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We report the observation of large self-deflection of 2-D bright photorefractive solitons in LiNbO; crystal
under a dc applied field. Beam deflection as large as 300 um after a 7 mm propagation distance is reported,
leading to formation of curved 2-D waveguides. We attribute this large deflection to the low level of impurity
acceptors present in the samples, as confirmed by numerical results from a time-dependent photorefractive

model. © 2005 Optical Society of America
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In the past decade photorefractive solitons have
attracted much attention. Although the first
observations’™ and the most advanced experi-
ments®® were realized in strontium barium niobate
crystal, it was recently demonstrated that LiNbOj is
an excellent candidate for forming narrow bright
screening  spatial  solitons.”  Soliton-induced
waveguides in LiNbOjs have the potential to bring
about new ways to design and realize photoinduced
optical components. Indeed, this mature material,
which is available in good optical quality with large
electro-optic, nonlinear, and acousto-optic coeffi-
cients, has already found extensive application in op-
tical components used in the optoelectronic and tele-
communication industry. However, soliton-induced
waveguides could make possible novel optical compo-
nents and, above all, provide access to the third
spatial dimension, allowing 3-D optical circuits in-
stead of 2-D, as achieved with standard integrated
technology.

In this Letter we show that self-focused beams in
LiNbO3 can give rise to curved photoinduced
waveguides. Although beam bending has already
been reported in the literature, it typically identifies
a weak beam deflection of about 10-20 um for a typi-
cal 1 cm long crystal.® In such experiments the deflec-
tion is essentially attributed to charge diffusion.’ In
this Letter we report the observation of a giant de-
flection (=300 um) of a screening soliton in LiNbOg
that depends on the amplitude of the applied field.
This deflection is not due to the photorefractive
charge diffusion process but instead is attributed to
the low concentration of acceptor impurities present
in photonic-grade LiNbOj crystals.

The optical setup is similar to that in Ref. 7. The
sample used for the experiment comes from an un-
doped z-cut photonic-grade congruent LiNbOs; wafer
whose absorption at 632 nm is lower than 0.12 cm™'.
It is 1 mm thick along the ¢ axis (x) and 7 mm long
along the beam propagation direction (y). Electrodes
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are laid on the x crystal faces and the sample is
placed in silicon oil to avoid arcing when an external
field E is applied. The light beam from a He—Ne la-
ser at 632 nm, linearly polarized along the crystal ¢
axis, is focused with a 70 mm focal length lens at the
entrance face of the crystal to a 10 um FWHM spot.
A CCD camera in combination with an imaging
lens is used to observe the beam at the exit face of
the crystal.

When a positive 30 kV/cm electric field is applied
along the crystal ¢ axis, the beam diameter at the
exit face gradually focuses down to 10 um, similarly
to the report in Ref. 7, and a spatial soliton is formed.
However, when the same experiment is replicated us-
ing a higher applied field, intriguing beam changes
are observed at the exit face. A typical observation is
depicted in Fig. 1 for a 100 «W incident beam and a
50 kV/cm external applied field E,. In the initial
stage, the beam at the exit face gradually focuses
[Figs. 1(a) and 1(b)] and a 10 um diameter circular
spot is reached after about 1 h. During this time a
small beam shift (15 wm) opposite to the ¢ axis is also
observed. Then, in a second stage, the beam is fairly
stable in position and width for a few hours [Fig.
1(c)]. Thorough examination of the beam diameter,
however, reveals that the beam continues to slowly
self-focus during this stage. Then the entire beam
shifts and diffracts [Figs. 1(d) and 1(e)]. Subse-
quently, a large beam shift takes place accompanied
by a refocusing effect [Figs. 1(f) and 1(g)]. Finally at
steady state a tightly focused beam of about 7 um
FWHM displaced by over 200 um in the direction op-
posite to the crystal ¢ axis is formed.

For better insight, the evolution of the beam width
and the position of the beam maximum have been
plotted in Fig. 2 as a function of time. The only pa-
rameter that differs from the preceding experiment is
the applied field, which is now set to 40 kV/cm. The
general behavior is identical, but two major differ-
ences are to be noticed. First, the anomalous beam

© 2005 Optical Society of America



1978

100 pm
A
(a)

Fig. 1. Beam evolution at the exit face of a 7 mm long
LiNbO3  sample. Experimental parameters: E,
=50 kV/cm,P=100 uW. Images from (a) to (j) have been
taken at times, respectively, equal to 0, 0.5, 2.1, 4, 4.6, 6.3,
9.6, 13, 16.3, and 19.5 h.

shift appears later in time than for the results in Fig.
1, and, second, the total beam shift is smaller.
Indeed, as a general rule, we observed that the sud-
den defocusing will occur sooner in time and the total
shift will be larger as we increase E\. The amplitude
of the shift does not increase linearly with E, but
tends to saturate at a high value. As a result, a
300 um maximum shift was measured experimen-
tally for a 60 kV/cm applied field. Note that a nega-
tive E is not used since it gives rise to a defocusing
effect. Besides, as is usually the case for photorefrac-
tive phenomena, the response time is inversely pro-
portional to the incident intensity.

To understand the origin of the giant deflection we
have analyzed theoretically the formation of the in-
ternal field E that is due to both the applied field E
and the photorefractive space-charge field. For sim-
plicity we make use of a 1-D model with one ioniza-
tion center and one carrier for which the intensity
profile I is assumed to vary along the x direction. The
field E, as a function of time ¢ and spatial coordinate
x, satisfies the following differential equation'®™:

JE I(nE) . #n ol
- — pkyT— — B, (Np—Ny)—,
eu miepl™ 5 Bor(Np —=Ny) Pe

(1)

where e and u are, respectively, the charge and the
mobility of the electron, k5 is the Boltzmann con-
stant, 7' is the temperature, ¢ is the permittivity of
the medium, and g, is the photovoltaic coefficient.
Np, N4, and n are, respectively, the donor, acceptor,
and free-electron concentrations. Equation (1) is
valid for Np or Ny>n, which is satisfied when a low
light intensity is used.

If we neglect the free-electron buildup time, the
density of electrons is given by12

e
ox dt

)
n=Al+Iy)|1+B— | . (2)
ox

Here 1, is the dark equivalent irradiance and A and
B are constants, respectively, equal to s(Np
—-N4)/yN, and e/(eN,), where s is the photoexcita-

OPTICS LETTERS / Vol. 30, No. 15 / August 1, 2005

tion cross section and vy is the carrier recombination
rate. It is essential to note that in unintentionally
doped crystals, such as the one used in our experi-
ment, N, is low, and, as a consequence, the term
BOE,./dx cannot be neglected as is usually done for
doped crystals.

Integration of Eq. (1) relative to x and substitution
of Eq. (2) yields, after neglecting the second-order
spatial derivative of E,

JOE JE\1
e—=—epAlI+1)|1+B— | E - ukgTA
ot x

JE \ 1ol
X|1+B— - Bph(ND_NA)I+D' (3)

ox ox -

Since no light is present at infinite x and a uniform
field E, is initially in place, the integration constant
D is set to epAl E . We solve Eq. (3) numerically us-
ing an iterative method considering a 10 um FWHM
Gaussian beam centered at the origin. Parameters
are extracted from Ref. 13, except for Ny and Np,
which are free parameters.

Numerical results are presented in Fig. 3, where
the —F distribution is plotted at discrete times for
two values of N4. Since the refractive-index change is
proportional to —E, we can picture the curves in Fig.
3 as the profile evolution of the photoinduced wave-
guide. The chosen reference time ¢, is equal to
2T 14/1 ., where Ty=eyN,/[eusl;(Np—Ny)] is the
material dielectric response time in the dark. ¢, is the
spatial soliton formation time in a quasi-steady-state
regirne.11 In our experiment we can identify ¢, as the
time necessary to reach the maximum self-focusing
effect. The calculation reveals that the N concentra-
tion has little influence on the space-charge field,
whereas the N, concentration is critical. At the be-
ginning of the process E is described by even func-
tions for both low [Fig. 3(a)] and higher [Fig. 3(b)] N4
concentrations. Apart from a possible weak shift due
to charge diffusion, the focusing effect is symmetric
and the beam deflection is consequently negligible.
However, as E builds up, the index profile becomes
clearly asymmetric for low N4 content [Fig. 3(a)]. Al-

120 ﬁ/
100 P E2
£80 +
= &
60
memmwf
a0
20 2 =
B e e TR T, SR N, e
0
0 200 400 600 800_. 1000 1200
Time (min)

Fig. 2. Beam FWHM (dots) and position of beam maxi-
mum (crosses) versus time. Experimental parameters: E
=40 kV/cm, P=100 uW (the beam position curve has been
arbitrarily shifted to avoid overlap).
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Fig. 3. Photoinduced photorefractive field distribution
produced by a 10 um FWHM Gaussian beam versus time
when (a) Ny=1x10%% at. cm™ and (b) Ny=1%x106 cm™3,
Lower curves are at t=0.03¢,, and time is doubled for each
successive curve. Dashed curve is at t=¢,. Para-
meters:  I,../1;=10%, u=0.74 cm? V-1s71, T=290 K, Np
=1.1N,,y=1.65x10"8 s~ cm?, Bpr=TX 1072 ecm3 V-1, E,
=50 kVem™L.

though an accurate description of the influence of
such an index profile on beam propagation necessi-
tates solving the nonlinear Schriodinger equation, it
is clear that beam bending opposite to the x axis will
take place. Indeed, light will tend to follow the high-
index region, which is now off center. In our experi-
ments, we believe that the beam phase tilt due to this
asymmetric index profile is large enough that after
some propagation distance the light escapes from the
initially formed waveguide, yielding the sudden par-
tial defocusing. Moreover, since the beam is still ex-
periencing focusing just before the abrupt change oc-
curs, we can infer that ¢<#,. After this stage the
process is more gradual as the photoinduced wave-
guide adiabatically follows the light distribution
change. A quasi-stable position is attained when the
beam phase tilt matches the curvature of the induced
waveguide. The asymmetric index profile is the direct
consequence of the limited charges available to
screen the applied field. It is analogous to the index
grating shift observed in two-wave-mixing experi-
ments when the applied field or the Photovoltaic field
is greater than the saturation field.™

The validity of the model is supported by experi-
mental evidence. First, for low E, or at the beginning
of the focusing process for higher E(, no shift is ob-
served because charge saturation is not reached. Sec-
ond, no influence of the photovoltaic field has been
noticed in our experiments, and the photovoltaic field
E,,=B,,¥Nal(eus) leads to the conclusion that N4
is indeed low. Also note that the N4 values

1979

(=10 ¢cm~3) used in the numerical calculations are
realistic for unintentionally doped samples. We can
even assert that the photovoltaic effect plays no role
in the beam deflection. Finally, for a fixed applied
field the transient defocusing appearance time is in-
versely proportional to the intensity. In our model, it
is confirmed by the intensity dependence of .

After formation of a bent soliton, the applied field
and the beam can be switched off, leaving a curved
waveguide in the medium. The waveguide is stored
for at least several weeks in the dark and can be used
to guide beams other than the original soliton beam.
These low-loss bent waveguides open up new possi-
bilities for creating complex optical circuits inside
LiNbOs.

In conclusion, we have shown that self-focused
beams can induce the formation of curved
waveguides in photonic-grade LiNbOj crystals. The
curvature arises when an external field higher than a
threshold value is applied on the crystal. At steady
state, a beam shift as large as 300 um is observed.
We show that this unusual effect is due to a low con-
centration of acceptor impurity in the crystal. The
space-charge field is consequently limited in ampli-
tude and develops into an asymmetric distribution,
causing the deflection. Numerical calculation of the
space-charge field growth provides qualitative confir-
mation of this hypothesis.
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