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Holographic gratings by spatial modulation of the Curie-Weiss temperature
in photorefractive K 12xLi xTa12yNbyO3:Cu,V

Aharon J. Agranat,* Meir Razvag, Michal Balberg, and Gabby Bitton
Department of Applied Physics, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

~Received 23 September 1996!

We present experimental evidence indicating the formation of metastable dipolar gratings in potassium
lithium tantalate niobate at theparaelectric phase. These dipolar gratings result from the formation of local
metastable changes in the Curie-Weiss temperature, which, in the presence of an external electric field, induce
changes in the low-frequency polarization. The polarization changes create spatially correlated birefringence
gratings due to the electro-optic effect. The dipolar gratings are formed in a slow spontaneous process, to
compensate for regular photorefractive gratings immediately after the creation of the latter.
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We present experimental evidence indicating that at
paraelectric phase, close to the phase transition temperatu
the regular~space charge originated! photorefractive~PR!
gratings are compensated for by a slow spontaneous fo
tion of dipolar gratings. These dipolar gratings result fro
local metastable changes in the Curie-Weiss tempera
which, in the presence of an external uniform electric fie
induce changes in the low frequency polarization. The po
ization changes create spatially correlated birefringence g
ings through the electrooptic effect which compensate for
PR gratings.

Usually, the PR effect is attributed to the formation of
spatially modulated space charge, which causes a corre
modulation in the birefringence through the electrooptic
fect ~see Ref. 1!. At the paraelectric phase, the electro-op
effect is quadratic and is given by

Dn5 1
2n0

3gP2, ~1!

whereDn is the induced birefringence,n0 is the refractive
index, g is the effective quadratic electro-optic coefficien
andP is the low-frequency polarization~see Ref. 2!. There-
fore, a spatial modulation in the birefringence induced b
modulation of the polarizationdP is given by

d@~Dn!~r !#5n0
3gPdP~r !. ~2!

If an external electric field is applied to the crystal, then t
spatial modulation of the birefringence is given by

d@~Dn!~r !#sc5n0
3g«2E0Esc~r !, ~3!

whereE0 is the applied electric field,Esc(r ) is the space
charge field formed by the PR process, and« is the dielectric
constant.@Note that it is assumed in Eq.~3! that the crystal is
slightly above the transition temperature so that« r@1 where
«5«0« r , and that the electric field in the crystal is below t
saturation level so thatP5«E, whereE5E01Esc.# This is
the so-called voltage-controlled PR effect~see Refs. 3 and
4!.

The diffraction efficiency of light diffracted from a plana
PR grating is given by~cf. Ref. 5!
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h5e2adsin2S pd~Dn!d

lRcosq
D , ~4!

wherelR is the wavelength of the reading beam,a is the
absorption coefficient atlR , u is the angle between the wav
vector of the reading beam and the normal to the grat
vector ~assuming the reading beam matches the Bragg c
dition!, d(Dn) is the amplitude of the modulation in th
birefringence created by the PR process, andd is the thick-
ness of the material. If Eq.~3! is plugged into Eq.~4!, as-
sumingh!1, so that we can set sinf'f and obtain

h5e2adS pn0
3g«2Esc~r !d

lRcosq
D 2E0

2. ~5!

Thus it is expected that the dependence of the diffract
efficiency on the externally applied electric field will be qu
dratic.

The validity of the latter prediction was tested by me
surements of the light intensity diffracted from a photor
fractive grating written in a potassium lithium tantalate ni
bate~KLTN ! crystal doped with Cu and V. The crystal wa
grown by us using the top-seeded solution growth meth
Its composition was K0.99Li 0.005Ta0.857Nb0.144O3 ~the Cu and
V concentrations were below the level of detection!. The
phase transition temperature was determined from the dc
electric coefficient curve~Fig. 1!, and was found to beTc
5136.3 K.

The crystal was put in the experimental setup descri
schematically in Fig. 2. The normal to the surface of t
crystal coincided with thez direction. The light beams are in
the (x,z) plane. The crystal principal axes were aligned w
thex, y, andz directions of the system. The external elect
field was applied in thex direction.

Prior to the holographic measurements, the crystal w
cooled from 170 to 125 K at 0.5 K/min, while an electr
field of 2.8 kV/cm was applied parallel to thex direction. We
henceforth refer to this process as ‘‘poling.’’

The PR grating was written at 140 K under the followin
conditions: The writing beams source was an Ar1 laser op-
erating at a wavelength oflW5514 nm. The wave vectors o
the writing beams lie in the (z,x) plane directed at 9.5° and
12 818 © 1997 The American Physical Society
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29.5° with respect toz. The writing beams are polarized i
the y direction, and their intensity was 25 mW, with an e
posure lasting 3 s, under a dc field of 2.8 kV/cm. The d
fraction efficiency was monitored using a He-Ne beam op
ating atlR5633 nm. The wave vector of the reading bea
lies in the (z,x) plane, and is incident on the crystal at a
angleu with respect toz, so that the reading beam is Brag
matched to the grating formed by the writing beams. T
reading beam is polarized in the (z,x) plane.

It was observed that immediately after the exposure
diffraction efficiencyh depended quadratically on the a
plied electric field. However, the minimum ofh was not
obtained atE050, but was shifted toE05500 V/cm. These
results are in accord with Eq.~5!; that is, we can assume tha
a space-charge PR grating was formed in the crystal.
fact that the minimum point ofh was shifted from zero can
be accounted for by assuming that during the exposure
space charge was formed due to the nonuniformity of
illumination, and that the poling process induced a me
stable polarization in the crystal~see below!.

FIG. 1. Inverse of the dielectric constant~1/«! as a function of
the temperature.

FIG. 2. Experimental setup. BS, beam splitter;M1, M2, and
M3, mirrors; D, detector; PS, a dc voltage source; OSC, lo
frequency oscillator; PLL, phase-locked loop circuit.
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The crystal was then let to dwell in the dark for one ho
~at 140 K!, under the same dc field that was applied duri
the writing. During the dwell period the diffraction effi
ciency, which was monitored by the probe beam, conti
ously decreased. At the end of the dwell period the dep
dence of the diffraction efficiency was measured as funct
of the applied electric field. Here it was observed that
curve was not symmetrical around the minimum point; th
is, the dependence ofh on E0 was not quadratic. Therefore
the process which caused the diffraction to decrease ca
be based on the formation of some ionic space charge~cf.
Ref. 6!, since the latter would not affect the quadratic depe
dence ofh on E0 . This process can, however, be explain
by the following hypothesis: If it is assumed that during t
dwell period a spatial modulation of the low-frequency d
electric constant is formed, then the applied dc fieldE0 will
induce a modulation in the birefringence given by

d@~Dn!~r !#D5n0
3gP0dP~r !5n0

3g«d«~r !E0
2, ~6!

whereP05«E0 anddP5(d«)E0 . The total modulation of
the birefringence will be the sum of the space charge
dielectric contributions@Eqs. ~3! and ~6!, respectively#. The
diffraction efficiency will accordingly be given by

h5e2adS pn0
3gd

lRcosq
D 2$«4Esc

2 ~r !E0
212«3@d«~r !#Esc~r !E0

3

1«2@d«~r !#2E0
4%. ~7!

It can immediately be seen that the cross term in the
parentheses can account for the deviation from symm
that was observed.

The validity of this hypothesis was investigated further
the following method: If a low-frequency ac field is applie
to the crystal in addition to the dc fieldE0 , so that the total
applied field is given byE01E1cos(vt), then the diffraction
efficiency is of the form

h5h~4!cos~4vt !1h~3!cos~3vt !1h~2!cos~2vt !

1h~1!cos~vt !1h~0!. ~8!

Specifically, the fourth-harmonic componenth (4) is given by

FIG. 3. h (4) vs the applied ac electric-field amplitudeE1 ~a!
before dwell and~b! after dwell.
-
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h~4!5
e2ad

8 S pn0
3gd

lRcosq
D 2E1

4«2@d«~r !#2. ~9!

Note thath (4) is expected to be zero unlessd«Þ0, and fur-
thermore it is independent ofEsc. Thus measurements o
h (4) can be used to isolate contributions to the diffracti
which are exclusively the result of the formation of thed«
gratings.

h (4) was measured using the setup described in Fig
The oscillator was operated at 27 Hz and the phase loc
loop unit supplied a reference voltage at 108 Hz in ph
with the oscillator as required. The various assumptions le
ing to Eq.~9! were verified experimentally.~i! E0 was set to
a level for which the total diffraction efficiency is minimize
to justify the assumption sinf5f made in Eq.~5!. ~ii ! It was
verified that the distortion level in the sinusoidal signal p
duced by the oscillator is low, so thath (4) does not contain
contributions of the form (E2cos2vt)

2. ~iii ! It was verified
by Fourier analysis of the polarization current that deviatio
from linearity inP5«E are negligible.

Measurements ofh (4) vs the applied ac electric field am
plitudeE1 are shown in Fig. 3. Immediately after the writin
of the PR grating,h (4) is zero @Fig. 3~a!#. As expected, at
this stage, thed« grating has not yet been formed, and t
diffraction is due exclusively to the space-charge PR grat
During the dwell period theh (4) signal increased monoton
cally until it saturated after about 1 h@Fig. 3~b!#. In Fig. 4 the
fourth root ofh (4) is plotted as function ofE1 . As predicted
in Eq. ~9!, h (4) is directly proportional to the fourth power o
E1 .

The origin of thed« grating was investigated further b
measurements of the temperature dependence ofh (4). When
the crystal is in the mean-field approximation region, t
dependence of the dielectric constant on the temperatu
given by the Curie-Weiss law

«5
C

T2T0
, ~10!

whereC is the Curie constant, andT0 is the Curie-Weiss
temperature~see Ref. 7!. It is therefore expected that if th

FIG. 4. The fourth root ofh (4) is plotted as a function ofE1 .
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d« grating originates from the creation of local changes
T0 , then the temperature dependence ofh (4) will be given
by

h~4!5
e2ad

8 S pn0
3gd

lRcosq
D 2E1

4 C
4@dT0~r !#

2

~T2T0!
6 , ~11!

wheredT0(r ) are the created changes inT0 . @It should be
noted that the dependence ofn0 andg on the temperature is
very weak~see Ref. 2!#. Consider Fig. 5, in which the sixth
root of (1/h (4)) is presented as function of the temperature
can be seen that, for temperatures above 139.5 K, the s
root of (1/h (4)) has a linear dependence on the temperatu
The Curie-Weiss temperature derived from this depende
is T05133.5 K. For comparison, consider Fig. 1, in which
measurement of the inverse of the dielectric constant (1«)
of this KLTN crystal as function of the temperature is pr
sented. It can be seen that the crystal is in the mean-fi
approximation region for temperatures above 138 K, so t
Eq. ~11! is not expected to be obeyed below this temperatu
Furthermore, the Curie-Weiss temperature, as derived f
the dielectric measurement, is 133 K.

Finally, the Gibbs free energy was computed from a se
of measurements of the dielectric constant as a function
the temperature under different electric fields. It was fou
that theT0 gratings were formed only in the small temper
ture range aboveTc , where metastable nonzero polarizatio
can be formed@i.e., for the temperature rangeT0,T,T2 ~as
defined in Ref. 7!.#

The results presented above clearly indicate that the c
pensation process which spontaneously follows the form
tion of PR gratings in KLTN originates from the creation
local metastable changes inT0 . It is known that changes in
the concentration of impurities, and in particular temperat
changes in the concentration of oxygen vacancies, stron
affect the phase transition~Perry8 and Bauerleet al.9!. The
fact that the compensation process is very slow suggests
its microscopic origin may be attributed to the migration
vacancies which follows the formation of the PR spa
charge.

FIG. 5. The sixth root of (1/h (4)) is presented as a function o
the temperature.
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