N
N

N

HAL

open science

Z-scan study of nonlinear absorption in reduced LiNbO3
crystals
Sergey M. Kostritskii, Michel Aillerie

» To cite this version:

Sergey M. Kostritskii, Michel Aillerie. Z-scan study of nonlinear absorption in reduced LiNbO3 crys-

tals. Journal of Applied Physics, 2012, 111, pp.103504. 10.1063/1.4716470 . hal-00699510

HAL Id: hal-00699510
https://hal.science/hal-00699510

Submitted on 21 May 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00699510
https://hal.archives-ouvertes.fr

——

-

AP Applied Physic{\ A\

Z-scan study of nonlinear absorption in reduced LiNbO3 crystals
S. M. Kostritskii and M. Aillerie

e

Citation: J. Appl. Phys. 111, 103504 (2012); doi: 10.1063/1.4716470
View online: http://dx.doi.org/10.1063/1.4716470

View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/N111/i10
Published by the American Institute of Physics.

Related Articles

Bipolaron recombination in conjugated polymers
J. Chem. Phys. 135, 074902 (2011)

Correlation effects on the dynamics of bipolarons in nondegenerate conjugated polymers
J. Chem. Phys. 130, 234908 (2009)

Acidification of three-dimensional emeraldine polymers: Search for minimum energy paths from base to salt
J. Chem. Phys. 128, 234903 (2008)

Transformation of polarons to bipolarons in disordered matter
Appl. Phys. Lett. 92, 222108 (2008)

A suitable model for emeraldine salt
J. Chem. Phys. 128, 174706 (2008)

Additional information on J. Appl. Phys.

Journal Homepage: http://jap.aip.org/

Journal Information: http://jap.aip.org/about/about_the journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

ADVERTISEMENT

IBD Optical Film Qualit%

4 y

at PVD Rates Ad\glq?eﬁ SPECTOR-HT
e B RS . i i ION BEAM
ST ey . DEPOSITION
7 r ; ' N/ RangeI 0? SYSTEMS

%/ Applications

. - | a g /" Superior @)
) I : Throughput

WWW.VeeCO.Com/SDeC’[OFh’[ f‘ - ] nd Repeatability Innovation. Performance. Brilliant.

&),


http://jap.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/408051387/x01/AIP/Veeco_JAPCovAd_1640x440banner2_05_2012/SPECTORHT1640x440_FINAL.JPG/774471577530397266546b41416f5654?x
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. M. Kostritskii&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=M. Aillerie&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4716470?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v111/i10?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3624730?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3155207?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2931573?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2938995?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2913246?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 111, 103504 (2012)

Z-scan study of nonlinear absorption in reduced LiNbO; crystals

S. M. Kostritskii"*® and M. Aillerie?

'RPC Optolink, Sosnovaya al., d. 6A, Str. 2, NPL-3-1, Zelenograd, Moscow 124489, Russia
2LMOPS, Lorraine University and Supelec, 2 rue E. Belin, 57070 Metz, France

(Received 5 January 2012; accepted 12 April 2012; published online 17 May 2012)

The nonlinear absorption (NLA) was studied by open-aperture Z-scan experiments in the
chemically reduced nominally pure LiNbO; crystals at cw-illumination with the red (644 nm) and
green (514.5 nm) laser beams. The magnitude of the measured NLA is considerably different from
the reported Z-scan results obtained in as-grown LiNbOs3. The positive sign of NLA obtained with
the red light has been related to the generation of the small bound polarons absorbing in red and
near-IR ranges. Application of green light results in the light-induced transparency, i.e., the Z-scan
traces show negative sign of NLA. Intensity dependence of Z-scan traces allows for conclusion that
the photo-induced dissociation of small Nby ;**:Nby,*" bipolarons and sequent generation of small
polarons gives the dominating contribution to the nonlinear optical absorption in reduced crystals
with a large bipolarons concentration. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4716470]

. INTRODUCTION

Recently, a new interest to lithium niobate (LiNbOj3)
crystals was stimulated by the study of small polarons and
bipolarons.'* Besides of fundamental aspects, polarons are
very perspective entities for practical purposes, e.g., the
polarons can be used in the holography as intrinsic photore-
fractive centers in undoped and doped LiNbOj crystals,
including chemically reduced nominally pure ones.>” There
are many hints that short-living small polarons strongly
influence the photorefractive sensitivity. Furthermore, it has
been shown that small bound polarons may act as intermedi-
ate shallow traps in a multi-step recording scheme for phase
holograms featuring non-destructive read-out.** To optimize
the crystal properties for photorefractive holography, it is
necessary to study the efficiency of single polarons excita-
tion. We propose to use the open-aperture Z-scan method, as
it has been established® that the photorefractive sensitivity is
proportional to the light-induced absorption. Indeed, both
effects have the same microscopic origin related to the
photo-generation of small single Nby;>® polarons caused by
light-induced dissociation of small Nby;*":Nbyy*" bipolar-
ons. Note that the Z-scan technique is a well-established
method for quantitative measurement of the nonlinear
absorption (NLA) and nonlinear refraction (NLR).?

Il. SAMPLES CHARACTERICTICS AND
EXPERIMENTAL TECHNIQUES

A LiNbOj; crystal grown from a melt of 48.5mol. %
Li,O has been used for preparation of the reduced samples
studied, which are listed in Table I. These six samples were
annealed in pure hydrogen atmosphere (partial pressure of
0.1 atm) at different temperatures ranged from 500 to 700 °C
for various times in range from 0.5 to 11h. One additional
sample of the as-grown (unreduced) crystal was used as a
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reference specimen for the comparative study of the chemi-
cal reduction effect on NLA. All the samples were Z-cut
2-mm-thick plates with the front and back Z-surfaces pol-
ished at an optical-grade.

The typical optical absorption spectra are shown in
Fig. 1. As can be seen from our data, the strength of the bipo-
laron absorption band depends on the reduction temperature
in a strongly nonlinear way. This fact makes it difficult to
control the reduction process and may lead to arbitrarily dif-
ferent results for slightly altered experimental conditions.®™
Since the dependence of bipolaron concentration on the
reduction conditions in nominally pure LiNbOj is not gener-
ally known, the most convenient characterization is given by
the properties of the bipolaron band itself. According to
Ref. 6, we will refer to the linear absorption coefficient «, at
A=500nm, i.e., at a maximum of the bipolaron absorption
band, as the degree of reduction.

Experimental information on NLA was obtained from
open aperture Z-scan measurements.” The beam of argon-ion
laser operating at 514.5 nm was focused by a lens with focal
length f=200mm into the z-cut LiNbOj; sample. This
argon-ion laser generates a Gaussian light beam with an
adjustable output power, corresponding to a light intensity I,
in the 0.05 to 3.5kW/cm? range at the focal point (i.e., at
z=0). The samples were scanned in the vicinity of the lens
focus (z = 0) starting from a position ahead of focus (—z) and
moving toward a position behind the focus (4z). The scan-
ning range was about *25mm in all the experiments. The
data were collected at every 0.2 mm along the lens axis, by
translating the sample under test through its focal point using
a computer controlled stepper motor. Besides, we use a laser
diode at A=644nm in a second series of NLA measure-
ments with the same open-aperture Z-scan set-up. Calibrated
neutral density filters were used to vary I, from 0.04 to
1.2kW/cm?. The thickness of a sample (2mm) was chosen
in such a way that it was smaller than the Rayleigh range zg
of the focusing lens. The Rayleigh range was evaluated by

© 2012 American Institute of Physics
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TABLE 1. Samples notation, linear optical absorption coefficient oy at
/=514.5nm, maximum light-induced change of absorption coefficient Ax
observed at saturation of NLA (see Fig. 6), i.e., Ax is equal to Aa™ defined
by Eq. (6), and NLA coefficient f’ for the reduced LiNbO3 samples. /' was
evaluated from the Z-scan data on Ax values measured with 514.5-nm laser
beam at Iy=59.5W/ecm?, as Ao= B'/Io. The signs of Ao and ' were
defined in accordance with the expression for the total absorption coefficient
o =0+ Aa.

Sample # 1 2 3 4 5 6
op, cm ! 4.6 10.6 19.1 25.3 27.6 374
Aw,em™  —225  —68 —12.5 —~16.8 —183 —243
oW 009 —0.23 —0.44 —0.56 —0.61 —0.88

zr=Twy/2; as the beam waist wy=42fA/nd at the focal
point (z=0), where d is the beam diameter at the aperture,
ie, zzg=59 and 4.8mm at A=644 and 514.5nm,
respectively.

Note that the Z-scan response with a fully open aperture
is insensitive to the nonlinear refraction and is only a func-
tion of the nonlinear absorption.”' Such Z-scan traces with
no aperture are expected to be symmetric with respect to the
focus (z=0) and the coefficient of nonlinear absorption can
be easily calculated from a transmittance curve, when the
low-intensity Z-scan background is subtracted to reduce the
effects of linear sample inhomogeneities."!

lll. EXPERIMENTAL RESULTS

In Fig. 2, the normalized transmission is shown for an
open aperture Z-scan as a function of the distance along the
lens axis for 514.5-nm and 644-nm laser beams in the deeply
reduced crystal having high values for the linear absorption
coefficient o, at the both wavelengths. The transmission
without an aperture was measured in the far field as the sam-
ple was moved through the focal point. The curve (1) of
Figure 2 depicts the open aperture response, which accounts
for a decrease in the transmittance T due to nonlinear absorp-
tion of the 644-nm laser beam. Such a shape of the optical
response is typical for open-aperture Z-scan measurements
in the as-grown nominally pure and doped LiNbO;

12
10

o, (cm'l)

o Lt . I . I . I
400 600 800 1000

wavelength & (nm)

FIG. 1. Spectral dependence of the linear absorption coefficient o for the
moderately reduced nominally pure LiNbO; crystal (sample #2). Sample
notation is given in accordance with Table I.
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FIG. 2. Open-aperture Z-scan traces measured in the deeply reduced crystal,
sample #6, with 644-nm (1) and 514.5-nm (2) laser beams, respectively. The
light intensities of 1.2 and 1.9 kW/cm? were used for Z-traces (1) and (2),
respectively. Both transmittances 7(z) are normalized to the corresponding
transmittance 7 in the linear regions (i.e., regions of large |z|). Thus, the
normalized transmittance given in this plot is NT = (T(z)/T,) x 100%.

crystals.'>™"> In this case called reverse saturable absorption
(RSA),'® the sample experiences the strongest / at focus
(I=1y at z=0); therefore, it absorbs the most energy and
allows least transmittance. Away from the focus in the direc-
tions of both increasing and decreasing z, transmittance
increases evenly because the irradiance decreases symmetri-
cally about the focus. However, the magnitude of this
decrease of T has much larger values in the reduced crystals
in comparison with an as-grown nominally pure Z-cut sample
of same thickness, when the light intensity /; is fixed to any
constant level within the range available with the 644-nm
laser used. The open-aperture response, curve (2) in Fig. 2,
obtained for the deeply reduced crystals (¢, > 20cm ™', i.e.,
in the samples #4—6, Table I) with the 514.5-nm laser beam
demonstrates the increase of T with [, i.e., T(z) has a maxi-
mum value at z=0, which is typical for SA,'*'® when the
nonlinear absorption has negative sign. It can be related to
the bleaching of the defect centers absorbing at this laser
wavelength in the deeply reduced crystals. In contrast to the
reduced LiNbO;, no alteration of NLA sign has been
observed in as-grown LiNbO; crystals at the change of light
wavelength from 644 to 514.5 nm.

As reported in Fig. 3, a more complicated situation is
observed in the moderately reduced crystals (i.e., in the sam-
ples #1, 2, and 3, Table I), where the transmittance peak
broken into two peaks at *z,, separated by a transmittance
valley T, at focus for Z-scan tracing with moderate- and
high-intensity 514.5-nm laser beams. According to the
Z-scan theory,'®'® it means that T increases with I to some
point and then decreases with /, reaching a valley value T, at
z=0. This feature suggests the transition from SA to RSA
with the intensity increase. Note that the total absorption
remains saturable in the region far outside (—z,, +z,). At
around *z, and inside (—z,, +z,,), nonlinear absorption turns
to be reverse saturable. The pronounced asymmetry of the Z-
scan curve can be related to / dissipation with the sample
depth, as the measured ratios T!,+/Tp_ and T"/T~ (in the
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FIG. 3. Open-aperture Z-scan trace measured in the reduced crystal, sample
#2, with 514.5-nm laser beam having /o = 1.7 kW/cm?>.

region far outside (—z,, +z,)) are sharply decreasing to 1
with the decrease of o within the range (1.5 <y <20 cmfl)
specific for the moderately reduced lithium niobate. At the
same time, such a decrease of o results in a marked reduc-
tion of T, " and T, while (T, "~ — T,) keeps a nearly con-
stant value if /; is fixed at comparative study of the different
samples. However, if the intensity /; has a low value (below
some specific threshold level), then the Z-scan curves in the
moderately reduced crystals have the shape observed typi-
cally in the deeply reduced samples, as shown in Fig. 2(2).

A contrast shape of Z-scan curves is observed in the
slightly reduced crystals (at o < lcmfl), where T, <1 has
been observed at any /,, Fig. 4. The similar behavior was
observed'* in the as-grown undoped LiNbO; with a rather
high optical absorption (2p=0.665cm™ ', ie., crystal was
inherently slightly reduced because of insufficient post-growth
oxidation treatment). Moreover, our findings allow for assump-
tion that the two unexplained small peaks observed at the both
sides of the deep transmission valley'* can be related to the
defects induced by the chemical reduction of LiNbOj; crystals.

NLA can be determined directly from a 7(z) curve meas-
ured by the open aperture Z-scan. For a small nonlinear

1024
1004

98 +

NT (%)
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94

-20 -10 0 10 20
z (mm)

FIG. 4. Open-aperture Z-scan trace measured in the as-grown crystals (lin-
ear absorption coefficient is 0.14cm ™" at 514.5nm, thus, it can be regarded
as a slightly reduced crystal because of nonsufficient post-growth oxidation)
with 514.5-nm laser beam having Io = 1.9 kW/cm?.
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absorption, the normalized change in transmittance (AT
=T(z) — 1) becomes'’:

AT(z) = —qy/2V/2, (1)
where
qo = MLy /(1 + 2%/ 23), 2)

where Log=[1 — exp(—ay L))/ is the effective length, « is
the linear absorption coefficient, L is the thickness of the
sample, Ax is the light-induced change in absorption (i.e., in
the total absorption coefficient, which is equal to o=y
+ Aw), z is the actual sample position relative to the focus,
and zg is the Rayleigh range. The change in optical absorp-
tion coefficient Ax refers to the ordinary polarization, since
the optical axis of the crystal under test was always set paral-
lel to the propagation direction of the laser beam.

However, it has been established'”'® that the depth of
the transmission valley in a Z-scan trace at z=0 (or equiva-
lently the largest change in transmittance, A7(0)) is not
directly proportional to gq at significant NLA, when ¢o >
0.2. As a consequence, for transmittance changes AT(0) >
0.07, the data analysis of experimental Z-scan traces to eval-
uate the NLA values needs to be based on the more general
equation'®

AT(z) = 1 —In(1 + qo)/qo- (3)

Comparative study of Z-scan traces obtained at different
laser powers demonstrates that Ao has pronounced sublinear
intensity dependence in the reduced crystals (see Fig. 3) that
is in contrast to the quasi-linear intensity dependence in the
as-grown crystals. The latter dependence observed by us is
in accordance with the previous data'>™'> on NLA in the
unreduced crystals.

In as-grown (unreduced) crystals, the change in absorp-
tion Ao is related to the nonlinear absorption through

Ao = Ply, “

where f is the nonlinear absorption coefficient (in cm/kW)
and [ is the intensity of the laser beam at the focus (z =0).

By applying the open-aperture Z-scan theory,” we
numerically calculated the normalized transmittance as a
function of the Z position using f as a free parameter. From
the best fit of Eq. (2) to the experimental data, § was calcu-
lated for all the samples studied.

The open aperture Z-scan data was used to evaluate the
nonlinear absorption coefficient § for the as-grown LiNbO;
crystals at excitation with both the laser wavelengths (514.5
and 644 nm) used in our experimental study. The experimen-
tal data on T(z) yields the following values for nonlinear
absorption: f =0.45 cm/kW at 514.5nm and f§ = 0.08 cm/kW
at 644nm. Note that such a spectral dependence is general
feature of NLA.'"” These f values are much smaller than
the previously reported values (f=2.7cm/kW was eval-
uated® at 2 =532nm and f=5cm/kW was evaluated'* at
A=514.5nm) obtained with continuous wave (cw)-laser
beams for the undoped as-grown lithium niobate crystals. At
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the same time, our data are in quite satisfactory agreement
with NLA magnitude observed in undoped LiNbO; films'?
(f=0.39cm/kW at 4=532nm). This difference can be
attributed to the significant influence of the photorefractive
effect on NLA measurements, as the photorefractive effect
depends strongly on many uncontrollable crystal parameters
and specific excitation conditions.’**' Such an influence is the
inherent factor for undoped as-grown crystals.'>'**° Besides,
photorefraction can be controlled (strongly suppressed) by
introducing certain dopants (like Mg, Zn, or In),”'? or by peri-
odic poling."* For example, in the as-grown Mg-doped con-
gruent LiNbOs3, with a Mg concentration > 5mol. %, and in
periodically poled undoped crystals, the f§ values are lower by
three orders of magnitude at similar experimental conditions
(sample thickness and laser power)'*!*?? that indeed confirms
our conclusion on origin of the marked variation of data on f§
values in as-grown LiNbO; crystals at cw-illumination.

The photorefractive effect in the crystal is largely sup-
pressed under picosecond laser radiation and the third-order
nonlinearity contribution to the NLA coefficient becomes to
be dominating. The picosecond laser pulses are too short for
the marked photorefractive process to be observed, if the
interval between the pulses is far greater than the photorefrac-
tive relaxation time. According to the data on the dynamics of
photorefractive effect'' in LiNbO; crystals, in the laser irradi-
ance range of a typical Z-scan experiment with ns-pulses, the
photorefractive effect takes at least 1 us to manifest itself and
takes 10ms to relax. Thus, the magnitude of f for NLA
induced by ns-pulses (it is about® 2.5 x 10~’ cm/kW) at prac-
tically the same wavelength (532 nm) as in our experiments is
about seven orders of magnitude lower than that caused by
the photorefractive effect at cw-illumination. This f value is
in agreement with the coefficient of 9 x 107 cm/kW that has
been theoretically derived for the two-photon absorption
process.”

In the reduced crystals, the light-induced absorption
changes Ax have been found to be a much more significant
and proportional to the square root of / within the quite low-
intensity range, Tables I and II. These Aa(/,) dependences,
for the both 644-nm- and 514.5-nm-excitations plotted in
Figs. 5 and 6, respectively, demonstrate the tendency to satu-
ration even at the moderate intensities. It is important to note
that there is a spectral dependence of the NLA coefficient f/
(obtained by fitting the experimental dependences by
Aa(lp) = f'\/Io) as well as a maximum value of NLA, i.e.,
Ao value observed at maximum /.

IV. DISCUSSION

To explain the anomalous dependence of Ax on [y, we
took into account that the dominating mechanism of nonlin-
ear absorption in reduced crystals at low and moderate inten-
sities I is the photo-dissociation of bipolarons B into single
polarons P, which can be described by a second-order reac-
tion B <» P + P as proposed in Ref. 24. Note that this finding
is in contrast to the other mechanisms of NLA in LiNbOj;
reported in Refs. 12—15 and 22, as all these mechanisms can
be described by a first-order reaction. The latter term is used
in accordance with the definition given previously.?*

J. Appl. Phys. 111, 103504 (2012)
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FIG. 5. Curve (1)—maximum light-induced change A of optical absorp-
tion coefficient evaluated from 7T value versus the light intensity /, at the
focus of a 644-nm laser beam in the deeply reduced crystal, sample #6;
curve (2)—theoretical dependence Arx~\/10 normalized to experimental
values of Ax evaluated at low I (40 W/cm?).

At room temperature, almost all of these polarons are
paired forming the bipolarons in equilibrium. Bipolarons can
be broken into single polarons again by illumination within
visible range. At room temperature, single polarons are short-
living (<ms) because of their small activation energy
(0.3 eV) for annihilation.*” Such a photo-dissociation of bipo-
larons changes the optical absorption spectrum of the crystals.
The broad absorption band near 500 nm has been attributed to
the presence of bipolarons and a narrower band at 760 nm (a
short-wavelength tail is extended down to 600 nm) has been
assigned to the formation of single polarons under illumina-
tion with proper wavelength.®>”* Therefore, the existence of
such a dissociation-annihilation process in cw illuminated
crystals is expected to manifest itself in the optical absorption
change dependent on the wavelength of pump laser beam.

Thus, the photon-induced dissociation of small Nb;**:
Nbyy,* " bipolarons, absorbing in the green spectral range,
results in a light-induced transparency, i.e., SA effect, when

50-
40

304

-AOL (cm'1)

0 500 1000 1500 2000 2500 3000 3500

lo (W/em?2)

FIG. 6. Curve (1)—maximum light-induced change Aa of optical absorp-
tion coefficient evaluated from T value versus the light intensity /, at the
focus of a 514.5-nm laser beam in the deeply reduced crystal, sample #6,
curve (2)—theoretical dependence Aoc~\/10 normalized to experimental
values of Ax evaluated at low Io (60 W/cm?).
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Ao has negative sign (Eq. (3)), at excitation with 514.5-nm
laser beam. The generation of the small bound Nby;** polar-
ons, absorbing significantly in the red and near IR ranges,
yields a positive light-induced absorption Ax related to the
RSA at excitation with the 644-nm laser beam. According to
the data on spectral shape of the bipolaron absorption band,’
the red light is still sufficient for one-photon dissociation
of bipolarons due to a high light intensity within focused
laser beam despite of a small linear absorption o at this
wavelength.

Combined solution of equations, describing the
dissociation-annihilation process and optical absorption, gives
the following dependence®* of the light-induced absorption
changes |Ax| on I

|Ac] =N x s(gly/r)"> = /1o, (5)

with s =sp — 0.5s5, where sp denotes the absorption cross sec-
tion of polarons and sp that of bipolaron, g and r are generation
and recombination rates, respectively, of small bound polarons
in the photo-induced dissociation process of bipolarons.

Using the maximum transmission change AT measured
at z=0 in the various reduced crystals as input data for Egs.
(1)—(3) and (5), the values of nonlinear absorption coefficient
p' specific for the polaron generation/dissociation process
are evaluated, Tables I and II. These f’ values evaluated
with the aid of the Z-scan technique have the same order
of magnitude that its value reported previously’* (f' =
0.27 W_O‘S). At the same time, there is an alteration of the f/
sign and a significant increase (almost in eight times) of the
|| magnitude, when the pump wavelength changes from
644 to 514.5nm for any deeply reduced crystal studied, as
shown by the values reported in Table II. Such a drastic
spectral dependence of 8 is in accordance with the data®* on
the light-induced changes of the polaron/bipolaron absorp-
tion in the reduced LiNbOj crystals.

It is important to note that with the increase of I, the
absorption changes tend to saturate and the intensity depend-
ence of |Ax| can be well described by

|Aaf = [Aa™ {1 — exp(—1o/1y)}, (6)

where Iy’ is a characteristic quantity, which decreases with
the increase of the linear absorption coefficient ¢ in accord-
ance with the saturation behavior** of the bipolaron photo-
dissociation.

The maximum values |A¢™| of the light-induced
absorption change measured with the high-intensity 514.5-nm

TABLE II. Samples notation, linear optical absorption coefficient o, at
/=644 nm, maximum light-induced change of absorption coefficient Ax
observed at I,= 1200 W/em?, and NLA coefficient f [Eq. (5)] for the
reduced LiNbO; samples. ' was evaluated from Ao values measured with
644-nm laser beam at [, = 38 W/cmz.

Sample # 1 2 3 4 5 6
op, cm ! 2.6 5.9 10.7 14.1 15.4 20.8
Ao, cm ™! 0.43 1.15 2.01 2.56 2.85 3.63

pLwW0s 0.013 0.031 0.056 0.077 0.084 0.112

J. Appl. Phys. 111, 103504 (2012)

laser beam are proportional to o, in the deeply reduced crys-
tals, i.e., in the samples with ¢y > 20 cm_l, Table 1. The light-
induced absorption changes observed with the 644-nm laser
beam is far from saturation, i.e., Ax << Aa™™ (see Fig. 5 and
Table II), even at maximum intensity available with focused
radiation of the 644-nm laser diode used in our study.
However, the maximum light-induced absorption change Ax
is also proportional to the linear absorption coefficient o,
Table II.

Recently, the highly efficient ns-pulse-recording volume
holographic gratings in the reduced lithium niobate have
been achieved by the optical generation of a spatially modu-
lated small polaron density.® The absorption change is
related to the variation of the population density of small
polarons and causally affects the index of refraction via the
Kramers-Kronig relation. Thus, the data on open-aperture
Z-scan may be used for preliminary estimation of the holo-
graphic efficiency in the differently reduced nominally pure
crystals. Optimization of the chemical reduction conditions
might enable further improvements to be achieved.

V. SUMMARY

Chemically reduced nominally pure LiNbOj crystals
were prepared and characterized for NLA using the open-
aperture Z-scan technique at the wavelength of 514.5 and
644 nm. Z-scan spectra reveal the sign alteration of NLA
across this wavelength range with a positive sign of NLA
at 644nm accompanied by a negative one for NLA at
514.5nm. These anomalous nonlinearities in reduced
LiNbOj; induced by low- and moderate-intensity illumination
are established to be mainly due to a two-photon absorption
process associated with the photodissociation of bipolarons,
which are generated in large quantity by the chemical reduc-
tion annealing. It has been found that the NLA of the deeply
reduced crystals is much larger than that of the as-grown
(unreduced) lithium niobate.
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