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Photorefractive damage (PRD) in as-grown, oxidized, and slightly reduced nominally pure LiNbOs,
and iron-doped crystals with different compositions has been studied with the closed-aperture
Z-scan and pseudo-Z-scan techniques at uniform temperature distribution, as well as at a
steady-state temperature gradient VT, created by two external thermoelectric elements in the
transverse direction to the light beam trajectory. The most important experimental finding consists
of the demonstration of the possibility of a full PRD suppression in nominally pure crystals with the
aid of a relatively small temperature gradient (12.5-84 K/cm), if VT is above a threshold value
specific for each crystal studied. The threshold VT, decreases significantly with the increase in the
so-called bipolaron absorption band (center at 470-500 nm) in the optical spectra, and it is not
correlated with the composition of the crystals within the studied range of compositions
([Li]/[Nb]=0.946-0.983). No any partial suppression of PRD was observed in iron-doped ([Fe]
=0.01 wt %) lithium niobate crystals, even at the largest temperature gradient (85 K/cm) used in
our study. To explain these experimental results, we use theoretical model taking into account local
changes of spontaneous polarization (i.e., polarization charge field) at photoionization of intrinsic
defects (polarons, bipolarons, and hole polarons). It has been shown that a steady-state temperature
gradient may induce a local thermoelectric current of light-induced charge carriers and their instant
recombination, resulting in a decrease in the polarization space-charge field and hence, a
light-induced refractive index change. The latter mechanism may induce the full PRD suppression,
if macroscopic charge separation (space-charge field effect) gives insignificant contribution to the
total light-induced electric field, as in as-grown and reduced nominally pure LiNbOj crystals.

© 2008 American Institute of Physics. [DOI: 10.1063/1.3035948]

I. INTRODUCTION

The photorefractive damage (PRD) is the most dramatic
problem for lithium niobate crystal applications in electro-
optic and nonlinear optic devices utilizing high-intensity la-
ser beams. To suppress this parasitic effect, a large variety of
methods has been developed: crystal doping with so-called
optical ~ damage-resistant impurities,l‘3 stoichiometry
control,** hydrogen implantation,6 heating up to
180-230 °C,” and application of external electric field.
However, some of these methods are expensive and other
ones do not provide stable appropriate results. At the same
time, very promising results have been obtained with inho-
mogeneous temperature field caused by strong absorption of
high-intensity laser beams in iron-doped LiNbO; (LN)
crystals.g’lo However, the PRD variations with time have so-
phisticated nonreproducible character due to the dependence
of temperature profile on exposure time and many external
conditions.” Note that this effect has not been studied yet in
nominally pure crystals because of relatively small optical
absorption. Therefore, we propose to use the following ap-
proach: The stationary nonuniform temperature profile
(steady-state temperature gradient) is produced by a system
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of external heaters and/or coolers, e.g., two thermoelectric
(Peltier) elements at the opposite sides of sample studied.
According to the previous studies,”™ the very strong varia-
tions of PRD magnitude should be expected even at rela-
tively small values of temperature gradient. Until yet, the
photorefractive (PR) effect has been studied in some detail
for equilibrium temperature conditions when the warm up of
the whole volume of the polar sample is uniform. However
far less information is available on the behavior of PR crys-
tals in nonequlibrium thermal conditions when a temperature
gradient exists. Thus, investigation of such a behavior of PR
properties, including PRD, is actual task with fundamental
point of view, too.

In this paper we report about experimental and theoreti-
cal study on influence of steady-state temperature gradient
on PRD effect in nominally pure LN crystals. Also, we check
possibility for significant suppression of the PRD in bulk LN
elements used in real electro-optic and nonlinear optic de-
vices.

II. EXPERIMENTAL

To study PRD quantitatively, we used the closed-
aperture Z-scan (CAZ) technique,’* as well as the
pseudo-Z-scan technique, when measurements of transmitted

© 2008 American Institute of Physics
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FIG. 1. Setup for study of PRD suppression by temperature gradient: D is
diaphragm; N\/4 is quarter-wave plate, P is polarizer; O is twin lenses ob-
jective (f=150 mm); h, and h, are thermoelectric elements (h, is heater, h,
is the Peltier element); A and Ph are small aperture diaphragm and photo-
diode respectively, located in the far field region.

Ho-te assr D
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intensity are realized at a fixed postfocal position of the
samples.“"14 The radiation of a He-Ne laser (632.8 nm) is
used with various laser beam powers ranged from 2.5 to 28
mW. A polarizer is used to obtain exact extraordinary polar-
ization of light in the studied crystal. Therefore, the effective
light power injected into the crystal was ranged from 1.1 to
12.3 mW.

The Z-scan technique is a well-established sensitive
method to determine nonlinearities of optical materials. The
experimental arrangement corresponding to this technique is
represented in Fig. 1. Without a pinhole between the sample
and the photodiode, the open-aperture Z-scan scheme allows
obtaining the nonlinear absorption coefficients while with a
pinhole, the CAZ scheme allows determining the sign and
the magnitude of the nonlinear refractive index. With this
arrangement, we can also determine the degree of the PR
nonlinearity of PR crystals. In our optical setup, a laser beam
is focused by a lens with a focal length of 150 mm. The
investigated samples are moved by a translation stage for a
variable number of the fixed steps (step length is 0.5 mm)
along the Z axis of the setup through the focal point of the
focusing lens. Such an arrangement allows to measure the
dependence of the transmittance on crystal positions relative
to the focal point, i.e., so-called the Z-scan trace.**'® Each
sequent measurement procedure is performed for an optically
undamaged crystal area. To obtain it, the crystal is translated
for 0.2 mm in direction perpendicular to plane of Fig. 1. A
diaphragm with 0.5 mm aperture transmitting 3% of laser
radiation is fixed at distance of 350 cm from the focal plane
in the closed-aperture scheme. The photodiode, followed by
a digital voltmeter was kept behind this aperture for intensity
measurements of the output radiation.

In order to evaluate the PRD magnitude, i.e., the steady-
state value Ang, the light-induced trajectory changes in an
extraordinarily polarized laser beam due to PR defocusing,
have been studied with the pseudo-Z-scan technique. The
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intensity distributions (shape and magnitude) at the focus
and at a long distance after crystal were recorded with the aid
of closed-aperture photodiode within the same manner as in
Z-scan study. It is known® in fact, that such investigation
allows measuring the photorefraction with reliable precision.
We have used a simple model* for evaluation of An, from the
laser beam trajectory: Ang=4n{(y/y,) -1}/ (x/y,)?, Where ng
is the extraordinary refractive index, x is the path length of
the laser beam in the sample, y is the radius of the laser spot
at half intensity in steady state, and Yy, is the radius of the
laser spot at half intensity in initial state (at exposition time
t=0).

The nonlinear absorption of the samples was examined
by open-aperture measurements as well. To study the inten-
sity dependence of the nonlinear absorption, we used cali-
brated neutral density filters in range of D from 0.5 to 2.3.

We measured the PR nonlinearity and PRD magnitude of
LN crystals with thickness h, i.e., x=h, varying from 5 to 8
mm. Nominally pure lithium niobate crystals with different
compositions were used in our investigation: as-grown
samples (2-5, Table 1), samples chemically reduced by an-
nealing in vacuum (10~ Torr at 500 °C, samples 6 and 7),
or in hydrogen atmosphere at 500 °C for 0.5-11 h and one
sample deeply oxidized (sample 1, Table I) fabricated by
annealing of an as-grown sample at 1000 °C for 15 h in pure
oxygen atmosphere.

The optical transmission of the samples was measured
using polarized light at normal incidence on a SF-2000 spec-
trometer in the wavelength range 0.2-1.1 um. The sur-
rounding medium was air, and all measurements were done
at room temperature. The use of a difference spectroscopy
method enabled us to resolve the absorption bands connected
with the intrinsic defects and impurities. It should be noted
that all the samples studied (see Table I) show a weak addi-
tional absorption band (with values from 0.02 up to
0.154 cm™) for A =330 nm extending up to 700 nm. Addi-
tional chemical reduction via annealing in vacuum or H,
atmosphere has been established to introduce a large amount
of this additional absorption. This absorption growth corre-
lates closely with a significant increase of the so-called bi-
polaron absorption band,***® centered at 470-500 nm. Thus,
the additional absorption presumably corresponds to this
large concentration of bipolarons in annealed crystals and,
according to the previous data,*>” we can conclude that the
weak additional absorption in as-grown crystals is caused
mainly by the bipolaron absorption band and any nominally

TABLE I. Parameters of lithium niobate samples used in our PRD experiments.

Sample No.

1 2 3 4 5 6 7
Optical absorption
coefficient
a(A=470 nm) (cm™) 0.022 0.078 0.09 0.092 0.099 0.117 0.154
Optical absorption
coefficient o'
(A=470 nm) (cm™) <0.003 0.006 0.007 0.009 0.015 0.032 0.063
[LiJ/[Nb] ratio 0.950 0.983 0.946 0.950 0.973 0.967 0.962
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pure lithium niobate can be regarded as a weakly reduced
crystal with marked concentration of bipolarons.

The optical absorption coefficient « was calculated from
the transmission data by the following equation using the
Newton—Ralphson method

T{n(n+2)(n+1)2+ (1 +4n+2n*)k? + k*]exp(4 kd/\)
+[n(n-2)(n-1)2+ (1 -4n+2n?)k?
+ Kk¥lexp(- 4akd/n)} - 16(n® + k%) = 0, (1)

where T is the optical transmission, n is the extraordinary
refractive index, d is the thickness of the sample, \ is the
wavelength of the incident light, and k is the extinction co-
efficient which is related to « by

a=4mk/\. (2)

Mathematical fitting of the spectral dependence of « was
used to extract contributions of long-wavelength tail of fun-
damental absorption and light scattering and to evaluate the
true additional absorption related to bipolarons (mainly) and
extrinsic defects (secondary). The values of this additional
absorption coefficient calculated with aid of such a fitting are
denoted in Table | as a’. The samples characterized in this
study are presented in Table | with their linear absorption
coefficients « and «’, stoichiometric composition, and geo-
metric dimensions.

The two thermoelectric Peltier elements in the Z-scan
setup are used to produce a well-controlled value of steady-
state temperature gradient in the crystal under study, Fig. 1.
One of these elements is the thermoelectric heater operating
in the 20—80 °C range and the second one is the thermoelec-
tric cooler, allowing to provide a constant and fixed tempera-
ture of the bottom part of the crystal within the 12-23 °C
range. The light beam inducing PRD propagates in the per-
pendicular direction to the temperature gradient vector.

The two crystals among samples studied optically were
prepared for direct pyroelectric measurement. The 200-nm-
thick Al electrodes were deposited on +C and —-C surfaces,
and connected by an Al wire. When the temperature of the
sample is constant, no current flows through the circuit.
However a temperature increase causes a net dipole moment
and, consequently, a decrease in the spontaneous polariza-
tion. The quantity of bound charge then decreases, as it is
compensated by the redistribution of free charges, which in-
duces the pyroelectric current in the circuit. If the sample had
been cooled instead of heated, the current’s sign would be
reversed. In an open circuit, the free charges would simply
remain on the electrodes and a voltage could be measured.

IIl. EXPERIMENTAL RESULTS

To compare PRD magnitudes obtained at different tem-
perature gradients, we used the pseudo-Z-scan arrangement,
and we recorded the temporal evolution of the transmitted
intensity J in a fixed (postfocal) crystal position. Normalized
to the input intensity, we define three thresholds that occur at
different times during experiment: J; and J; are the initial
and saturation values of the output intensities in the PRD
process, while J, is the saturation value after the thermal
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FIG. 2. PR response for as-grown sample 4 (see Table 1) at room tempera-
ture (time period from 0 to 16 min), at transient state during heat-up of
crystal’s top part (time period from 16 to 19 min) and at steady-state tem-
perature gradient VT=41.6 °C/cm (period from 19 to 45 min).

gradient is applied onto the sample. We report in Fig. 2 for
the as-grown sample the time dependence of the transmitted
intensity J normalized to its input value for two different
experimental conditions. Corresponding to a time delay
equal to 16 min, the left part of Fig. 2 shows the transmitted
intensity J as measured with an extraordinary polarized laser
beam at room temperature. The laser beam power used for
this experiment is adjust at 12 mW. Time constants are de-
termined from computer fitting of the experimental curves to
the function of J(t)=J;+(1-J3)exp(-t/7). We have com-
pared the transmittance in the stationary state (J;) obtained
with various crystals (not represented), which allowed us to
state some findings in the PR properties. The rise time 7 of
PRD is shortest for chemically reduced LN, and it is shorter
for as-grown than for oxidized LN as well. It has been found
also that the time constant is inversely proportional to the
light intensity used for experiments and to the optical absorp-
tion coefficient of crystals, and it is directly linked to impu-
rities concentration. However, among chemically reduced
crystals, the sample with highest optical absorption coeffi-
cient has the largest J; and the shortest 7. The difference
between transmitted intensities J; and J; has been used as a
rough qualitative measure of PRD magnitude,* as well as
input data for evaluation of steady-state refractive index
change Ang caused by PR effect, Table Il. PRD in the as-
grown and oxidized LN crystals is more significant in com-
parison with those in chemically reduced samples. Note, that
PRD becomes undetectable with our experimental method in
reduced crystals annealed for more than 1 h.

The most important experimental finding of this study
consists of qualitative and quantitative experimental proofs
of the possibility of a full suppression of PRD with aid of
steady-state temperature gradient applied in direction per-
pendicular to laser beam propagation. For example, the right
part of Fig. 2 shows the temporal evolution of transmitted
intensity, when steady-state gradient (VT~41.6 °C/cm) is
applied by the thermoelectric elements with T,; =45 °C and
T,»=20 °C to the crystal 4 (see Table Il) with a 6 mm thick-
ness along the gradient direction. Note that we use a fast
constant-rate gradual change in Ty; with heating rate of
10 °C/min from room temperature to a target temperature.
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TABLE II. PRD magnitude Ang at VT=0 and parameters (VTy, and SF) of the PRD suppression effect in

different samples.

Sample No.
1 2 3 4 5 6 7
Ang %107 1.3 0.7 1.6 0.9 1.1 0.9 0.85
VTy (Kicm) 84 40 41 37 32 18.0 125
SF at grad T=5 K/cm 0.03 0.19 0.12 0.33 0.25 0.35 0.36
SF at grad T=15 K/cm 0.17 0.53 0.38 0.72 0.69 0.83 1.0
SF at grad T=25 K/cm 0.31 0.86 0.73 0.91 0.95 1.0 1.0

Therefore, for the case shown in Fig. 2, the steady-state gra-
dient was developed before beginning of the output intensity
recovery. At the same time, homogeneous heating of any LN
samples induces only small changes in the steady-state PRD
magnitude, as the maximum temperature used in our study
was small (80 °C) relatively to the well-known data™™ on
temperature dependence of PRD magnitude.

The total suppression of PRD, i.e., when J,=J; can be
observed, if the temperature gradient is equal or above a
certain threshold value VT, As VT, depends on crystal pa-
rameters, this threshold value has different magnitudes for
crystals studied, and varies within the range from 12.5 to
85.5 °C/cm for as-grown and slightly reduced (with anneal-
ing time =0.67 h) nominally pure crystals. The different
magnitudes of temperature gradient were obtained by varia-
tion of temperature Ty,; of one thermoelectric element (see
Fig. 1) within the 20—80 °C range at a fixed temperature set
at T;,=20 °C for the second thermoelectric element. The
final level of the output intensity J, reached at steady-state
gradient is insignificantly larger than J; (=5%), as PRD does
not reach a true saturated state in the initial stage of our
experiment (left part of Fig. 2). To reach such a state, more
longer exposure is required in the initial stage within levels
of light intensities used in our experiments, that is noncon-
venient practically and the quasisaturated state reached is
sufficient for our investigation.

At temperature gradients smaller than the threshold
value VT, required for full suppression of PRD, recovery of
the output intensity is not observed (Fig. 3), but instead of it,
a marked increase in the output intensity is observed with
J,<<Jy, i.e., with a partial suppression of PRD. In this case,
residual part of PRD decreases almost proportionally to VT,
when this latter is significantly smaller (by a factor =25%),
than the temperature gradient threshold VTy,. The partial sup-
pression of PRD can be characterized by a suppression factor
(SF) defined as SF(VT)=1-Any(VT)/And(VT=0). If VT in-
creases in the range near this threshold, a sharp decrease in
residual PRD is observed and SF approaches to 1. At tem-
perature gradients above the critical value, the total suppres-
sion of PRD is observed and evaluation of PR effect magni-
tude from distortion of light beam trajectory gives Ang=0
(i.e., SF=1). These observations, for a given sample at fixed
light-intensity value, are done independently of the initial VT
and average temperature. Comparison of the partial PRD
suppression effect in different crystals demonstrates clearly
that changes in SF correlate with changes in optical absorp-
tion coefficient «’, see Tables | and II.

At any fixed temperature gradient VT <VT,, chosen in
accordance with the VTy, for a given crystal, attenuation of
the output laser power, obtained with the aid of the optical
arrangement composed of a quarter-wave plate and polarizer
(see Fig. 1), provides a sharp decrease in the normalized
difference between output intensities J, and J,, i.e., the par-
tial PRD suppression, described by the relative parameter SF,
becomes to be more significant. Besides, for any crystals
studied, specific parameter of VT, decreases with the de-
crease in light beam intensity within the crystal.

It is very important to note that in iron-doped ([Fe]
=0.01 wt %) lithium niobate crystals, any partial suppres-
sion of PRD was not observed even at the largest tempera-
ture gradient of 85.5 K/cm used in our studies. In these crys-
tals PRD is much stronger in comparison with any nominally
pure crystal. In fact, PR defocusing of laser beam is much
significant and, therefore, steady-state value of output inten-
sity detected by closed-aperture photodiode in a fixed post-
focal point is very small and it is not affected by steady-state
temperature gradient. There is only fast quasichaotic tran-
sient change in the output intensity during heating and cool-
ing processes, when temperature distribution across crystal
demonstrates significant temporal changes and, thus, steady-
state temperature gradient is not developed yet. Such a fast
transient change is observed also in all nominally pure crys-
tals and, according to previous studies,”**° it may be attrib-
uted to the influence of thermo-optic and pyroelectric effects.

g
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FIG. 3. Kinetics of PR response at various temperature gradients VT: VT,
>VT,>VT; (curves 1, 2, and 3, respectively). These data have been ob-
tained at VT,;=13.3 °C/cm (T;,=20 °C and T,,=28 °C) with sample 7,
having minimum threshold value of stationary gradient (VT
=12.5 °C/cm, see Table I1) required for the full suppression of PRD.
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FIG. 4. Kinetics of output intensity induced by PRD recovery in sample 4,
when temperature gradient is removed because of the sharply decrease in the
thermoelectric element temperature T,;. The final stage of this experiment is
a steady-state uniform temperature field (T, =T, =const), which is reached
in 7 min after switching off the thermoelectric element h,, as temperature
gradient decreases down to zero during this period. Experimental conditions
are the same with Fig. 2, and ordinate t=0 in this figure corresponds to
ordinate t=45 min in Fig. 2.

In any iron-doped and undoped crystals this transient inten-
sity change is most significant, when heater and cooler
(Peltier’s elements h; and h,, Fig. 1) are applied to +Z and
-Z surfaces of crystal, i.e., the polar crystal axis (Z axis) is
directed along a virtual line passing through heater and
cooler.

This phenomenon of PRD suppression is completely re-
versible. For example, Fig. 4 shows temporal evolution of
output intensity, when a steady-state temperature gradient
field is removed by cooling down the sample with the ther-
moelectric element h; to the final state T;=T,,=20 °C. Full
recovery of PRD magnitude is observed, i.e., the steady-state
value of light-induced refractive index change Ang reaches
its initial value (developed before application of VT), when
temperature gradient completely disappears. Such a
suppression/recovery cycle may be repeated unlimited num-
ber of times. Some small differences between output inten-
sities J; and J, (see Figs. 2 and 4) are observed only when
the steady-state value of PRD is not reached before applica-
tion of temperature gradient VT.

It has been established that the same suppression of PRD
may be induced by temperature gradient field created by
Peltier cooler h,, if T,, <T,; and Ty, is some stable tempera-
ture near (or equal) the room temperature (see Table IlI). In
this case, it is possible to reach the full PRD suppression
with some extra efforts to escape water vapor condensation
on crystal surface, as values of T, required for all the
samples studied are below a dew point for air at standard
surrounding conditions.

It is of note that the dominating part of PRD, as consid-

TABLE II1. Dependence of SF on temperature gradient, created by cooling
down of bottom part of a crystal via Peltier element h, (see Fig. 1).

Sample No. grad T=3.4 K/cm grad T=7.2 K/cm grad T=13.3 K/cm

1 =0.02 0.03 0.15
0.23 0.38 0.65

J. Appl. Phys. 104, 114104 (2008)
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FIG. 5. Long-term drift of the output intensity after initial full suppression
of PRD with aid of stationary temperature gradient in nominally pure as-
grown lithium niobate crystal (sample 4). The experimental conditions are
the same than in Fig. 2, and ordinate t=0 in this figure corresponds to
ordinate t=45 min in Fig. 2.

ered in this study, corresponds to the short-time contribution
of a general drift that occurs in long-exposure experiments in
LN crystals (or LN based devices). As shown in Fig. 5 for
the as-grown sample 6, after full suppression of PRD in the
short-time range (time below 2 h), some small PRD appears
in the long-time exposure range. The specific time of buildup
of this small PRD is much longer in comparison with the
PRD Kkinetics existing for crystal that is not placed in a tem-
perature gradient field. Comparing Fig. 2 and 5, this specific
time difference is found to be two orders of magnitude. Same
qualitative behavior at long-term exposure is observed in all
other nominally pure samples under temperature gradient
field.

If the stationary temperature gradient is developed
across crystal before illumination, the same long-term drift
of the output intensity (see Fig. 5) is observed. However, in
this case its initial value is equal to J; (see notification given
in Fig. 2). Therefore, with practical point of view, the tem-
perature gradient allows to decrease significantly PRD in
nominally pure lithium niobate crystals, but full suppression
of PRD is not available for stable long-term operation. De-
spite this drawback, the partial suppression of PRD via tem-
perature gradient has great practical importance, as inherent
residual PRD is smaller than maximum acceptable levels re-
quired in many applications.7 Main advantages of this novel
method of PRD suppression consist of its relative technical
simplicity and of its possibility to select any operational or
functioning temperature value within a local area, e.g.,
within waist of focused laser beam. The latter is one of the
most important tasks for nonlinear optical converters, where
an exact phase matching is necessary.

It has been found that this PRD suppression effect is
possible only under the combined influence of temperature
gradient and illumination, Fig. 6. The very slow dark relax-
ation of PRD (specific time has order of several tens of
hours) in all lithium niobate crystals is observed without il-
lumination at any temperature gradient in the studied range.
The small difference in dark relaxation kinetics between
cases of temperature gradient and uniform room temperature
may be related to the pyroelectric effect and to the dark
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FIG. 6. Suppression of PRD effect (time period from 53.5 to 63 min) de-
layed by dark relaxation (time period from 17.5 to 53.5 min) of PRD in
sample 4 at stationary temperature gradient (VT=41.6 °C/cm) applied
within time period from 21.5 to 63 min. PRD is induced at room tempera-
ture (i.e., at VT=0) during period from 0 to 17.5 min, and steady-state VT
value is reached after period from 17.5 to 21.5 min.

conductivity growth due to an increase of the average tem-
perature. Simultaneously, these data clearly show that pyro-
electric effect cannot be regarded as dominating mechanism
of the PRD suppression effect reported in this paper.

In order to compare quantitatively the PR nonlinearity
changes in different samples under influence of the variable
temperature gradient, we performed Z-scan measurements
under same experimental conditions, i.e., using the same op-
tical and thermal arrangements with a He—Ne laser at 10 mW
output power. As Fig. 7 shows in the slightly reduced nomi-
nally pure lithium niobate sample 7 (see Table 1), the CAZ
traces are opposite in sign for measurements with and with-
out the steady-state gradient of 14 °C/cm. This temperature
gradient is created by the heater h;, keeping the constant
temperature of 23 °C for top side of the sample, and Peltier
element h,, cooling the bottom side for stable temperature of
14.6 °C.

For all measurements performed at room temperature in
absence of temperature gradient, we have observed shape of
Z-scan trace, which is typical for the negative refraction in-
dex change, as shown by trace 1 in Fig. 7. According to
previous studies,?~*® it shows clearly that the PR effect gives
the dominating contribution to the integral nonlinear re-
sponse. In case of steady-state temperature gradient, the
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FIG. 7. Z-scan traces of nominally pure sample 7 at stationary room tem-
perature (1) and with a steady-state gradient equal to 14 °C/cm (2). The
light intensity is around 2.5 kW/cm?,
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FIG. 8. Z-scan traces of nominally pure sample 7 at stationary room tem-
perature (1) and with different steady-state gradients—3.8 °C/cm (2) and
6.6 °C/cm (3). The light intensity is around 0.8 kW/cm?.

Z-scan trace changes quantitatively and qualitatively, de-
pending on gradient values: At small and moderate VT, the
sequence order of peak and valley in Z-scan trace, i.e., the
so-called negative sign of Z-scan traces,® does not change
with temperature gradient, but for larger VT (VT>VT,,), as
plotted by trace 2 in Fig. 7, there is an alteration of the sign
of the Z-scan trace, i.e., the modulation of the Z-scan trace
should be characterized by the so-called positive sign.****

As we can see in Fig. 8, demonstrating only cases of
negative modulation of the Z-scan trace within our experi-
mental conditions, larger is VT, smaller is the contrast be-
tween peak and valley in the Z-scan traces. It means that the
nonlinear optical refraction is significantly smaller in the
case of temperature gradient, than for homogeneous tempera-
ture distribution. According to our experimental study, the
key result is the presence of a consequent peak-valley con-
trast in the Z-scan trace at stationary uniform temperature
(VT=0) and a decrease, down to a quasiescape of the peak-
valley contrast with the increase in the temperature gradient
VT. A specific temperature gradient, VT, of such a quasies-
cape is different for different nominally pure lithium niobate
crystals and the various VT, coincide roughly with data on
VT, in different crystals. Note that measurement accuracy of
VT, is much lower than of VTy,. In all the cases of large
temperature gradient (VT > VT~ VTy,), modulation sign of
Z-scan trace is positive and modulation depth, i.e., contrast
between peak and valley, is much smaller than at small and
moderate values of VT, Figs. 7 and 9. The modulation depth
depends on light intensity in all undoped crystals. Therefore,
we can assume that application of a high-power laser, e.g.,
Ar*-ion one weighted by the influence of the wavelength,
should provide a significant modulation depth of Z-scan trace
even at large VT, when modulation has positive sign and,
according to Ref. 5, may be explained clearly by thermo-
optic effect.

Finally, there is a clear correlation between the PRD
magnitude and modulation depth of the corresponding
Z-scan trace at comparison of either the different samples at
fixed values of VT, or data obtained at different VT for a
given crystals. Thus, Z-scan measurements can be used as
well to compare the PRD suppression effect in different crys-
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FIG. 9. Z-scan traces of nominally pure sample 7 at stationary room tem-
perature (curves 1 and 2) and with a steady-state gradient equal to
14 °C/cm (curves 3 and 4 traced near T=1). The light intensity is around
0.8 kW/cm? (1, 3) and 0.3 kW/cm? (2, 4).

tals since the peak-valley configuration distinguishes clearly
samples above and below the threshold value of VT, which is
a specific parameter for each crystal.

IV. DISCUSSION

To explain the origin of the PRD suppression effect with
temperature gradient in lithium niobate crystals, we consider
at first the common mechanisms discussed previously: pyro-
electric effect,>° change in dark and photoconductivity with
temperature,”® and thermoelectric current excitation caused
by photoinduced carriers diffusion directed by temperature
gradient along the gradient vector.™*

The pyroelectric effect can influence PRD due to the
appearance of a strong pyroelectric field. It has been
demonstrated®° that macroscopic charge separation due to
pyroelectricity represents an important contribution to PRD
in ferroelectrics, which can occur whenever the temperature
is raised significantly (e.g., AT=32 K for LN).? Neverthe-
less it is to be of note that the strong pyroelectric effect is
only observable during and shortly after the period in which
the temperature chamges7'g and the specific time of this tran-
sient phenomenon is much shorter in comparison with the
effects reported here (see Figs. 2 and 5). The steady-state
pyroelectric field can be created by stationary temperature
gradient, but it has smaller magnitude. However at certain
conditions,™ this field can compensate totally the light-
induced space-charge field, creating the PRD suppression.
The pyroelectric field E,,, and pyroelectric current iy, are
expressed by

Eqyro = YAT/(e ~ 1)eo = [1/(e = 1)eo)(VTd)y,

ipyro =[o/(e = 1)eo]ATy, (3)

where y=-dP4/dT is the pyroelectric coefficient, Py is the
spontaneous polarization, ¢ is the static dielectric permittiv-
ity, &¢ is the dielectric constant, o is the electric conductivity,
and d is the laser beam diameter.
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In case of nominally pure congruent lithium niobate
crystals, the values of y and &35 (static dielectric permittivity
along the optical axis) are equal to

— aPS — -5 2 —
v=- E =8.3X 10 C/m K, 833—28.

Hence, as calculated with the previous values, the pyro-
electric field created by the temperature gradient VT
~12.5 K/cm induced in sample 7 (see Fig. 3 and Table I)
corresponds to Ep,~0.42X 10% V/cm. It is not sufficient
even for a significant partial suppression of PRD because this
value is much smaller than light-induced space-charge field
E. responsible for PRD, which is estimated to be around 15
kV/cm in our experimental conditions.* Moreover, it has
been established™* that temperature gradients equal or greater
than 10° K/cm are able to eliminate the strong PRD, which
is generated by the light-induced space-charge field E,, of
order of magnitude in the range of 40-100 kV/cm in iron-
doped samples at low and moderate light intensities. Tem-
perature gradients less than 500 K/cm have no observable
effect upon the strong PRD observed in iron-doped lithium
niobate.” During our experiments, the maximum tempera-
ture gradient value used is equal to 85.5 K/cm, as it is suffi-
cient for total suppression of PRD in any undoped LN
sample studied. By the way, even this largest gradient is
sufficient, according to Ref. 11, to suppress the PRD induced
by E,.=3 kV/cm, i.e., optical damage caused by birefrin-
gence variation of order 107°. However, such a value of op-
tical damage cannot induce both the strong PR defocusing,
Figs. 2 and 6 and marked perturbation of Z-scan traces, Figs.
7 and 9 experimentally observed. Thus, the steady-state py-
roelectric effect cannot be regarded as the dominating
mechanism of PRD suppression in lithium niobate crystals.

In our experiments the change of dark and photoconduc-
tivity that would be induced by temperature gradients cannot
give any significant contribution in PRD magnitude varia-
tion. Indeed, the maximum temperature used in our study
was relatively low (80 °C), according to the well-known re-
lation between the decrease of light-induced space-charge
field and the growth of electric conductivity at high
temperatures,” where almost full suppression of PRD was
observed at homogeneous heating for the temperatures above
140 °C onIy.7’8

Nonequlibrium thermal conditions, when a temperature
gradient produced by nonuniform crystal heating/cooling,
give rise to an intensive heat flux. According to the data on
light-induced charges transport in lithium niobate (:rystal,1l
the strong thermoelectric current component parallel to the
gradient vector should appear within illuminated area, pro-
viding a consequent extra contribution in light-induced
space-charge field.

To include the thermoelectric effect in our consideration,
we add an extra term jq;s in the equation describing the light-
induced current j. This term j g is related to the diffusion of
photoexcited electric carriers. Thus, PR effect is assumed to
be caused only by macroscopic space-charge field due to the
light-induced current j, which consists of three terms:
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= Jpv + Jarite * Jaifes (4)
ie.,

. an  ap

] = Bijkee Wl + oEgc + kBT(MnE + MpE) (5)

where jp, jarif @nd jgig are photovoltaic, drift, and diffusion
currents, B;jx is the photovoltaic tensor, € and ", are eigen-
vectors for light polarization, o is the total crystal conduc-
tivity composed by dark and photoconductivities, and w,, and
M are the mobility of electrons and holes having concentra-
tions n and p, respectively.

According to this model, Egs. (4) and (5), the thermo-
electric effect contributes to the macroscopic space-charge
field E,; with a sign linked to the increase or decrease in Eg,
depending on polarity of the temperature gradient vector VT
relative to the spontaneous polarization one Ps. However,
this above direct consequence of the model is that exists a
contradiction with experimental data when we consider the
weak dependence of PRD suppression effect on orientation
of the gradient vector VT relatively to Ps. Nevertheless, these
experimental data are in good accordance with the previ-
ously proved conclusion that the macroscopic thermoelectric
currents of free carriers play an insignificant role in the mac-
roscopic charge separation, building up Eg. in LN.

Finally, we propose the hypothesis that the PRD suppres-
sion effect reported here is caused by local thermoelectric
currents created by the temperature gradient field, as the
light-induced refractive index changes in nominally pure LN
arise mainly from local electric fields due to light-induced
variations of spontaneous polarization (so-called polarization
contribution to the PR effect)."®*° In contrast this proposal is
not valid for iron-doped crystals where macroscopic charge
separation gives dominating contribution.

In fact, there are significant differences between the most
important features of PR effect in iron-doped and nominally
pure LN."® For example, according to the usual model of the
PR effect, an intensity independent refractive index change is
expected. The iron-doped LN samples show the expected
intensity independence up to intensity equal to 103 W/cm?,
Below this value the spatial index profile is compatible with
the model. Moreover, the plateau with steep slopes is typical
for the spatial refractive index profiles across a laser beam in
iron-doped LN samples. The refractive index change is con-
stant within this plateau, i.e., independent of the laser inten-
sity profile 1(z). The refractive index profile generated at
same and larger light intensities in nominally pure samples
has the anomalous specific characteristics. It is more similar
to the laser intensity profile and has no plateau in contradic-
tion to the usual model.?’ Therefore, the local electric field
caused by light-induced dipoles within defect sites can be
regarded as the dominating contribution to the PR effect in
nominally pure crystals.

It has been demonstrated that spatially nonuniform pho-
toexcitation of a pyroelectric crystal containing photoioniz-
able defects generally result in a spatial variation of the mac-
roscopic polarization density.7'18 The resulting polarization
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charge density p,=—VP acts as a source for the local electric
field that changes the refractive indices and finally influences
the PRD.

Trapped electrons (trapped on intrinsic defect sites)
modify P in accordance with density of filled traps. In steady
state, an equilibrium is established between the field associ-
ated with the space-charge density and the —VP polarization
charge density. The macroscopic electric field E, linked to
the space charges density pg, contributes to P as well through
AP (space charge)=(e—1)Eg, with & the dc dielectric con-
stant. In steady state, the total macroscopic electric field from
all sources approaches zero. The condition for E(total)=0 is
readily shown to be

V(P, +P.)=(e = 1)pg, (6)

where P_ is the contribution to P due to filled traps and P, is
the contribution due to ionized donors.

It has been established™*®%! that intrinsic antisite de-
fects act as electron traps and donors. If an electron is excited
from a defect state to the conduction band, the unit cell di-
pole moment p; decreases or increases, depending on to the
localization of the defect either on an oxygen site or on Nb
(or Li) site, respectively. It is caused by fact that p; can be
regarded as a sum over subcells of the unit cell,

pi = 2Z;jrij, )

where Z;; is an effective point charge density and rj; is the
center of charge for the jth subcell of unite cell i. The r;; are
taken to be the displacements of the jth atom (ion) in the ith
unit cell from position in the appropriate centrosymmetric
structure, i.e., the paraelectric space group for ferroelectrics.

In real crystals, defects are present and unit cell contain-
ing one defect may obviously have a different value for p;
than the perfect one. The macroscopic polarization is then to
be computed as

P(r)=3p;, (8)

where the summation is considered over all cells constituting
a small volume centered at r. This small volume is chosen so
as to contain a statistical quantity of defects, yet to be small
in macroscopic terms. Thus, P(r) is a smoothly varying func-
tion of position in the crystal and will be locally proportional
to the local average density of defects, provided the same
coordinates in Eq. (7) for all cells. In LN the oxygen sites
contribute with negative value to Eq. (7), while Nb and Li
sites contribute positively.18

We apply the model developed in Ref. 18, which as-
sumes that a defect exists with the following properties: (1) it
is like a double acceptor in that it has three possible charge
states (D*, DO, and D™) differing each other by one electronic
charge and (2) the site contributes in a positive sense to p;.
Thus the same defect acts as both trap and donor. According
to the recently published data,**®?? such an amphoteric de-
fect presents an antisite defect Nb,; that appears to be in
large quantity (concentration of antisite defects is up to
1 mol %) in undoped congruent and near-congruent lithium
niobate crystals.

The polarization variation will be proportional to the lo-
cal difference between densities of D* and D~. Alteration of
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FIG. 10. Distribution of photoexcited carriers p, and schematic of the
double-acceptor energy levels p, and p_ after turning on the light (a). Spatial
variations (b) at short time after turning on the light of the following: I is
light intensity; pe is conduction electrons; p, is ionized donors; p_ is filled
acceptors; JP is polarization variation from filled and empty traps density
variation; pp is polarization charge density; pq, is space-charge density; Eg,
is space-charge field; P;,q is polarization induced by space-charge field; E;y
is the total electric field from pp and py,; APy is the total variation in P
including both P and Pj,g.

any Z in Eq. (7) by one electronic charge in the lithium
niobate structure (with one atom in each subcell and g; the
displacement from the centrosymmetric position), changes p;
by only 8—12%. This provides an upper limit on AP corre-
sponding to the fully ionic bonding so that

AP(r) < (0.1)(p+ + p-)Ps, 9)

where Pg and p.. are the spontaneous polarization and the
relative charged defect densities.

The local increase in densities p.. is proportional to the
intensity distribution of the light. Initially, the density of con-
duction electrons (p.) and the excess of D sites (p,) varies
spatially following the light intensity 1. As initially, the car-
riers have not drifted or diffused over macroscopic distances,
polarization variations are also proportional to the light in-
tensity. Thus, variations of the macroscopic polarization and
total electric field are both Gaussian, with the same spatial
dependence as the light intensity, as shown in Fig. 10.

For lithium niobate, the field-based electro-optic effect
description is appropriate for externally applied fields, but
internal electro-optic effects must be described in terms of
polarization rather than field.*® So we can write for ordinary
and extraordinary refractive index changes

Ang= - (nY2)[rsAP/(e55 - 1)],

Ang= - (n¥/2)[r13AP/(e33 - 1)], (10)

where rq3 and ra; are the clamped electro-optic coefficients.
For congruent LN crystals,

S(ng— ng) = - (0.645 — 0.138)AP (11)
with AP in C/m?, or since P;=0.71 C/m2,’
S(ng—ng) =~ A(AP/Py). (12)

Accordingly, from data on maximum PR effect magnitude in
LN (Ref. 4) with 8(n.—n,) equal to 1073, AP/Pg must be
~3 %1073, If the change in the cell dipole moment between
cells containing D* and D~ defects is of the order of 5% of
the perfect cell moment,*® i.e., the half of the maximum ionic
bonding amount, then at least, 1% of the unit cells must
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contain an ionizable defect. It is very important to note that
this amount deduced by our analysis coincides exactly with
the recently published data on concentration of antisite Nby;
defects in undoped congruently melting lithium niobate
crystals.t41822

Within the consideration of the crystal stoichiometry, the
limited range over which the Nb content may be increased
suggests that Czochralski-grown crystals cannot be substan-
tially improved in the PRD-resistant direction. A macroscopi-
cally averaged [Li]/[Nb] ratio of unity or greater does not
guarantee the absence of Nb excess stacking faults but only,
that Li-rich faults must be present in a compensating
extent.™® Improvement in damage-resistant direction thus
requires growth of microscopically stoichiometric material,
i.e., reduction in the absolute density of defects. Thus, the
finding mentioned above allows to explain the absence of the
close correlation between PRD magnitude and [Lil/[Nb] ra-
tio averaged over a certain crystal (see Tables I and II).

No structural defects are created in the crystal by low-
intensity light illumination, thus we need to consider only
two possibilities: excitation of bipolarons and excitation of
hole polarons. A bipolaron consists of a Nb‘”u polaron oc-
cupying a Li lattice site and a Nb‘”Nb polaron occupying a
regular Nb lattice site, coupled by the induced lattice distor-
tion, forming a diamagnetic system with antiparallel
spins.»# Upon creation or decay of bipolarons, one would
thus expect to observe single Nb**; and Nb**, polarons.
Furthermore, the nonlinear absorption «; in LiNbO;: Fe and
in undoped lithium niobate demonstrates the generation of
holes in the valence band by two-photon band to band
transitions.? They are not annihilated and can move to a
pinning center. Thus, it was concluded,” that the long-lived
light-induced effects might be caused by small bound O~
polarons, i.e., one hole trapped by an oxygen ion near a
lithium vacancy. In case of photogeneration of polarons,
electrons are excited by two-photon excitations, leaving
holes in the valence band. These electrons form Nb** ; po-
larons. Holes are trapped by O?  near lithium vacancies,
forming O~ hole polarons. Small polarons decay into empty
traps and they recombine afterwards with hole polarons.
They recombine on longer time in the few seconds scale. The
dependence of the recombination rate on the number of
Nb**_; polarons opens the door to a manipulation of the po-
laron lifetimes by changing the Nb** ;/Nb>* ; ratio via a
reduction/oxidation treatment.?

Mentioned above findings allow to suggest that the D™,
D%, and D* defects in our model, Egs. (8)-(11), are related to
small Nb‘”Li (single, or forming bipolarons) and O~ hole
polarons. It should be noted that significant concentration
(=10% cm™3) of bipolarons exists even in slightly reduced
nominally pure crystals.**” At the same time, all nominally
pure lithium niobate samples fabricated with standard condi-
tions may be regarded as slightly reduced crystals.*

We interpret the results on suppression of PRD via tem-
perature gradient as implying a threshold value of tempera-
ture gradient, VT, where local thermoelectric current of pho-
toexcited carriers, appearing due to microscopic carriers drift
over a distance comparable with a unit cell size, can induce
spatial redistribution of filled polaron states. This redistribu-
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tion is accompanied by instant recombination of small and
hole polarons, i.e., depletion in local difference of the densi-
ties p. and, thus, a disappearance of macroscopic polariza-
tion variations within illuminated area. Such a drift can be
explained by the internal-field model of PRD,* assuming
that a VT-induced increment of the internal field is the driv-
ing force of the local drift of carriers. Therefore, this thresh-
old value VT, can be roughly estimated by

ep, +g(dl/dz) = VT, (dP/dT), (13)

where g is the product of photoexcitation quantum efficiency,
absorption coefficient, and electron charge, dI/dz is the light-
intensity distribution along beam cross section, and ep, is the
effective charge density associated with empty traps, i.e.,
with D* intrinsic defects related to allowed ground-polaron
state in bandgap. In notations D* and p,, we use the formal
charge only as a convenient label to denote the charge envi-
ronment of the atom in question.

Note that Eq. (13) has been obtained in frame of
“plasma” model, describing the direct contribution of free
electrons to refractive index change.™ Similar to general
conclusion of Ref. 11, our experimental results do not sup-
port this model. Thus, we use Eq. (13) in formal sense only,
to describe the specific equilibrium state of charge transfer
process.

It means that AP=0 at VT=VTy, i.e., according to Egs.
(10)—(12), light-induced refractive index changes disappear.
According to Ref. 11, the dependence of densities profiles
p-+(2) on temperature gradient VT and light-intensity profile
I(z) can be described by second-order differential equation.
In general, this equation is not tractable and, therefore, we
use Eq. (13) to describe only the particular case mentioned
above. Equation (13) is not valid in case of marked macro-
scopic charge separation, when the space-charge field gives a
significant or dominating contribution in the refractive index
modulation, Fig. 11. An insignificant space-charge field con-
tribution to the apparent steady-state PRD observed at low
and moderate intensities of the red light (632.8 nm) can be
explained by the greatly reduced rate at which electrons drift
out of illuminated region and the weak thermal re-excitation
of trapped electrons in the proximity of this region.24

Taking the density of polarons equal to 1.7
x10% cm™ generated by a high-intensity (4
% 108 W/cm?) laser pulses at 532 nm in crystal and with a
linear absorption coefficient around 5 cm™1,% one can esti-
mate the threshold value VT, in the order of 10 K/cm.
This rough estimation, performed via Eq. (13), considers the
real small values of the linear absorption coefficient (see
Table 1), the low-intensity excitation regime (=2
X103 W/cm?) at 632.8 nm, the spectral dependences'® of
absorption cross section of polarons and bipolarons, and
(dP/dT) to be equal of the pyroelectric coefficient defined
after Eq. (3). Thus, this theoretical estimation result is in
quite satisfactory agreement with our experimental data pre-
sented above (see Table Il). By the way, further studies are
required to develop an exact quantitative model.
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FIG. 11. Spatial variation of the quantities shown in Fig. 10 for a nominally
pure crystal after high-intensity long-term exposure at uniform temperature
gradient (solid curves) and iron-doped crystals for both intermediate and
long-term exposure (dashed curves).

V. SUMMARY

The total suppression of PRD is possible to reach in
nominally pure LN crystals with aid of transverse steady-
state temperature gradient VT, above a specific threshold
VT Such a specific threshold can be controlled by extra
reduction/oxidation annealing, as VT, decreases with the in-
crease in bipolaron absorption band, which is largely affected
by this extra annealing. It has been demonstrated that small
threshold VT, (=41 K/cm) could be achieved at low (prac-
tically acceptable) level of optical absorption (=0.16 cm™).
However, the full suppression of PRD is not available for
stable long-term operation in the range of days. Despite this
drawback, the partial suppression of PRD via temperature
gradient has great practical importance, as inherent residual
PRD is smaller than maximum acceptable levels required in
many applications.

Main advantages of this method of PRD suppression
consist of its relative technical simplicity and of its possibil-
ity to select any operational or functioning temperature val-
ues within a local area, e.g., within the waist of the focused
laser beam. The latter is one of the most important task for
nonlinear optical converters, where a specific temperature
have to be fixed to obtain exact phase matching conditions.

It was found that there is a clear correlation between
PRD magnitude and modulation depth of the corresponding
Z-scan trace either for the various samples at fixed values of
VT, or for the data obtained at different VT for a given crys-
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tal. Thus, Z-scan measurements can be used as well to com-
pare the PRD suppression effect in various crystals since the
peak-valley configuration of the Z-scan trace distinguishes
clearly samples above and below VT, which can be re-
garded as a specific functional parameter of each crystal.

The theoretical explanation of the PRD suppression ef-
fect is given on basis of the so-called polarization field
model. We have demonstrated that light-induced refractive
index changes caused by local variations of the spontaneous
polarization due to photoionization of the intrinsic defects in
LN crystals can be erased by a local thermoelectric current of
light-induced charge carriers (polarons, bipolarons, and hole
polarons) induced by a steady-state temperature gradient. At
the same time, such a gradient-induced local current cannot
erase the light-induced refractive index change created by
macroscopic charge separation. This prediction of our theo-
retical model is confirmed by fact that no any PRD suppres-
sion (even partial) has been observed in iron-doped ([Fe]
=0.01 wt %) lithium niobate crystals at relatively small
temperature gradients used in this study.
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