,17]. Optical nonlinear
effects are essentially light polarization sensitive, which
inspires vectorial analysis. Some media, such as Kerr Al-
GaAs [18,19], show weak soliton polarization dependence
while others, like liquid crystal [20,21] or photorefractive
(PR) materials, possess features that enhance anisotropy.
In particular, the electro-optic effect, which is central in
liquid crystals and PR media, explains light polarization
sensitivity. However, polarization dependence of a scalar
spatial soliton formation has been analyzed primarily in a
one-dimensional (1D) case (1+1)D [22,23]. For photovol-
taic screening solitons at the heart of this work, not only
the electro-optic effect but also the photovoltaic effect is a
function of light polarization. This motivates the present
study where the case of a photovoltaic screening soliton in
a LiNbOj crystal is treated in the frame of a (2+1)D
model. In addition, the space-charge field component per-
pendicular to the crystal ¢ axis, which is usually ne-
glected, is shown to affect soliton formation for particular
configurations.

Lithium niobate (LiNbOgs), which is largely available
and frequently used in the photonic and optoelectronics
industry, is suitable for the formation of photorefractive
spatial solitons. Dark photovoltaic solitons were first ob-

served using defocusing nonlinearity [24,25], while bright
photovoltaic solitons were observed in a more exotic ferro-
electric crystal [26]. More recently, bright solitons have
been demonstrated in LiNbOg using an external applied
field opposite and higher than the photovoltaic field [10].
Bright solitons are easy to form and give rise to memo-
rized circular low-loss waveguides inside a bulk medium.
Bright spatial solitons can thus be considered as a simple
and low-cost technique to form tridimensional optical cir-
cuits in LiNbOj that compare favorably with other tech-
niques such as direct UV writing [27]. Many applications
could be envisioned, such as compact optical information
processing systems [28,29].

Beam self-focusing in LiNbO3 has been exclusively
studied for extraordinary polarization that benefits from
the strong electro-optic coefficient rgz. In this work we
present the possibility of using ordinary polarization to
create bright spatial solitons and efficient -circular
waveguides in LiNbOj. The experimental results are ex-
plained throughout a time-dependent 3D numerical
model. We show that most efficient waveguides are in-
duced with ordinary polarized solitons when probed by
extraordinary light, as confirmed by guiding tests at tele-
communication wavelengths. Additionally, the presence of
the space-charge field component perpendicular to the ap-
plied field, which is usually neglected for PR solitons, is
shown to have an impact on beams for particular configu-
rations.

2. THEORETICAL BACKGROUND AND
NUMERICAL MODEL

The system of Eqs. (1), suitable to describe the photore-
fractive effect in a medium with one deep-level donor and



where transport is electron-dominated, is used to model
beam self-trapping in LiNbOj:
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where I is the light intensity; I, is the equivalent dark in-
tensity; Na, Np, N}, and n, are the densities of shallow
acceptors, deep donors, deep ionized donors, and free elec-
trons, respectively; s is the photo-excitation coefficient; y
is the recombination constant; kg is the Boltzmann con-
stant; u is the electron mobility; and T is the crystal tem-
perature. We assume a photovoltaic effect throughout 8,,
which depends on polarization. B,,=8,,31 and B,;,=B,r33
for ordinary and extraordinary beam polarization in a
LiNbOg3 crystal, respectively. [e] is the static dielectric

tensor, p is the charge density, and J is the current den-

sity. Note that in this model the space-charge field E(F)
produced in a point location by the charge density p is ex-
pressed through the integral Eq. (1e) (dV being an el-
ementary volume), which is easier to solve by a 3D dis-
crete fast Fourier transform than the usual Poisson
equation. To obtain the evolution of the light-induced

space-charge field E, a numerical resolution of the system
is necessary [30].

From the set of Egs. (1), usual assumptions are made.
The density of acceptors is assumed to be greater than the
density of free electrons (N4>n,). Moreover, the genera-
tion time of free electrons is neglected as compared with
the characteristic evolution time of the space charge. Fol-
lowing these hypotheses we obtain from Eqgs. (1a)-(1d),
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where 7, N, D, and ]VB are free electrons, donors, and ion-
ized donor densities normalized to Ny; p is the space-
charge density normalized to eNy, é=s/yN,; and Epy, is
the photovoltaic field given by
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For a monochromatic beam of wavelength \, light propa-
gation is given by the paraxial wave equation (PWE)
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where V7 =(#?/ax?,%/3y?), A, and A, are the transverse
components of the optical field with I,=|A]?, and k
=27m/\ is the wave vector in the unperturbed medium of
refractive index n. Note that the PWE is not strictly valid
for an extraordinary polarized beam because of the crys-
tal anisotropy as shown in [31]. However, experimental
results presented farther on in the paper are predicted
adequately with Eq. (5), which justifies that model refine-
ment is not necessary.

The index perturbation An induced by the photorefrac-
tive space-charge field by electro-optic effect is given by

Ex

1
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with [r] as the linear electro-optic tensor of LiNbO3; and
(Ex,Evy,E7) as the space-charge field components.

For a given crystallographic configuration and light po-
larization, the numerical method consists of solving Eq.
(1le) by 3D discrete fast Fourier transform (2) and (3) by
the iterative method to obtain the space-charge field at a
given time step, and the refractive index perturbation is
deduced from Eq. (6) [30]. Light propagation is simulta-
neously calculated in each successive elementary propa-
gation step by the split-step Fourier method. This process
can be repeated until a steady-state regime is reached.

In this work we consider a standard configuration
where an external field is applied along the LiNbOg z axis
while a beam propagates perpendicular to the z axis. Note
that the z axis corresponds to the LiNbOj3 ¢ crystalline
axis.

We first present the case of a 532 nm beam, either ex-
traordinary or ordinary, polarized propagating along the y
crystallographic axis. Considering a null electric field
component along propagation (Ey=0), index perturba-
tions induced by the electro-optic effect [32] for extraordi-
nary and ordinary polarization are given by Egs. (7) and
(8) for this specific configuration, respectively:

Ang=- §n§r33EZ, (7

AnX = - §n2r13EZ. (8)

With r33=32 pm/V and ry3=9,4 pm/V, note that the Ex
component of the space-charge field does not play a role in
the index change.

Parameters of the numerical simulation are optical
power 114 uW, applied field 40kV/em, Ny=2
X102 em=3 Np/Ny=2, and I;=1,,,,/100. A 12 um beam



FWHM is considered at the input face of a 20 mm long
crystal. Other parameters are taken from [30].

For an extraordinary polarized beam, calculated inten-
sity distribution along with index perturbation and trans-
verse space-charge field components at the crystal output
are presented in Fig. 1 for a photovoltaic field £, set to
-35 kV/em. This value of E,, is chosen to obtain a self-
trapped beam when the best confinement is reached. Im-
ages correspond to an illumination time leading to the
best confinement. A slightly elliptical spot (Fig. 1(a)) is ob-
tained (FWHM, =10 um, FWHM, =14 pm), which is con-
sistent with the asymmetric index distribution (Fig. 1(b))
produced by the transverse component E; of the space-
charge field (Fig. 1(c)). Such a distribution is in accor-
dance with previously published results on a 2D photore-
fractive model [33]. Component Ex of the space-charge
field, which is perpendicular to the applied field, has an
antisymmetric distribution with four lobes as shown in
(Fig. 1(d)). This component does not influence the refrac-
tive index distribution for the present electro-optic con-
figuration but, however, contributes to charge displace-
ment.

For an ordinary polarized beam, calculated intensity
distribution, along with index perturbation and trans-
verse space-charge field components at the crystal output,
are presented in Fig. 2. E,, is arbitrarily taken identically
as the one for extraordinary polarization, despite the fact
that it could be polarization-dependent throughout the
photovoltaic coefficient. In such a case we can observe
that the trapped beam FWHM,=38 um, FWHM,
=24 pm is less confined compared with extraordinary po-
larized light due to the lower value of the electro-optic co-
efficient r;5 associated with ordinary polarization, which
is approximately three times lower than the rj; associ-
ated with extraordinary polarization.

For different configurations, the space-charge field
component perpendicular to the applied field can also af-
fect the self-focusing behavior. As an example, we still
consider a LiNbOg crystal biased along the z axis but not
for a beam propagating along the x crystallographic axis.
For this particular configuration and with ordinary polar-
ization, both Ey and E; components contribute to the in-
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Fig. 1. (Color online) Calculated light intensity distribution for
(a) extraordinary polarization, refractive index distribution and
(b) transverse components (¢) E; and (d) Ex of the space-charge
field normalized to E at the exit face for light propagation along
the y crystallographic axis in a 20 mm long LiNbOj crystal.
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Fig. 2. (Color online) Calculated light intensity distribution for
(a) ordinary polarization, (b) refractive index distribution, and
transverse components (c) E; and (d) Ex of the space-charge field
normalized to E, at the exit face for light propagation along the y
crystallographic axis in a 20 mm long LiNbO; crystal.

dex change throughout the two electro-optic coefficients
r13 and ree=6,7 pm/V, according to the expression

Any = - 5”3(’"22EY +r13E7). 9

In this case, numerical simulations reveal a higher degree
of anisotropy as shown in Fig. 3. An obvious consequence
is the formation of an output-trapped beam with a tilted
elliptical intensity distribution (Fig. 3(a)). This tilt is due
to the asymmetric shape of Ey (Fig. 3(d)) that, added to
E 4, gives rise to the rotated refractive index perturbation
(Fig. 3(b)). This characteristic is easier to visualize during
the initial self-focusing of wide beams since weak varia-
tions of the refractive index have a strong influence on
light distribution. On the contrary, beam tilt is hardly no-
ticeable for strongly confined self-trapped beams since the
amplitude of E; prevails over the Ey component.
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Fig. 3. (Color online) Calculated light intensity distribution for
(a) ordinary polarization in a transient regime, (b) refractive in-
dex distribution, and transverse components (¢) E; and (d) Ey of
the space-charge field normalized to E, at the exit face for propa-
gation along the x crystallographic axis in a 7 mm long LiNbOg
crystal. Parameters are identical to those in Fig. 1 except A
=632 nm, input FWHM=16 um, and E,,=-26 kV/cm.



For extraordinary polarization, no tilt is present for the
elliptical shape since the index perturbation only depends
on the E electric field component and the rs5 electro-optic
coefficient, as in Eq. (7).

3. EXPERIMENTAL RESULTS

In order to verify the predicted behavior, the optical setup
is composed of a cw visible laser source (either at 532 nm
or 633 nm) whose beam is focused at the entrance faces of
congruent undoped LiNbOj; (photonic grade) samples.
Beam power and polarization can be varied, thanks to the
combination of a polarizer and a half-wave plate. The
beam propagates perpendicular to the ¢ axis either along
a7mm or 20 mm long distance in the crystal, depending
on the sample. A microscope objective images the exit face
of the sample on a CCD camera. An external electric field
of typically Eq=40 kV/cm amplitude is applied in the di-
rection of the LiNbOj crystal ¢ axis in order to induce a
self-focusing effect [10]. We note that no light beam is
used to artificially increase the sample dark irradiance.

Experiments are first performed for a beam at 532 nm
focused to a 12 um FWHM spot at the input face of a
20 mm long LiNbO3 sample, and propagation is along the
y crystallographic axis.

Dynamics of self-trapping are presented in Figs. 4 and
5 for extraordinary and ordinary polarized light, respec-
tively, until best focusing is reached. We observe, surpris-
ingly, that self-trapped beams are obtained for both polar-
izations, as revealed by the similar beam sizes present at
the input and output crystal face. Indeed, slightly ellipti-
cal beams with a FWHM of 12 um and 14 um, respec-
tively, in the directions parallel (z) and perpendicular (x)
to the applied field are formed. Note that longer induction
time is, however, necessary for ordinary light.

The self-trapped beam depicted in Fig. 4(f) is in good
agreement with the calculated light intensity distribution
shown in Fig. 1(a). However, despite the weaker electro-
optic coefficient ri3 associated with ordinary polarization,
an efficiently trapped beam is observed experimentally
for ordinary light. To explain this fact the polarization de-
pendence of the photovoltaic effect has to be considered.

Fig. 4. Self-focusing dynamic of an extraordinary polarized
beam for Ey=40 kV/cm, A=532 nm, input power=114 uW, and
input beam FWHM=12 um. Images are taken at regular inter-
vals from (a) t=0 s for a free diffracting beam to (f) t=450 s for
the most confined beam.

Fig. 5. Self-focusing dynamic of an ordinary polarized beam for
E;=40 kV/cm, input power=114 uW, and input beam FWHM
=12 pum. Images are taken at regular intervals from (a) t=0 for a
free diffracting beam to (f) t=1020 s for the most confined beam.

We thus performed additional simulations for ordinary
light, considering E,;, as a free parameter.

The best fit with the experiment is obtained for E,,
=-24 kV/cm (Fig. 6).

For self-trapping in LiNbOj3, the photorefractive space-
charge field amplitude is given by a competition between
the applied field and the adverse photovoltaic field. As a
consequence, in the studied configurations the weaker
photovoltaic effect linked to ordinary polarization permits
the formation of a larger space-charge field that compen-
sates for the low value of the electro-optic coefficient rys.
Similar self-induced waveguides are then formed for both
polarizations. In addition, as observed experimentally,
formation time is expected to be longer for ordinary than
for extraordinary polarized light since a space-charge
field of larger amplitude is generated for ordinary polar-
ization. Finally, a comparison between experiment and
theory allows us to deduce a ratio B33/831=1.46 between
the photovoltaic coefficients. This result is consistent with
previously published values [34], B,p33=4X 10-% ecm/V
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Fig. 6. (Color online) Calculated light intensity distribution for
(a) ordinary polarization FWHM, =14 um, FWHM,=10 pum, (b)
refractive index distribution, and (c) transverse components E,
and (d) Ex of the space-charge field normalized to E, at the exit
face for light propagation along the y crystallographic axis in a
20 mm long LiNbOj crystal for E,;,=-24 kV/cm.



and Bpp31=2 X 102 cm/V. In a second stage we study a
different electro-optic configuration. Beam propagation
along the x crystallographic axis in a 7 mm long LiNbOj
sample is now considered. When biased to Ey=40 kV/cm,
similar results than in a previous configuration (Fig. 4)
are observed, as expected from theory. However, when or-
dinary polarized light is launched, a different beam trap-
ping behavior than for the y propagation is observed. In-
deed, the beam intensity redistributes into an elliptical
shape, which is now tilted with respect to the crystal ¢
axis. This phenomenon is better observed during the ini-
tial self-trapping stage as depicted in Fig. 7.

Note that a long wavelength is used (632 nm) in the
latter experiment, which explains the greater response
time as compared with former experiments (532 nm). As
predicted by the above theory, appearance of the tilted el-
lipse is due to the presence of two transverse space-charge
field components, namely Ey and E;. Both components
now combine to give the induced waveguide as specified
by Eq. (9). The resulting anisotropy is, however, hardly
measurable when strong focusing is reached since elliptic-
ity becomes too weak. Such anisotropy was mentioned in
a recent paper on vortex beam propagation in photore-
fractive LiNbOg3 [35]. Note that for the reported experi-
ments, self-trapped beams have identical dimensions for
power varying from uw (I=10% W/m?) up to 200 uw (I
=105W/m?), while increasing power reduces the forma-
tion time in accordance with the basic single deep-center
model.

Finally, guiding properties of induced waveguides have
been assessed in the near infrared. Self-trapped beams
are first formed with Eq=40 kV/cm with either ordinary
or extraordinary light polarizations. Once the best trap-
ping level is reached, the trapped beam and the applied
field are switched off, then memorized waveguides are
probed with near-IR beams. Typical results are presented
in Fig. 8 for an extraordinary polarized probed beam. On
the one hand, it shows that, when induced by an extraor-
dinary polarized self-trapped beam in the visible range,
waveguides are not strong enough to properly guide
near-IR beams (fig. 8(a) and 8(b)). Losses are already de-
tectable at 1.06 um (Fig. 8(a)) but are more obvious at
1.55 um (Fig. 8(b)). The wavelength dependence is ex-
pected from simple waveguide theory. On the other hand,
when induced by ordinary polarized beams, waveguides

Fig. 7. Self-focusing dynamic for an ordinary polarized beam
propagating along the x crystallographic axis for Ey=40 kV/cm,
A=632 nm, L=7 mm, and P=400 uW. Images are taken at regu-
lar time intervals from (a) a free diffracting beam to (f) t
=70 min . Interferences are caused by CCD sensor internal
reflection.

(a) A=1064nm

(¢) A=1064nm (d) A=1550nm

Fig. 8. Images at the exit face of waveguides formed with (a,b)
extraordinary and (c,d) ordinary polarized trapped beam when
excited with an extraordinary polarized probe at either (a,c)
1.06 um or (b,d) 1.5 um wavelengths.

display much stronger guiding properties. For instance, a
probe at 1.06 um is efficiently confined (Fig. 8(c)) and
even a 1.55 um wavelength beam can be properly guided
(Fig. 8(d)). These results clearly demonstrate that ordi-
nary polarized spatial solitons induce deeper waveguides
than extraordinary polarized solitons in LiNbOg3. Indeed,
a fixed waveguide created with ordinary polarization prof-
its from a deeper space-charge field in conjunction with a
larger electro-optic rss coefficient when probed with ex-
traordinary polarization.

4. CONCLUSION

It is shown experimentally that a similar self-trapping be-
havior is observed in photorefractive LiNbOj3 for extraor-
dinary and for ordinary polarized beams. This polariza-
tion independence is due to a balance between electro-
optic and photovoltaic coefficients, as confirmed by a time-
dependent (2+1)D photorefractive numerical model.
Moreover, additional photorefractive anisotropy is re-
vealed for a particular electro-optic configuration because
both space-charge field components along and perpen-
dicular to the ¢ axis contributes to beam self-trapping. Fi-
nally, most efficient waveguides are shown to be formed
when writing beams are ordinary polarized. Such photo-
induced waveguides are able to properly guide near-IF
signals.
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