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Separation of optical Kerr and free-carrier nonlinear responses with femtosecond light
pulses in LiNbOj crystals
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Time-resolved four-wave pump-probe experiments with femtosecond light pulses, including readout of the
fundamental K grating and also of the 2K grating, allow to separate the free-carrier nonlinearity caused by
two-photon excitation from the instantaneous optical Kerr nonlinearity. The method is applicable to wide-gap
optical materials. For lithium niobate crystals, we show, using 200 fs pulses, that the buildup of the free-carrier
grating adiabatically follows the absorbed energy. This finding and the results of modeling lead us to the
conclusion that the relaxation (thermalization) time of the photoexcited band carriers is shorter than 100 fs.
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I. INTRODUCTION

Combination of ultrashort durations, high intensities, and
moderate energies makes femtosecond light pulses an indis-
pensable tool in the studies of carrier and phonon dynamics
in solids.""* Apart from fundamental interest, the “driving
force” of these studies is the need for faster devices and
faster information processing.

Recently, we employed femtosecond pulses to investigate
the nonlinear response of lithium niobate (LiNbO;)
crystals,’>® a wide-gap material of prime importance for nu-
merous optical applications.”! Using two interfering pump
pulses at 388 nm to generate a spatial grating and a weak
Bragg-matched pulse at 776 nm to test it, we measured the
diffraction efficiency 7 as a function of the delay time Af
between pump and probe.”? It is characterized by a strong
peak at Ar=0 followed by a quasipermanent (on the picosec-
ond to nanosecond scales) plateau. The peak is caused by an
instantaneous x° nonlinearity [the Kerr effect and two-
photon absorption (TPA)], while the plateau is of a different
nature (it is due to the excitation of free carriers). Similar
features are inherent in a number of wide-gap optical
materials.'!"1?

The presence of the superimposing peak strongly hampers
time-resolved measurements and analysis of light-induced
charge excitation and transport on the femtosecond time
scale. On the other hand, practically nothing is known here
about such fundamental issues as the relaxation times and
transport lengths of hot carriers. In particular, they are be-
lieved to be closely related to one of the distinctive and im-
portant features of lithium niobate crystals—the presence of
anomalously strong bulk photovoltaic effect with light-
induced fields =10° V/cm.'>!* The level of understanding
of fast electron phenomena is essentially and unjustifiably
lower here compared to that typical of semiconductors such
as Si, Ge, and GaAs.

In this paper, we present a general method of how to
separate the instantaneous and quasipermanent contributions
to the nonlinear response. Furthermore, we report the results
of time-resolved measurements and modeling of the buildup
of free-carrier gratings in LiNbO; crystals.
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The underlying idea is pretty simple: Two pump pulses
form a sinusoidal intensity grating; its grating vector K is the
difference of the pump wave vectors (see also Fig. 1). In the
case of an instantaneous x> nonlinearity, the change of the
optical permittivity Ae(r,7) is proportional to the pump in-
tensity /,(r,t). Therefore, Ae is modulated only with the spa-
tial frequency K. The quasipermanent free-carrier response,
caused by two-photon excitation of electrons, is of a higher
order in I,; it includes not only a K but also a 2K spatial
frequency component. By Bragg matching a probe beam to
the 2K grating, one can monitor the net buildup of the free-
carrier grating.

II. EXPERIMENTAL METHODS AND RESULTS

Our experimental setup is sketched in Fig. 1. Two identi-
cal pump pulses at wavelength \,=388 nm with a temporal
full width at half maximum (FWHM) of =215 fs for the
intensities are incident simultaneously and symmetrically
onto the YZ face of a LiNbO; sample, whose thickness is
d=70 wm. The pump half-angle 6,=4° corresponds to the
grating period A=27/K=2.8 um; the grating vector K is
chosen to be perpendicular to the polar ¢ axis (i.e., to the z

FIG. 1. Schematic presentation of a four-wave pump-probe ex-
periment. D and Dy, are photodiodes, DS is a delay stage, L is
a long-focus lens, and ¢ is the polar axis. The lines inside the
sample show schematically the light interference pattern of the
pump pulses.
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FIG. 2. Diffraction efficiency 7, versus the delay time Ar for
the 2K grating recorded with ~40 GW/cm?> pump pulses. The
pump and probe pulses are z polarized. The dots are experimental
data, and the solid line is the result of calculations. The inset shows
a dependence 7,g(Ar) for the 1K grating; the solid line is a guide
for the eye.

axis). The pump polarization vector is parallel to the z axis
(the extraordinary waves).

The FWHM diameter of the pump beams inside the
sample, =0.7 mm, exceeds considerably the grating period.
The peak intensity I, of each pump pulse ranges from
=~4 to =~ 140 GW/ cmg. The grating is probed with a weak
pulse at N\,=2\,=776 nm, which is Bragg matched either to
the 1K or to the 2K grating; the angle of incidence 6, being
~8° or =16°, respectively. Its FWHM duration and diameter
are ~165 fs and 3.5 mm. The probe pulse is polarized either
along the z axis or along the y axis. Using a delay stage (DS),
the delay time At between the probe and pump pulses can be
varied in the picosecond time range with a resolution of
~10 fs. The main observable characteristic is the diffraction
efficiency 7=E,/(E,+E,), where £, and &, are the energies of
the diffracted and transmitted probe pulses, respectively.
These energies were measured by the Si photodiodes Dy
and Dy, (Thorlabs, DET210). The UV light was suppressed
using absorptive low pass filters.

The dots in Fig. 2 are our experimental data for 7,x(Ar)
obtained for /,~40 GW/ cm?. Each dot is the result of aver-
aging over ~100 measurements with a repetition rate of
~10 Hz. The maximum statistical dispersion of the dots,
which corresponds to the plateau region, is (10-15)%.

One sees that the diffraction efficiency of the 2K grating
grows monotonically with At and arrives at the plateau value
Dpla = 3 X 1077 The rise time is comparable with the pulse
width. This transient behavior contrasts with that of the 1K
grating (see the inset of Fig. 2). The latter is characterized by
a strong peak at Ar=0, caused by the Kerr and TPA effects.
The plateau value of 7 decays only on the nanosecond time
scale.® We have found also that the dependences 7, x(At) and
1x(At) are rather insensitive (within a factor of =1.5) to the
mutual polarization of the pump and probe pulses.

Next, we analyze the dependence of the plateau diffrac-
tion efficiency 7712’],;“ on the total peak intensity of the pump
pulses, 21,. The experimental results are presented in Fig. 3
on a logarithmic scale. The dots correspond to the z-z polar-
ization combination for the pump-probe pulses. Each point is
the result of averaging over =400 measurements at a repeti-
tion rate of 10 Hz. Within the experimental accuracy, the
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FIG. 3. Intensity dependence of 7]511? The dots refer to the z-z

polarization state for the pump-probe pulses. The solid lines are
dependences 7751,?‘04; and 112, in the low- and high-intensity regions.
The dashed vertical line at 21,=40 GW/ cm’ separates these
regions.

same dependence 78:(21,) occurs for the z-y polarization

state.

One sees that the intensity range consists of low- and
high-intensity regions, where the two-photon absorption is
weak and strong, respectively.®’ The turning point is
21,=(B,d)"' =40 GW/cm?, where B,=3.5 cm/GW is the
TPA coefficient at 388 nm. The solid lines in Fig. 3 represent
the dependence 77511?%(21,,)” in the low- and high-intensity
regions with the exponent b=4 and 2, respectively. The de-
pendence 77511?%12 in the low-intensity range indicates a two-
photon mechanism for the excitation of free carriers. Here,
the pump-induced change of the optical permittivity and the
amplitude of the diffracted probe pulse are both proportional
to If,, and the energy of the diffracted probe pulse is propor-
tional to I; A noticeably weaker growth of 75:(1,) in the
high-intensity region is due to the nonlinear TPA attenuation
of the pump pulses.

III. MODELING

Now we turn to modeling of the observed phenomena. It
incorporates several key points as follows (see also Ref. 8):

» Since the temporal FWHMs of the pulses are much
larger than the light periods A, ,/c, the envelope approxima-
tion holds true.

* The spatial lengths of the pulses are smaller than the
crystal thickness so that the effects of spatiotemporal overlap
are crucial. It is necessary thus to solve the (3+1)D coupled-
wave equations.

* The smallness of # allows us to use a perturbation ap-
proach to solve the coupled-wave equations.

* The paraxial approximation, exploiting the smallness of
the propagation angles in the sample, holds true.

* The spatiotemporal profiles of incident pulses are Gauss-
ian.

* The rate of the nonlinear change of the optical permit-
tivity, dAe/dr, which is caused by the two-photon excitation
of free carriers, is proportional to Ilz,(r,t). Recombination
processes for photoexcited carriers are negligible on the pi-
cosecond time scale.

» The influence of the high-order instantaneous x* nonlin-
earity is negligible with a big margin of safety.
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SEPARATION OF OPTICAL KERR AND FREE-CARRIER...

Within the above assumptions, the dependence
k(A7) / 75 can be calculated without any fit parameters. It
is determined only by the experimental angular and pulse-
width parameters. The final result reads

nxldr) a7 [ 2( 2At>2] 512
== exp| —a“|s—— 1 +erf(v2s)]°ds,
7]5112[ 4\”/7_7 » P " [ ]

(1)

where s is the integration variable, w is the Gaussian
pulse duration, erf(x) is the error function, a
=\(1+4¢%)/(1+404%), g= 6,D/cw is a dimensionless angu-

lar parameter, D=D,/ \r1+4Df/ DIZ) is an effective diameter,

D, and D, are the Gaussian diameters of the pump and read-
out beams, and ¢ is the speed of light. To calculate the
FWHM parameters, it is sufficient to multiply w and D,, , by
a factor of yIln 2=0.83.

The solid line in Fig. 2 is plotted with this relation and the
above specified experimental parameters without any fit. It is
in very good agreement with the experimental data. With an
accuracy better than 100 fs, we can exclude any additional
broadening mechanisms.

The calculated plateau value of the diffraction efficiency
for the 2K grating, ngl,?t, is =16 times smaller for the experi-
mental conditions than 73 [mostly because of a four times
smaller modulation depth of IZ(r) at the spatial frequency
2K]. This prediction is also in good agreement with the data
of Fig. 2.

IV. DISCUSSION

Now we discuss the impact of our findings on the notion
of charge transfer and transport phenomena in LiNbOj; crys-
tals. It is well known that this wide-gap material possesses a
rather weak photoconductivity and an anomalously strong
bulk photovoltaic effect (light-induced fields =10° V/cm).
These effects are attributed usually to the thermalized and
nonthermalized (hot) charge carriers, respectively.'%!> The
only known explanation of the anomalously high light-
induced fields relies on a hypothesis of an extremely short
(<100 fs) relaxation and/or thermalization of hot electrons
to the bottom of the conduction band and shallow energy
levels.'* This relaxation is caused by the electron-phonon
coupling, which is expected to be strong in ionic oxide crys-
tals like lithium niobate. It is known also from many experi-
ments, see, e.g., Refs. 8 and 16, that the lifetime (or recom-
bination time) of the thermalized carriers belongs the
nanosecond range.

If the relaxation time of photoexcited hot carriers lied in
the range of 107'—10? ps, the corresponding temporal fea-
tures in the 2K response would have to be seen. Otherwise,
one should suggest that the optical response of free carriers
at 776 nm is the same for delocalized hot states and localized
thermalized states within an energy range of =1 eV. Such a
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suggestion looks nonrealistic for any bearable band model.
Furthermore, it would not be in line with the pronounced
wavelength dependence of the light absorption of thermali-
zed carriers excited by long pulses.!”

However, the buildup of free-carrier gratings with 200 fs
light pulses shows no such features on the scale of
0.1-10 ps. The only visible possibility to explain it is to
accept that thermalization of hot carriers occurs faster than
0.1 ps. It is just employed in our model, where the grating
buildup follows adiabatically the absorbed energy. The decay
of free-carrier response on the nanosecond scale is due to the
recombination of thermalized carriers; it cannot be pre-
scribed to hot carriers. We have thus a strong evidence for
fast (=100 fs) intraband processes in lithium niobate (in-
cluding relaxation to shallow levels). This behavior differs
from that typical of semiconductors, where the hot relaxation
and/or thermalization time is usually in the range =1 ps,">!3
although examples of ultrafast energy relaxation (=0.1 ps)
are known even for semiconductors, see, e.g., Ref. 19. To the
best of our knowledge, the hot carrier dynamics in wide-gap
optical materials, such as lithium niobate crystals, remains
virtually unexplored.

Presumably, the formation of the quasipermanent compo-
nent of the nonlinear response occurs as follows: Strong
pump pulses excite electrons from the valence to the conduc-
tion band via two-photon absorption. Then the photoexcited
carriers relax quickly (=100 fs) to shallow levels or to po-
laronic states and contribute in this way to the nonlinear
permittivity at N\,=776 nm. This scenario is consistent with
the observations of long lasting infrared absorption'® and
strong photovoltaic fields.

It is not excluded that processes of charge separation can
contribute in general to the quasipermanent nonlinear re-
sponse via the linear electro-optic effect. However, these pro-
cesses have been suppressed in our configuration by aligning
the grating vector perpendicular to the ¢ axis.

V. CONCLUSIONS

In conclusion, we have developed a method of how to
separate the process of charge excitation via two-photon ab-
sorption from instantaneous changes of the optical permittiv-
ity. It is shown with =200 fs light pulses that for lithium
niobate crystals, the TPA-initiated buildup of free-charge
gratings follows adiabatically the absorbed energy and shows
no features of hot-electron relaxation. The characteristic time
of the latter should be smaller than 100 fs.
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