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Two-photoactive-center model applied to photorefractive
self-focusing in biased LiNbO;

Fabrice Devaux,” Jassem Safioui, Mathieu Chauvet, and Rémy Passier
Département d’Optique PM. Duffieux, Institut FEMTO-ST, UMR CNRS 6174,
Université de Franche-Comté, F-25030 Besancon Cedex, France
(Received 26 August 2009; published 26 January 2010)

We propose a time-dependent, three-dimensional numerical model where iron impurities and polarons are
both considered photoactive centers to explain beam self-trapping in biased lithium niobate crystal. It shows that
the intensity-dependent behavior reported experimentally is due to the competition between the drift current and
the nonlinear photovoltaic current. For low light intensity, beam self-focusing occurs, while beam-splitting is

observed at a higher intensity level.

DOI: 10.1103/PhysRevA.81.013825

I. INTRODUCTION

As a ferroelectric crystal, lithium niobate (LiNbO3)
exhibits many properties such as electro-optic, pyroelectric,
photovoltaic, or piezoelectric effects. In conjunction with its
excellent optical quality, it constitutes a material of choice for
optoelectronic devices. In addition, it exhibits photorefractive
(PR) properties useful for holographic data storage and in other
configurations [1]. The main domain of application of LiNbO3
in optics is in the field of integrated optical circuits. While up
to now these circuits have been formed essentially by standard
fabrication techniques at the surface of LiNbOs3, recent studies
have considered it as a host material to form tri-dimensional
optical circuits. Either laser scanning [2] or self-trapped beam
techniques can be used to induced such guiding structures. In
the frame of the latter technique, which is also at the heart of
this article, one- (1D) and two-dimensional (2D) PR dark or
bright solitons have been demonstrated experimentally in dif-
ferent ferroelectric materials [3—7]. Simultaneously analytical
and numerical models have been proposed in order to explain
the mechanisms and temporal dynamics of beam self-trapping
in PR materials [8-13].

The PR effect is known to be enhanced by doping
with transition-metal impurities like iron (Fe), and many
PR experiments are consequently performed in LiNbO;:Fe.
In this situation, modeling is adequately performed by the
Kukhtarev’s one-carrier transport model [14] for low intensity.
However, the PR effect in doped and nominally pure LiNbO3
crystal was also investigated at high light intensity with pulsed
or focused cw laser beams, but reported effects cannot be de-
scribed if a single iron photoactive center (Fe>* < Fe’* +¢™)
is considered. Jermann et al. [15,16] later proposed a model
where a second deep center becomes active at high light
intensities. This additional center has been identified as Nby;
polarons (Nb** = Nb’T+e~) which is an intrinsic defect
of the crystal. Quantitative predictions of photorefractive
properties in doped and undoped LiNbOj3 crystal at low and
high light intensities were obtained.

More specifically, PR 2D bright solitons were demonstrated
in an unintentionally doped LiNbOj crystal [7]. In a previous
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paper, we proposed a time-dependent, three-dimensional (3D)
model with an original approach to numerically solve the
light-induced space-charge field [17]. It was later refined to
explain the large deflection of self-trapped beams observed in
photonic-grade LiNbOj crystals [18] that is attributed to satu-
ration of the deep ionized donors. Experiments with low power
beams are correctly predicted with the above models, but
higher beam power reveals a different behavior. The purpose
of this article is to describe the physical behavior of beam self-
trapping in biased LiNbOs; crystal versus intensity. Both iron
impurities and polarons are considered as photoactive centers
for charge transport. Note that the studied process opens up
the possibility to usefully exploit the PR effect to confine
light and in the meantime to avoid the catastrophic optical
damage usually observed at high intensity in LiNbOj; crystals.
In the first part of the article, a numerical model is presented
which reveals the competition between drift and photovoltaic
currents as a function of the light intensity. Self-focusing and
large bending of a Gaussian beam at low light intensity is
still predicted, and additional splitting of the beam in two
trapped beams is predicted for higher intensities. Corroborat-
ing experimental results are depicted in the second part of the
article.

II. THEORETICAL BACKGROUND AND NUMERICAL
MODEL

From the elaborated two-deep level band transport model
where iron ions and polarons are considered as photoactive
centers developed by Jermann et al. [15], the following system
of equations can be considered:

o —
5 = (Spe + SFex Ny )l (Nge — Ng,)
— [(#reNe + yxre(Nx — NDING,  (la)
INy + +
= = (sxI + yxpeNg)(Nx — Ny)
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where N,, NF*;, and N ; are, respectively, the densities of free
electrons, ionized iron, and ionized polarons. [ is the light
intensity, Sge, Sx, and sgex are the photoionization coefficents
of electron from, respectively, the Fet and X states into the
conduction band and from Fe?t to X states. Yre, Vx, and
yxre are the corresponding recombination rates of electrons.
While electron recombination from conduction band (CB)
to the X state was discarded in Ref. [15], we stress that
such an electron transition is considered here and that the yx
value is estimated from the assumption that v N, > yx Ny
in LiNbOs:Fe [15]. Equation (1d) is the expression of the
total current density where drift current, photovoltaic (PV)
currents of both photoactive centers, and thermal diffusion are
considered. . and kx are PV coefficients. 75) represents the
total electric field in the material. The space-charge density is
givenby p = e(NFt + N;(L — N4y — N,), where N4 is constant
and corresponds to the shallow acceptor density. e and u
are, respectively, the elementary charge and the mobility
of electrons. kg is the Boltzmann constant, and 7 is the
temperature.

In nominally pure LiNbOj crystal, iron is a deep trap
present as an donor impurity with concentration lower than
10 mol parts in 10° (ppm) which corresponds approximately
to iron density Np. <2 x 102 m™3. We have previously
shown in Ref. [17] that large beam bending can occur due
to saturation of ionized donors. It occurs when donor density
is of the same order of magnitude as space-charge density
(lpl/e ~ Nge — Ng;/ ~ 2 x 10"”m=3) and consequently when
most iron centers are ionized (NF+e /Nge = 0.99). In addition,
the PV effect is known to be more efficient for extraordinary
(e) than for ordinary (o) polarized light. In the numerical
calculation, PV coefficients for e polarization are assumed
to be twice that of PV coefficients for o polarization.
Other parameters of the material listed in Table I are taken
from [15].

III. NUMERICAL RESULTS

First, let us consider the case of an electrically biased
crystal, with a static electric field Ey applied along the ¢
axis. In addition, the crystal is uniformly illuminated with
e-polarized light. Because of their energy level position in
the band diagram, all polaron centers are supposed to be
ionized (NJ = Ny) in the dark. Moreover, most iron centers
are supposed to be ionized (Ng,/Nr. = 0.99), and no free
electron is present in the dark (N, = 0) because of the
presence of shallow acceptors. From these initial conditions,
rate equations (la)-(lc) are numerically solved to give the
population densities of the different electric species at steady
state. Figure 1(a) shows the typical variation of Ng. — N;;,
Nx — N ; , and N, densities with respect to light intensity for
an applied electric field set to Ey = 6.5 x 10 Vm~'. Then,
thanks to Eq. (1d), the component along the ¢ axis of current
densities is calculated. Figure 1(b) reveals the competition
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TABLE I. LiNbOj; crystal parameters.

Parameter (A = 532 nm) Value

n, 2.32

n, 2.22

r3 (m V™1 9.6 x 1072
r33 (mV™h) 32.9 x 10712
w(m?Vv-lsh 7.4 x 1073
Spe (M2 J71) 1073

Sx 5% 1073
SFex (m5 J_l) 3.22 x 10_30
Yre (M s71) 1.65 x 10714
yx* <5x 10716
Yxre” 107"

kg (m3 V=1 —35x 1073
Kfe —7x 1079
Ky —21.2x 1073
K% —42.4 x 107
Nx¢ (m™) 2 x 10%
Nre 2 x 10%

2Estimated value.
Best fit value.

“Estimated values corresponding to 1% of polarons.

between drift and photovoltaic currents; for low light intensity,
the contribution of polarons to PV current is negligible, and
consequently, a positive total current given by drift current is
present. When intensity increases up to a threshold intensity
I, ~ 10> Wm™2, PV current due to polarons becomes signifi-
cant and total PV current compensates drift current. For higher
intensities, PV currents become greater than drift current and
an inversion of the current sign is observed. Figure 1(c) shows
more precisely the evolution of the total current with respect
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FIG. 1. (Color online) Intensity dependence of population den-
sities at a steady state for polarons, Fe ions, and electrons (a), PV
and drift currents densities (b), and total current density (c). Total
current density versus light intensity and bias voltage (d) where the
solid blue line indicates no net current (exact compensation between
PV and drift currents).
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to the light intensity. The total current first increases with light
intensity up to a maximum and then continuously decreases.
Since the bias voltage amplitude is an important parameter,
Fig. 1(d) gives a picture of the current dependence with respect
to light intensity and bias voltage. The blue curve indicates
exact compensation between drift and PV currents (no net
current). Note that this latter curve also gives the amplitude
of the so-called PV field |E,,| versus light intensity. For low
light intensity, the main contribution to photovoltaic current
comes from iron centers and PV current increases linearly
with intensity which leads to a constant photovoltaic field
as for a single center model. The amplitude is El}j?) ~ —6 X
10° Vm~! for the considered parameters. For higher intensi-
ties, £, decreases and tends to a new limit value £ [)fv ~ =7 x
10° Vm~! that corresponds to full ionization of iron centers.
Assuming, respectively, 3Nf =0, Nf, >~ Nge, Nx — N; =0
for low intensity and 8;\’ =0, Ny >~ Nx, Npe — N, =0
for high intensity, we can deduce from Egs. (1a)—(lc), the
following expressions of PV fields for e-polarized light:

KFe(VFeNFe + VXNX)

Er = —59x10°vm™!, (2a)

SFeL€
N, N

EX = CreNee + XN _ 755 100vm!. (@2b)
¢ Sx e

Subsequently, E,, versus intensity is perfectly matched by
the following equation:

EY, Ete
E, = _PL N—L— 3)
— SFe YxFe NFe — S5 -2
where I, = #;:Nx) = 1.2 x 10° Wm™ corresponds to

a critical intensity. /. strongly depends on iron density and is
sensitive to wavelength and polarization of light. Moreover,
the expression of I, is in agreement with the critical intensity
defined in [19] where excitation coefficients sy and sg. are
assumed to be of the same order of magnitude and where
the excitation channel from Fe?* to X+ states is discarded.
These results are also consistent with the saturation of the
refractive index change reported in [15], and Eq. (3) can be
used to determine the light intensity threshold responsible
for optical damage in LiNbO;3 [20]. Finally, to conclude this
section, it is important to note that the sign of the total current
can be controlled either with light intensity or bias voltage.
Let us now study the case of a nonuniform illumination in
a biased crystal. More specifically, propagation of a focused
Gaussian beam is considered. From the above development,
it is clear that any intensity variation, due for instance to
transverse intensity distribution and beam diffraction, induces
strong photorefractive current change. From a different point
of view, intensity and bias voltage can also be adjusted in order
to locally induce a positive or negative current. Consequently,
the focusing or defocusing property of the material can be
controlled either with beam power or bias voltage; when
Ey < EFe or Ey > —EX | respectively, defocusing or fo-

cusing effects dominate whatever beam intensity. For — E Ei <

Ey < —E;‘v, beam self-focusing occurs if I < Iy, but com-
petition between drift and PV currents is strong when [ > Iy,
and the photorefractive defocusing effect of light could be

pv’
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present along the first diffraction lengths while the focusing
effect dominates further away.

In order to expose this behavior, we solve the three-
dimensional, time-dependent numerical model with the ion-
ized iron ions, polarons, electrons rate equations [Eqgs. (1a)—
(1c)], and the equation that gives the total current [Eq. (1d)].
Starting from initial conditions for population of the different
electric species (N5 /Nx = 1, Ni./Nr. = 0.99, N, = 0, and
o =0) and initial light distribution in the volume of the
crystal, evolution of the space-charge density p, and population
densities of all the electric species are calculated. By solving
Eq. (4) with a three-dimensional discrete Fourier transform, the
three components of the space-charge (SC) field E_:C produced
by the charge distribution p(7) dV in the crystal volume V
are deduced (dV being an elementary volume).

oy T =T
Bl )_4[]///( Forp @

Thus, the total electric field in the crystal is given by E =
ﬁo + E_:c From the calculated electric field, refractive index
changes An induced by Pockels effect is calculated for both
o or e polarization (An, = —indri3Ey, An, = —indry3E,,
with E, being the component of the total electric field along the
c axis). Then, propagation of light in this perturbated medium
is performed by a classical split-step Fourier transform method
that gives the new light intensity distribution. The whole
procedure is repeated until the steady-state regime is reached.
The numerical experiment consists in focusing a laser beam
at 532nm to a waist of 17 um located at the entrance face
of a 2-cm-long LiNbOj crystal which describes closely the
experiments reported in the second part of the paper. The
laser beam is extraordinary, or the ordinary polarized and
beam power is set in the 5-150-u'W range which corresponds
to the 10* — 1.7 x 10° Wm~? intensity range including the
threshold intensity. In such a case, light-induced hole polarons
and light-induced absorption observed for very high inten-
sities (1 > 10° Wm™2) are neglected [21]. No background
illumination is used.

First we consider the propagation of alow power 9 uW (I =
10*Wm™?), o-polarized beam with Ey =15 x 10°Vm™!
(such as —F ;(v” < Ep). In this case, drift current is al-
ways greater than PV current which leads to self-focusing
of the beam as depicted in Fig. 2. It presents the time
dependence of the output beam profile along the c¢ axis
along with pictures of the output beam at characteristic
times of the process [Figs. 2(b)-2(d)]. As time evolves,
self-trapping of the beam is observed and further on beam
deflection appears due to saturation of iron centers. Note
that such a behavior can also be present when only one
deep center is considered [17]. An output-focused beam
reaches a width of 10 wum, and the beam displacement is
close to 15 pum along the ¢ axis (in the opposite direction
to the applied field Ej). For extraordinary polarization,
beam self-focusing is also observed, but a stronger Pockels
effect leads to overfocusing that finally tends to strongly distort
the beam instead of showing beam deflection.

The case of a higher beam power (140 uW : I = 1.5 x
10° Wm™? > Iy) e-polarized focused beam with Ey = 6.5 x

10°Vm~! (such as —Eﬁi( < Ey < Epv) is now studied.

013825-3
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IPosition (um)
o

t= 95000 s

FIG. 2. (Color online) Self-focusing and bending of a low power
(input intensity : 7 = 10* Wm™2 < I;) o-polarized Gaussian beam.
(a) Output beam profile evolution along the ¢ axis. (b)—(d) Pictures
of the output beam at different times.

Figure 3 shows spatial distributions of the PR parameters
along the propagation axis and in the transverse plane at the
input and output of the crystal at the beginning of the PR
process. As input intensity is higher than Iy, along the first
diffraction lengths [Fig. 3(a)], the total current is negative
in the center of the beam while it has a positive value on
its edges [Fig. 3(b)]. SC distribution [Fig. 3(c)] induced by
such a current gives rise to a positive SC field in the center
of the beam and to a negative SC field on both sides of the
beam [Fig. 3(d)]. Then by the mean of the Pockels effect, it
leads to a defocusing effect in the center of the beam and
to a focusing effect on the edges [Fig. 3(e)]. Because of the
diffraction, beam intensity decays along propagation (I < Iyy).
As a consequence, in the last part of the crystal, the PV current
decreases and the total current becomes positive which leads
to a focusing effect in the central part of the beam. As the
photorefractive effect continues to evolve [Figs. 4(a)-4(e)],
competition between defocusing and focusing effects in the
initial propagation lengths creates a splitting of the beam in two
spots [Fig. 4(a)]. Since the intensity of each spot is smaller than
the intensity threshold Iy, positive current is still generated in
the last part of the crystal [Fig. 4(b)] with transverse spatial
distribution similar to the beam intensity profile. With such
a particular shape of the total current, new space charges are
generated in the center of the beam [Fig. 4(c)]. Figure 4(d)
gives a picture of the corresponding electric field. Note that
while the initial total electric field in the center of the beam
was smaller than E, because of the negative PR SC field
[Fig. 3(d)], the SC field induced by central charges now tends
to counterbalance the negative SC field induced by surrounding
charges. Finally, the corresponding index perturbation exhibits
two focusing areas that form two self-trapped beams in the
transient regime. If the right parameters are chosen, two PR
solitons can be formed. It is important to note that if input
beam intensity is larger than twice the intensity threshold
splitting, in an even number of spots, greater than two can
eventually occur. Figure 5 presents the overall dynamic of this
beam-splitting and the self-focusing of the two beams. Two

PHYSICAL REVIEW A 81, 013825 (2010)

(d)

N

-1.1673

FIG. 3. (Color online) Early stage of the PR process for a
e-polarized high input power of 140 uW (I = 1.5 x 10° Wm™2 >
Iyy) focused beam. Input (left column) and output (right column)
transverse spatial distributions and spatial distributions along the
¢ axis versus propagation distance (center column) for (a) beam
intensity (Wm™2), (b) total current component along the ¢ axis
(Am™2), (c) space-charge density (Cm™3), (d) total electric-field
component along the ¢ axis (Vm™'), and (e) extraordinary index
modulation.

solitons can be observed but with slightly dissimilar intensity
and size [Fig. 5(e)]. Additionally, the trajectories of solitons
are not exactly symmetric [Fig. 5(a)]. These phenomena are
clear manifestations of a saturation of the iron center.

We emphasize that splitting behavior is also observed with
o-polarized light. Moreover, as the sign of the total current can
be controlled either with light intensity or bias voltage, splitting
of the beam in a pair of solitons can be also controlled with
bias voltage.

IV. EXPERIMENTAL RESULTS

At a low power beam, experimental self-focusing and
self-bending of PR solitons have already been reported in
biased LiNbO; [7,18]. Therefore, in this last part of the
article, we mainly present experimental results confirming
our numerical prediction of focusing or splitting of the beam
with respect to the beam intensity. Similar to the numerical
calculation described in Sec. III, a laser beam at 532 nm is
focused to a waist of 10 um located at the entrance face of
a 2-cm-long congruent LiNbO; crystal as depicted by the
input and output pictures of the beam given in Figs. 6(a)
and 6(b), respectively. First, beam power is set to a given value

013825-4
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(e)

FIG. 4. (Color online) The PR process in an advanced state
for a 140-uW power beam (I = 1.5 x 10° Wm™2 > [;). Output
transverse spatial distributions (left column) and spatial distribu-
tion along the propagation axis (right column) of beam intensity
(a), total current component along the ¢ axis (b), space-charge

density (c), total electric field component along the ¢ axis (d), and
index modulation (e).

3 4

4
x 10
t=46150's
=1
o
(e)

2
(s) Time
t=6150 s

0

t= 26150 s
<
=]
(d)

FIG. 5. (Color online) Splitting and self-focusing in two PR
solitons of an intense e-polarized Gaussian beam. Output beam profile
along the ¢ axis versus time (a), and pictures of the output beam at
different times (b)—(e).

(c)
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t=800s [h]

FIG. 6. Input (a) and output pictures of an e-polarized focused
beam in linear regime (b) and the temporal dynamic of PR self-
focusing (c)—(e) and splitting (f)-0O(h) of the beam, respectively, for
45- uW and 62- uW beam power.

45uW : I ~ 1.4 x 100 Wm™2) where efficient beam self-
trapping to a single spot is observed when the crystal is
biased with Eq = 4 x 10® Vm~! as shown in Fig. 6(e). When
beam power is increased up to 62 uW (I ~ 2 x 10° Wm™2),
splitting and self-focusing to two spots is now observed
[Fig. 6(h)]. The corresponding temporal dynamics are given
in both cases at three characteristic times [Figs. 6(c)-6(e)
and Figs. 6(f)-6(h), respectively). In a first stage, for 62-uW
beam power, weak focusing of the output beam is observed
[Fig. 6(f)]. Then, beam splits in two bright bow-shaped spots.
For a longer exposure time, this bow-shaped self-focus gives
rise to two PR spatial solitons [Fig. 6(h)]. Threshold intensity
in this case is estimated to be approximately in the range 1.5 —
2 x 10> W ym~2. The intensity-dependent behavior observed
experimentally is thus fairly well explained by our numerical
model. Some mismatches are present between numerics and
experiments which are mainly due to a poor knowledge of
crystal parameters such as impurity concentrations. As a
consequence, the characteristic times of PR effects, threshold
intensity, or photovoltaic field amplitudes are difficult to
determine accurately.

V. CONCLUSION

To conclude, we have presented a three-dimensional, time-
dependent numerical model that takes in account contributions
of two photoactive centers (iron ions and polarons) that is
successfully applied to explain PR beam self-focusing in
biased LiNbOs. It reveals very different behaviors depending
on the launched beam intensity. Numerical results explain, in
fair agreement with the experiments, the prominent role played
by the intensity-dependent photovoltaic field which compete
with the applied field.

For a better physical insight into the processes, the phenom-
ena involved in a simple case consisting of a homogeneously
illuminated biased LiNbOj are first studied. For low intensity,
only iron centers play a role in the PR effect and the
photovoltaic field is then constant. When beam intensity
increases, polarons take into effect through an additional
photovoltaic current. In this case, the photovoltaic current
increases with intensity until all iron centers are ionized.
It is demonstrated that for a given bias voltage, the total
current can even change sign if the intensity is above or

013825-5
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below a defined threshold intensity value. Moreover, analytical
expressions of PV fields for iron ions and polarons, the
total PV field with respect to light intensity and critical
intensity, and perfectly matched numerical calculations are
reported. The impact of this light-controlled current is then
studied in the case of an illumination with a Gaussian
beam. If input peak intensity is lower than the threshold
intensity, beam self-trapping occurs, while for larger intensity,
a more complex behavior is observed. Indeed, because of

PHYSICAL REVIEW A 81, 013825 (2010)

the intensity variation, both along the propagation axis and
in the transverse plane, competition between drift and PV
currents can either give the focusing or defocusing effect.
As a consequence, the beam splits in the initial propagation
distance to finally give multiple self-focused beams at a further
distance. Finally, we report the corresponding experimental
demonstration of beam splitting. Thanks to the presented
3D numerical model, comprehension of complex processes
involved in PR experiments is accessible.
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