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We report the first observation of self-modified optical diffraction, beam ellipticity recovery and
conservation, and intensity independent self-focusing in an anisotropic diffusion-type nonlinearity real-
ized in ferroelectrics heated above the centrosymmetric transition. The interaction, a photorefractive
diffusion-driven quadratic nonlinearity, constitutes the first known natural realization of a higher-order
logarithmic nonlinearity and allows an analytical description of the observed phenomena and the pre-
diction of a class of noncircular solitons with no characteristic length scale. [S0031-9007(99)08475-6]
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Strongly interacting systems and nonlinear dynamic
one of the main subjects of interest in modern physics.
optics, nonlinear propagation has allowed the observa
and understanding of a wealth of new phenomena.
detailed description of these processes implies tacklin
nonlinear propagation equation whose solution is ra
available for a continuous set of system parameters.
this Letter we investigate experimentally and theoretica
for the first time, nonlinear propagation of a localiz
optical beam in a ferroelectric heated above the C
temperature. We observe intensity independent sp
self-focusing and anomalous beam aspect ratio evolu
caused by the thermodynamically enhanced photoref
tive diffusion nonlinearity. The basic relevant physic
model, common to all standard doped ferroelectr
produces the first natural realization of a higher-or
anisotropic nonlocal logarithmic-type nonlinearity whi
remarkably allows a direct nonperturbative analyti
treatment. The model equation allows the interpreta
of the observed phenomena and furthermore supports
is to our knowledge the first class of two-dimension
solitary waves, in the form of noncircular spatial soliton
without a characteristic transverse length scale.

Light propagation in ferroelectrics in the centrosymm
ric phase (referred to as paraelectrics) has been show
support, in a different physical configuration, screen
solitons [1,2] and diffusion-driven effects [3]. In the fe
roelectric phase, diffusion has been shown to sustain n
diffracting propagation, self-bending, and fanning [4].

Evolution of beam ellipticity (aspect ratio) has be
experimentally investigated in quadratic nonlinear me
[5], in saturated inhomogeneous broadened resonant
dia [6], and in Kerr-like and saturated media [7,8].

Our experiments were carried out making use of
setup schematically illustrated in Fig. 1. The first expe
ment we performed consisted of launching into a sampl
664 0031-9007y99y82(8)y1664(4)$15.00
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KLTN (potassium-lithium-tantalate-niobate), a perovski
like ferroelectric, a 1D Gaussian beam, and observing
diffraction at the output facet. The input beam, a TEM00
l  515 nm polarized (along thex direction) beam from
a cw argon ion laser, is focused onto the input facet of
sample by means of a cylindrical lens withf  150 mm
(and axis parallel to they direction). The sample of KLTN
measures3.7sxd 3 4.6s yd 3 2.4szd mm, being zero cut and
polished along its cubic axes. The crystal is doped w
Cu and V impurities and manifests its dielectric anom
at Tc  9.8 ±C (decreasing temperature loop) pass
from the room temperature cubic paraelectric phase to
noncentrosymmetric ferroelectric phase. We monito
input beam profile and output diffraction along thez direc-
tion (direction of propagation) by means of an imaging le
sf  60 mmd and a CCD camera. The crystal tempe
ture was controlled via a Peltier junction in thermal cont

FIG. 1. Experimental setup.
© 1999 The American Physical Society



VOLUME 82, NUMBER 8 P H Y S I C A L R E V I E W L E T T E R S 22 FEBRUARY 1999

-
lf

c
s

,
a
i

ta
g
g

si

a
w

e

st
p
m

th
a
rs
n
n
g

d
l

ved
wn

om

y
a

ne-
tal
put

n
rse
to

f
ary

tric
ive
re
he
ed
is
nd
am

ex
with the crystal. In this configuration the input light dis
tribution (a slab of light) has an input full width at ha
maximum (FWHM) of 13 mm (in the confinedx direc-
tion). When the crystal is kept at room temperaturesTc 
20 ±Cd the beam diffracts to22 mm, as expected from
linear Gaussian diffraction with a crystal index of refra
tion n  2.4. Lowering the crystal temperature toward
Tc we observed considerable self-focusing as shown
Fig. 2 from 22 to17 mm. At even lower temperatures
as the critical regime was reached, we observed dom
formation and strong beam distortion (the first doma
enucleation was observed at10.0 10.2 ±C). Heat transfer
occurred only through the bottom facet of the crys
which was therefore not uniformly thermalized durin
the experiment, presenting a transverse temperature
dient (especially at low values ofT ). Our observations
refer to a limited transverse (in thexy plane) region of
the crystal (about200 3 200 mm), where the effect of
the gradient was negligible. The peak beam inten
used was of the order ofI0 ø 102 Wycm2, at the crystal
input face (spurious background illumination was at le
4 orders of magnitude less intense). The experiment
repeated for higher values ofI0 (up to 10 times more
intense), but no appreciable difference was observ
other than in the duration of the transient buildup regim
Next we investigateds2 1 1dD propagation in this same
configuration. We substituted the cylindrical lens with
spherical one and launched, at the input facet of the cry
a highly confined circular Gaussian beam. At the out
we observed Gaussian linear propagation for room te
perature, but as the crystal was cooled into
near-transition regime, we observed a peculiar be
deformation leading to a beam with an elliptical transve
intensity profile. The beam manifested self-focusi
in the x direction, parallel to the beam polarizatio
(which did not suffer any rotation). Thus, introducin
a prism (as shown in Fig. 1) before the beam expan
we launched an asymmetric elliptical, approximate

FIG. 2. Output beam FWHM [s1 1 1dD case] compared to
theory.
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stigmatic, Gaussian beam into the crystal and obser
diffraction as a function of temperature. Results are sho
in Fig. 3. The input beam, with intensity FWHMx 
7 mm and FWHMy  11 mm, has an input ellipticity
L  sFWHMyyFWHMxd  1.5. For high values of
temperature, at which beam propagation is linear (fr
approximately15 ±C upwardsdiffusion has a negligible
effect), we observed the typical “inversion” of ellipticit
at the output of the crystal, from 1.5 to 0.7, this being
consequence of a standard diffraction (stronger confi
ment, stronger diffraction). As we lowered the crys
temperature we observed an evolution of the out
ellipticity towards a higher value. At approximately
T  10.2 ±C we recovered the input ellipticity, as show
in Fig. 3, the beam maintaining its Gaussian transve
profile. We adjusted the input laser power in order
have a peak intensity comparable to thes1 1 1dD case
and again repeated the experiment for various values oI0
observing no appreciable difference in the final station
configuration.

Optical beams propagating in a doped ferroelec
suffer self-distortion dynamics through the photorefract
diffusion nonlinearity. Above the Curie temperatu
the local refractive index modulation is induced by t
quadratic electro-optic response to the light generat
diffusion field. The strength of the self-interaction
determined by the magnitude of the diffusion field a
crystal response. In particular, for a confined be
with intensity distributionIsx, y, zd (typically an input
Gaussian beam) propagating in thez direction, the dif-
fusion field Esdd > 2sKbTyed,Isx, y, zdyIsx, y, zd [9],
independent of the beam peak intensityI0, induces via
the quadratic Pockels effect a tensorial refractive ind
change given by Dnij  2s 1

2 dn3s´0´r d2gijklE
sdd
k E

sdd
1 ,

wheren is the crystal index of refraction,T is the tem-
perature,gijkl is the quadratic electro-optic tensor,´0
is the vacuum dielectric constant, and́r is the static

FIG. 3. (a) Input beam at T  30 ±C, FWHMx,y  s7,
11d mm; (b)–(e): output diffraction, with final FWHMx,y 
s15, 23d mm.
1665
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of
relative dielectric constant. Limiting our approach
diffusion-driven phenomena for values ofT that do not
allow for domain formation (our experimentsdo not
investigate effects due to domain formation), the lo
lattice polarization is taken to beP  ´0´rEsdd [10]. In
this regime, the mean-field Curie-Weiss theory applies
´r  CysT 2 T0d, whereC and T0 are phenomenologi
cal constants.

The parabolic paraxial equation describing monoch
matic propagation is"

i
≠

≠z
1

1
2k

√
≠2

≠x2 1
≠2

≠y2

!#
Aisx, y, zd 1

k
n

DnijAjsx, y, zd  0 , (1)

whereAsx, y, zd is the slowly varying amplitude of the op
tical field Eopt  Asx, y, zd expsikz 2 ivtd 1 c.c., and
k  nvyc. Equation (1) assumes a scalar form fo
large class of ferroelectrics above the Curie temp
ture. For example, for perovskite-type compounds (
KLTN), the symmetry ism3m [11], and only two relevan
independent electro-optic coefficients, that isgxxxx  g11
and gxxyy  g12, are nonzero [12]. This is equally tru
for symmetry classes2m, 222, mmm, 422, 4mm, 4̄2m,
4ymm, 23, m3, 432, and4̄3m, if polarization coupling
through thegxyxy term is again negligible. We limit ou
analysis to positive values ofg11 andg12 occurring in per-
ovskites (like KLTN), although the treatment can be
tended to negative values, in which case defocusing p
an important role. Hence, for an inputx-polarized beam
Eq. (1) is reduced to the scalar form,"

i
≠

≠z
1

√
≠2

≠j2 1
≠2

≠h2

!#
A 1"

g1

√
≠jAj2y≠j

jAj2

!2

1 g2

√
≠jAj2y≠h

jAj2

!2#
A  0 , (2)

where A  Ax, g1  2k2n2´
2
0s´r 2 1d2g11sKbTyed2,

g2  2k2n2´
2
0s´r 2 1d2g12sKbTyed2, and we have in

troduced the dimensionless variablessj, hd p
2 skx, kyd, z  kz. Equation (2) represents th

scalar anisotropic diffusion-driven nonlinear propagat
equation. Anisotropy is contained in the fact that,
general, g1 fi g2, whereas nonlocality is contained
the derivative in the nonlinear source, typical of a
diffusion-based process. The form of the nonlinear te
the square of a logarithmic derivative, allows for a nu
ber of explicit solutions, all independent of the beam p
intensity I0. We limit our investigation to two classe
corresponding, respectively, to nonlinear diffraction a
self-trapping. The first one reads

Asj, h, z d 
A0

sp1p2d1y4 exps2j2yd2
1p1 2 h2yd2

2p2d

3 expfifsj, h, z dg , (3)

where d1,2 are the input (normalized) widths in thex, y
directions, p1,2  f1 1 b1,2sz 2 z1,2d2g with b1,2 
1666
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16s1 1 4g1,2dyd4
1,2 and fsj, h, z d  sp0

1j2yp1 1

p0
2h2yp2dy8 2 s2yd2

1b
1y2
1 d arctanfb1y2

1 sz 2 z1dg 2 s2y
d2

2b
1y2
2 d arctanfb1y2

2 sz 2 z2dg (the prime standing for the
derivative with respect toz ). It is valid for values of
0 . g1,2 . 2

1
4 and describes nonlinear self-focusing

the two transverse dimensionsx andy. When a Gaussian
beam is focused onto thez  0 plane, we deduce from
Eq. (3) that its ellipticityL evolves as

Lsz d 
d2

d1

f1 1 b2sz 2 z2d2g1y2

f1 1 b1sz 2 z1d2g1y2 . (4)

For sz 2 z1,2d2 ¿ 1yb1,2, Lsz d tends to the asymptoti
value L`  f1yLs0dg fs1 1 4g2dys1 1 4g1dg1y2fs1 1

b2z
2
2 dys1 1 b1z

2
1 dg1y2 that depends on the input ellipticit

(and eventually astigmatism) and the crystal tempe
ture T . Whenever fs1 1 b2z

2
2 dys1 1 b1z

2
1 dg1y4 fs1 1

4g2dys1 1 4g1dg1y4  Ls0d, the input ellipticity is
recovered and maintained as a result of the nonlinea
teraction. From Eq. (3), it is also obvious thats2 1 1dD
Gaussian diffusion-driven solitons (both cylindrical a
elliptical) would be possible only when diffraction
isotropically compensated both in thex and y direc-
tion, that is, when bothg1  2

1
4 and g2  2

1
4 , a

circumstance that requiresg11  g12 (while, in general,
g11 . g12). Therefore, unlike thes1 1 1dD case [3],
diffusion-driven scalar Gaussian solitons are not gener
possible [13]. Note that whend1  d2, our model
predicts [see Eq. (4) and the expressions ofb1,2 after
Eq. (3)] beam evolution toward an asymmetric Gauss
profile with ellipticity L`  fs1 1 4g2dys1 1 4g1dg1y2, a
signature of the strong anisotropy of the physical syste

Thus the first class of solutions describes analytic
anomalous anisotropic self-induced diffraction and,
particular, allows for the description of the observed be
aspect ratio evolution.

The second class of solutions of Eq. (2), valid
g1 , 2

1
4 andg2 , 2

1
4 reads

Asj, h, z d  A0 expf2isa2
1b2

1 1 a2
2b2

2dz g

3

"
1

coshsb1jd

#a
2
1
"

1
coshsb2hd

#a
2
2

, (5)

where a
2
1  21ys1 1 4g1d, a

2
2  21ys1 1 4g2d, and

b1 and b2 are arbitrary parameters. This represent
class of non-Gaussian self-trapped solutions in the f
of noncircular spatial solitons. These solutions, althou
feasible (unlike Gaussian solitons), have not been
served in KLTN (see discussion below). They are
culiar in that they do not obey any sort of light-depend
existence curve: They exist for arbitrary values ofb1
and b2 and are determined solely by the actual proxi
ity to the dielectric anomaly. They have no charact
istic length scale. Stability analysis can be carried
along the lines introduced in Ref. [14], extending the
treatment to the 2D case considering the separability
Eq. (2). Thus, if1p is the characteristic length scale
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TABLE I. Interferometrically measured values ofg1.

T s±Cd 6 0.2 ±C 10.2 10.5 11.0 11.5 12.0

2g1 6 0.02 0.17 0.09 0.06 0.04 0.03

the perturbation, and1x and 1y are those of the soliton
stability can be demonstrated when1x,y ¿ 1p. Solitons
exist only when self-trapping is present inboth transverse
directions. Givenb1 and b2, the trapped ellipticity re-
flects the ratio of the strength of the nonlinearity in t
two directions.

In order to test the quantitative agreement betw
theory and experiment we must evaluate the values og1
and g2 as a function ofT . The beam astigmatism wa
negligible in thes2 1 1dD configurationsz1  z2  0d.
The principal dependence of thegi si  1, 2d on tem-
perature is through́ r that is greatly enhanced as th
temperature is lowered towardsTc. In the proximity of
the phase transition, the bulk dielectric crystal respo
is smeared out by the temperature gradient and o
large-scale crystal inhomogeneities, and values of´r will
in general be far lower than actual “local” crystal va
ues. For temperatures where these effects have a
ligible effect (T . 12 ±C with our setup) we are abl
to fit bulk ´r values with the Curie-Weiss law, wit
C  1.3 3 105 s±Cd and T0  6.2 ±C. The peak value
of ´r actually measured directly (in the capacitance
periment) was approximately3 3 104. For values of
T closer to Tc we directly measured the local (for th
transverse regions of about200 3 200 mm2) electro-optic
index modulation by inserting the sample in one a
of a Mach-Zehnder interferometer. With the polariz
tion parallel to the applied external field, the measu
ments allowed the evaluation ofg1: With the polarization
orthogonal to the applied field we determined the value
g2. In the out-of-transition range, this allows also a m
surement ofg11  0.12 m4 C22 andg12  0.02 m4 C22

(having independently measured´r ). Measured values o
g1 are listed in Table I for near-transition temperatur
The listed values are higher than those expected from
Curie-Weiss relationship, and this can be phenomenol
cally attributed to an increase in the value ofg11, as the
quadratic dependence ofDn still held for low applied
voltagessV , 250 Vd. Values of g2, were such as to
induce no appreciable diffusion-driven effects, remain
always more than 5 times smaller (in absolute value) t
the corresponding values ofg1 for the temperatures in
vestigated. In Fig. 2 the solid curve represents the th
retical curve obtained from Table I for thes1 1 1dD case
[i.e., Eq. (3) withd2 ! `]. The quantitative agreemen
is satisfactory, although the strong focusing for tempe
tures very nearTc may indicate that here some differe
mechanism is playing an important role. For elliptic
recovery in thes2 1 1dD case we recover the input ellip
ticity Ls0d  1.5 at T  10.2 ±C (see Fig. 3). Our theory
predicts that the “recoverable” ellipticity at this tempe
n
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ture isLtheor  1.3, beingg1  20.17 (see Table I) and
jg2j ø 1. Thus again, as in thes1 1 1dD case, the non-
linear response is stronger than expected.

Our model neglects, with respect to the peak intens
I0, the dark irradiance intensityId associated with crysta
thermal carrier excitation and spurious background illum
nation. In order to evaluate the influence of the beam ta
where I is inevitably comparable withId, we have per-
formed a numericals1 1 1dD propagation (i.e.,d2 ! `).
No appreciable differences exist between analytic and
merical solutions over many diffraction lengths.

Regarding the possibility of observing noncircul
diffusion-driven solitons, our samples of KLTN do no
support a sufficiently strong dielectric anomaly. T
mechanism is however not peculiar to KLTN, an
stronger anomalies have been reported in different fe
electrics, such as strontium-barium-niobate and antim
sulphoiode [11]. In these materials at leasts1 1 1dD
solitons should be attainable.

In conclusion, we have experimentally and theore
cally investigated self-induced anomalies in optical be
diffraction in an anisotropic diffusion-type nonlinearit
The system studied, a doped ferroelectric heated above
Curie temperature, is described by a higher-order logar
mic nonlinearity and allows the analytical description
strong nonlinear propagation effects, such as intensity
dependent self-focusing and diffractive beam aspect r
recovery and conservation. Furthermore, it allows us
predict noncircular solitons with no characteristic leng
scale.
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