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Polarization spectroscopy techniques are used to analyze the dispersion of the nonlinear
anisotropy and nonlinear gyrotropy near one- and two-photon interband resonances in a
gallium arsenide crystal. A picosecond polarimeter-densitometer is developed which is capable
of measuring the frequency dependence of the nonlinear rotation of the plane of polarization
accurate to 10™* rad in the 0.7-2 um range. A technique for distinguishing the nonlinear
anisotropy and nonlocality effects is developed which is based on analyzing the orientation and
dispersion dependences of the nonlinear rotation. New data on the latent anisotropy of the
GaAs crystal lattice and on the band structure are obtained by measuring the dispersion of the
anisotropy in the cubic susceptibility. An exciton resonance was recorded in the nonlinear
gyrotropy, and a “giant” nonlinear polarization self-action at one-photon exciton resonance
was detected. Data are presented on the contribution of higher nonlinearities (saturation of the

cubic susceptibilities in strong fields).

1. ANISOTROPY AND NONLOCAL NATURE OF THE
NONLINEAR RESPONSE; POLARIZATION SELF-ACTION

In this paper we discuss some spectroscopic applica-
tions of the phenomenon of the polarization self-action of
light, or nonlinear optical activity (N'JA) as it is called in
the literature. In the simplest case, NOA causes the rotation
angle of the polarization plane of linearly polarized light to
depend on the intensity. The term “nonlinear optical activ-
ity was first used to refer to the change in the natural gyro-
tropy of a medium induced by a strong light field (we will
call this NOA-1).! The intensity dependence of the NOA
can be illustrated by considering the classical model of an
ensemble of molecules that consist of coupled orthogonal
oscillators separated by a distance D that determines the
characteristic scale of the spatial dispersion in the medium.
The specific rotational power dg /dz of an ensemble of ran-
domly oriented molecules of this type is known? to be pro-
portional to the size of the molecules (the distance between
the oscillators), to the oscillator coupling constant £, and to
a resonance factor that depends on the difference between
the excitation frequency w and the frequency & of the elec-
tron absorption band:

do/dz»DEe?/(®*—0?)*. (1

Here @ is the rotation angle of the polarization plane and z is
the coordinate along the direction of propagation of the
light. A strong light field can induce anharmonic vibrations
in the molecule and thereby alter the equilibrium distance
between individual chromophore centers, shift the absorp-
tion resonance, or change the elastic constant for the cou-
pling between the oscillators. In all of these cases, the rota-
tional power of the medium becomes dependent on the
intensity of the light, which causes the nonlinear response to
become nonlocal.

In addition to the nonlinear optical activity due to non-
local nature of the nonlinear response, there is another, dissi-
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pative mechanism that involves the polarization dependence
of the nonlinear absorption. This mechanism can also occur
in cubic crystals which lack birefringence. Nonlinear dissa-
pative rotation of the polarization plane (referred to as
NOA-2 for short) was first considered in Ref. 3.

Nonlinear optical activity is a very subtle but wide-
spread phenomenon in nonlinear optics. Nonlinear optical
activity due to various mechanisms is observable in crystals
in 16 out of the 24 crystallographic classes possessing moder-
ate or high degrees of symmetry; this suggests that the phe-
nomenon should be useful in spectroscopy. The phenomeno-
logical and microscopic theories of NOA have been worked
out fairly completely in Refs. 4-7; we are interested here in
analyzing possible applications to spectroscopy.

Gallium arsenide is among the most interesting materi-
als for analysis using nonlinear polarization spectroscopic
techniques. The first experimental observations of NOA in
GaAs at wavelength 1.064 um were reported in Ref. 8. In
our present work we used tunable picosecond light sources
to analyze in detail the spectral dependence of the NOA and
the nonlinear absorption in gallium arsenide near one- and
two-photon resonances.

Nonlocal nature of the nonlinear response in gallium ar-
senide. We can treat the nonlocal nature of the of the nonlin-
ear response in a crystal by adding terms involving spatial
derivatives to the constitutive equation for the medium:

D=y Ertxisd EEstyimiEnErE;
+ S VB A M En VA E A Y imnEnE VBt L (2)

Here D is the electric induction in the medium and E is the
field of the electromagnetic wave. The terms containing Pa
and y* are cubic in the field and describe the self-action of
the light (including the polarization self-action), i.e., pro-
cesses that leave the frequency unchanged. There is no need
to keep the terms involving the magnetic field of the light

wave in this expansion—due to the coupling via the Maxwell
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equations, the dependence on the magnetic induction can be
regarded as a dependence on the spatial derivatives of the
electric field. _

Gallium arsenide belongs to the 43m zincblende sym-
metry group, which has a plane of symmetry but no inver-

sion center. Such crystals are isotropic: y§’ = 8,¢, and they

ij
have no gyrotropy: ¥’ = 0. In weak light fields, the spatial

dispersion shows up only in the second-order terms D, ~ 7§}
V. V,E; and gives rise to a slight birefringence; however, for
this birefringence the mirror axes of fourth-order symmetry
coincide with the optic axes.”'®

To analyze the effects caused by the nonlocal nonlinear
response in gallium arsenide, we begin by noting that in opti-
cally active crystals the rotation of the polarization plane

depends on the ¥{}} tensor component,

ﬂ____ o' (3)

T

Inourcasey|;} = 0,i.e., there is no gyrotropy in a weak light

field, however, the contraction y},f,}jk E,, E, can be regarded
(somewhat arbitrarily) as an “induced” tensor 7§;’. For an
intense light wave propagating in the (001) direction and
polarized along the (100) axis, we have #{3} = 3y\}) . E\E ¥
however if the light is polarized along the (010) axis, the
sign of 7{3} is different: {3} = 3¥{nEE$ = — 371t
E E *, because for crystals in the 43m class a tensor of rank 5
has only one nonzero independent component,'' and {3),,
= — y3),,. For different initial polarizations in gallium ar-
senide, the self-induced rotation due to the nonlocal nature
of the nonlinear response may thus differ both in magnitude
and in sign—the polarization vector rotates asymptotically
either toward the bisector between the fourth-order symme-
try axes of the crystal or toward the normal to this direction,
depending on the sign of y{3),; (NOA-1):

do_3a® o

dz c—zYliizsIEIZCOS 20. 4)

Here @ is the angle between the (100) axis and the E vector
of a wave of frequency w (Fig. 1). In the general case when
the light travels along an arbitrary direction, the situation is
more complicated; however, there is no rotation along the
cubic third-order symmetry axes nor along the bisector
between the fourth-order axes.

Anisotropy of the cubic nonlinear susceptibility in gal-
lium arsenide. The third-order nonlinear susceptibility ten-
sor in a cubic crystal is anisotropic—the nonlinear response
depends on the polarization and direction of propagation of
thelight. The relation y {1}, — ¥}, — 2x{}, = Ocharacter-
istic of isotropic media does not hold for a cubic crystal. One
of the consequences of the nonlinear anisotropy is that when
light propagates along the (001) axis, the two-photon ab-
sorption coefficient K, is different for the polarizations
E ||{100) and E || (110):

K, (E[[<100>) —K, (E[<110) e Im{Ax}

(3) - (3)}

=Im {Xi(:t)t—quzz—Xiziz (5)

The polarization is preserved only for waves polarized along
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FIG. 1. Experimental configuration for recording the polarization self
actions in a GaAs crystal.

the (100), (010), or (110) axes. In all other cases, the polar-
ization vector rotates asymptotically toward the fourth-or-
der axes or toward the bisectors between them, depending on
the sign of the anisotropic component Ay"; this provides
another mechanism for nonlinear gyrotropy (NOA-2) in
gallium arsenide:

di —_ (3) ﬁ)_ 2 o

o = Im{Ay*} . |E|*sin 4®. (6)

A rigorous derivation of the formulas describing the
dispersive and dissipative mechanisms of NOA can be found
in Ref. 12. Here we note that natural optical activity shows
up both as rotation of the plane of polarization Re {#"'} and
as circular dichroism Im {#V}. Similarly, NOA involves
self-induced (intensity-dependent) rotation of the polariza-
tion plane accompanied by self-induced ellipticity. Expres-
sions for the magnitude of the self-induced ellipticity can be
derived from Eqgs. (4) and (6) by interchanging the real and
imaginary parts of the susceptibilities.

The phenomenon of self-rotation'® of the polarization
ellipse in nonlinear optics can occur in crystals of arbitrary
symmetry, including ones with no nonlinear gyrotropy and
no nonlinear anisotropy. This self-rotation is one of the
manifestations of the high-frequency Kerr effect. This can be
distinguished from NOA if we note that since no self-rota-
tion of the polarization ellipse occurs for linearly polarized
light, if can be neglected in experiments with linearly polar-
ized light. In addition, the magnitude of the angle of the
nonlinear rotation is independent of the initial orientation of
the principal axes of the ellipse with respect to the crystallo-
graphic axes, and this fact is characteristic for the NOA
mechanisms considered above and for crystals in the 43m
class.

The dissipative (NOA-2) and dispersive (NOA-1)
mechanisms for nonlinear optical activity both occur con-
currently and determine the contribution to the resultant
nonlinear rotation angle and to the self-induced ellipticity.
We can exploit the orientation dependence of the polariza-
tion self-rotation® (see Eqgs. (4) and (6)) to distinguish
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between effects due to nonlinear anisotropy and those due to
the nonlocal character. We expect that the NOA-2 mecha-
nism will dominate far from linear and nonlinear resonances
in the absorption. An increase in the nonlinear rotation
caused by the spatial dispersion of the nonlinearity may oc-
cur near exciton resonances. Indeed, we have

eNo4-1  16an Re{y®} (7)
¢NOA—2 xIm{Ax‘”} !
while the order-of-magnitude estimate

-Y(n)/x(n)Na (8)
holds for the susceptibility, where a is a characteristic length
in the crystal'® ( the lattice parameter in the nonresonant
case, or the exciton radius a.,. for the case of resonance with
an exciton transition). If we take Im Ay®' ~0.5Re y*,
Gepc ~1.5°107% cm, and A = 1.6 um for purposes of esti-
mate, we obtain

¢N0A—1/¢N0A~2z1.

Near an exciton resonance in the absorption, NOA-1 and
NOA-2 thus give comparable contributions and should
therefore be readily distinguishable.

It should be borne in mind that in general, the nonlinear
susceptibilities y® measured in NOA spectroscopy are ef-
fective values, i.e., a sum of contributions from “direct” and
“cascade” processes involving quadratic nonlinearities. "
Cascade processes for " are forbidden for crystals belong-
ing to the 43m class.

(9)

2. PICOSECOND POLARIMETER-DENSITOMETER FOR
NONLINEAR POLARIZATION SPECTROSCOPY OF
CRYSTALS

The key device in NOA spectroscopy is the pulsed po-
larimeter, which is used to measure small ellipticities and
rotations of the polarization plane. In most cases, the light
remains almost linearly polarized after passing through the
crystal. To identify nonlinear effects one must carry out
measurements with different light intensities and crystal ori-
entations in order to distinguish the contributions from the
dissipative and dispersive NOA mechanisms. Concurrent
measurements of the nonlinear absorption in crystals are
also of interest. Pulsed lasers are needed to generate light
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beams of high intensity, but they make it difficult to design
tracking systems of the compensation type (the latter are
well-suited for use with continuous light sources) . These dif-
ficulties prompted us to develop a new method for carrying
out pulsed polarization measurements which is suitable for
highly precise measurements in nonlinear optics.

Light source. At present, parametric light generators
are the only laser sources which combine adequate output
power with tunability over the entire near-IR range, the re-
gion of greatest interest in experiments on the nonlinear op-
tical properties of semiconductors. In our GaAs experi-
ments we employed parametric light sources with LiNbO,
and LilO; crystals excited by pulses from a passively mode-
locked YAG: Nd*™ laser. The equipment included two am-
plifiers and a system for selecting a single laser pulse. The
pulse length of the monitor laser was 35 ps. The laser operat-
ed stably over long periods, as required in spectroscopic
studies—measurements of 100,000—150,000 pulses revealed
that in 75% of the cases, the pulse energy deviated by less
than 20% from the average pulse energy when the laser op-
erated continuously at a frequency of 2.5 Hz. In the experi-
ments in the 1.6~1.9 um region we used a two-stage superlu-
minescence parametric light generator (PLG) with angular
tuning and LiNbO; active crystals. The energy of the signal
wave pulse from the PLG was ~ 100 uJ, and the spectral
width varied from 60 cm ™' to 20 cm ™' within the tuning
range. The measurements at 0.8-0.9 um were made using a
two-pass PLG with angular tuning; the generator used
LiIO, crystals and was pumped by second-harmonic radi-
ation from the YAG: Nd™ laser. The spectral width was 12
cm™ !,

The light at the output of the PLG was spatially filtered
to improve the accuracy of the spectroscopic data and make
it easier to calculate the nonlinear optical susceptibilities.
The spectral width and the wavelength were measured by a
spectrometer.

Optical system of the polarimeter-densitometer. The po-
larimeter (Fig. 2) consisted of two calcite Glan prisms,
which were mounted in a position corresponding to near-
minimum transmission (the transmission when the polari-
meter was “empty”” was ~ 10~ for all the wavelengths con-
sidered). The photoreceiver in channel C monitored the
energy of the signal wave pulse from the PLG. The optical

PLG

o

T

FIG. 2. Optical system of the polarimeter-densitom-
eter. Photoreceivers 4, B, C, and D are equipped with
integrating illuminators; PLG is the light source (pa-
rametric light generator); SF, spatial filter; C, cryostat
containing crystal; F, neutral optical filter; GP1 and

D GP2, polarizer and analyzer (Glan prisms); DB, data
bus of microcomputer (MC); MCh monochromator.

DB/MC
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density of the crystal was measured by analyzing the photor-
eceiver signals from channels B and C, while the photore-
ceivers in channels B and 4 were used in the polarization
measurements. The energy of the laser pulses was recorded
by infrared photoresistors or silicon photodiodes equipped
with diffuse spherical illuminators. The latter effectively
suppressed changes in the energy sensitivity of the photore-
ceiver channels when the transverse mode composition of
the light changed or when the beam was slightly displaced
during tuning of the PLG or realignment of the crystal. The
crystal was immersed in a liquid nitrogen cryostat posi-
tioned in the focal plane of a telescope; the temperature in
the cryostat was adjustable from 300 to 100 K.

The polarimeter-densitometer operated automatically
under the control of a data acquisition system based on an
“Elektronika D3-28” microcomputer. The system included
strobed analog-to-digital transducers in the channels for
measuring the energy of the laser pulses, servomechanisms
with stepping motors and a monochromator, and control-
lers. This system enabled us to automatically align the crys-
tal and set the wavelength of the light from the PLG.

Measurement of the nonlinear absorption. If the nonlin-
ear absorption is measured using a single source, one must
measure the optical density of the sample very accurately at
several intensities and consider in detail the space-time pro-
file of the beam and its transformation in the nonlinear crys-
tal. In our experiments using integrating illuminators, the
relative error in measuring the transmission coefficient of
the crystal was less than 1%; it was determined not by the
recording system but by fluctuations in the nonlinear ab-
sorption due to fluctuations in the length of the optical pulse.
When a neutral glass light filter is moved from a position
ahead of the crystal (I) to a position behind it (II) (Fig. 2),
the radiation power density reaching the crystal increases,
thereby changing the optical density of the crystal (due to
nonlinear absorption) and thus altering the energy balance
of the light pulses recorded in channels B and C. This change
can be used to measure the nonlinear absorption.

Polarimetry. Moving the neutral filter from position I to
position II changes the radiation power density at the crystal
and thereby gives rise to an imbalance in the reference and
signal arms of the polarimeter due to the induced nonlinear
rotation ¢ and ellipticity B. If each measurement is carried
out twice (once for each of two initial operating points sym-
metric about the minimum transmission point of the polariz-
er-analyzer-crystal system), one can obtain independent in-
formation on ¢ and |B | separately. Analysis shows that the
sensitivity to the angle of nonlinear rotation is greatest if the
tuning angle from the point of minimum brightness is equal
to the square root of the residual transmission coefficient.
Without optical compensators, this technique can be used
only to find the ratio of the semiaxes of the polarization el-
lipse; the direction in which E moves along the ellipses (and
hence the sign of B) cannot be determined.

One finds experimentally that the average nonlinear ro-
tation angle is smaller than at the spatial and temporal center
of the beam, and this fact must be borne in mind when ana-
lyzing the experimental data.
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We define the specific self-induced ellipticity and rota-
tion parameters DN°* and CN°* by

(%) =] 1m0

0

(10)

where [ is the thickness of the crystal. In order to find the
NOA constants (i.e., the function I(r,t,z) ), we calculated
the spatial distribution of the light field in the crystal from
measurements of the nonlinear absorption at the same light
intensities recorded in the densitometric channel. To calcu-
late the nonlinear absorption coefficient K, and the specific
nonlinear optical activity constants CN°* and DN°*, we
used the following space-time model for the optical pulse:

1(0, r, t)=I, exp(—r*/r,*) cos’ (t/7) (11)

and neglected the self-focusing, which was justified for the
crystal thicknesses used in the experiments. The procedure
for calculating these parameters is extremely involved. It is
described in detail in Ref. 14, which gives equations for K,
and formulas for calculating CN°* and DN°* from experi-
mental data.

If the neutral filter is carefully selected (optical wedge,
birefringence, nonuniformity of the optical density) our
technique for measuring the nonlinear constants, in which
the incident power density is changed by moving the filter
from the forward to the backward positions relative to the
crystal, effectively eliminates systematic errors in the optical
and electrical portions of the measurement system, gives
more accurate and reproducible results, and makes it possi-
ble to accurately record nonlinear rotation angles of the po-
larization plane as small as 10™* rad at all wavelengths of
interest.

3. DISPERSION OF Ay (0, 0, —®, ©) AND y? (0, 0, —0, 0)
NEAR ONE- AND TWO-PHOTON INTERBAND ABSORPTION
RESONANCES

We studied the frequency dispersion of the nonlinear
anisotropy and nonlinear gyrotropy in undoped GaAs single
crystals near the two-photon (0.9E, <2%w <1.2E,,
2fiw = 1.6E, ) and one-photon (0.94E, < #uw < E, ) absorp-
tions at 100 and 300 K (E, is the width of the forbidden
gap). The crystal thicknesses in the polarimetric and densi-
tometric experiments ranged from 70 um to 3 mm, and the
light propagated along the (001) direction.

Experiments at wavelength A = 1.06 um T = 300 K. It
is of interest to compare the orientation dependence for the
angle of nonlinear rotation of the polarization plane and for
the nonlinear absorption coefficients (Figs. 3 and 4, respec-
tively). The amplitude spectrum of the “orientation har-
monics” of these curves (the angles are defined as in Fig. 1)
clearly demonstrates the advantages of polarimetry over
densitometry in measurements of the nonlinear anisotro-
py—the signal/noise ratio in the polarimetric data is 20
times better than for the densitometric results, where infor-
mation regarding the anisotropic component '* is obtained
by directly measuring the polarization dependence of K,
(fourth harmonic, see Fig. 4)" against an isotropic back-
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FIG. 3. a) Orientation dependence of the specific nonlinear rotation con-
stant for NOA with k|| (001); = @(®P), where ® is the angle between E
and the (100) axis; b) Spectrum of the ‘‘orientation harmonics™
@(®) =A4,/2 + 24, cos (N® — ¥, ), where the 4 are the Fourier am-
plitudes for the orientation dependence in a). The contributions from
NOA-2 (N = 4) are distinctly visible, and there is a weaker contribution
from NOA-1 (N=2).

ground component which corresponds to the zeroth har-
monic in the spectra and is independent of orientation.

The nonlinear rotation angle saturates with intensity.
At wavelength 1.06 um this occurs because two-photon ab-
sorption changes the effective nonlinear length of the crys-
tal; this effect is included in the formulas for calculating the
specific nonlinear optical activity CN°*. For deep-band
two-photon absorption at 7 = 300 K we found that to within

K,, cm/MW
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FIG. 4. a) Orientation dependence K, = K, (P) of the two-photon ab-
sorption coefficient for k|| (001). b) Fourier amplitudes for the orienta-
tion dependence in a); here the isotropic contribution (N = 0) is domi-
nant.
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the experimental error, both CN°4 itself and the nonlinear
absorption coefficient X, (and thus the isotropic and aniso-
tropic parts of the cubic nonlinear susceptibility) were inde-
pendent of intensity in the range 50-400 MW /cm? (Figs. 3,
4). Long term measurements in intense light at these wave-
lengths are not possible due to surface breakdown of the
crystal.

Frequency dispersion of the nonlinear susceptibilities.
Two-photon resonance. The cubic nonlinear susceptibilities
have a resonance peak when the frequency of the excitation
light approaches the resonance frequencies for one- or two-
photon absorption. Information on the real and imaginary
parts of the susceptibilities, which describe the nonlinear gy-
rotropy and the anisotropy, can be obtained by measuring
the nonlinear rotation of the polarization plane and the in-
duced ellipticity for two different crystal orientations. The
most convenient orientations are with the (100) crystallo-
graphic axis making an angle ® = 7/8 or ® = — 7/8 with
the polarization plane of the light, because in this case the
NOA-1 and NOA-2 contributions add and substract, re-
spectively. Figure 5 plots ¢ and |B | near the two-photon
absorption resonance at 7 == 100 K for these two crystal ori-
entations (here as everywhere in the experiments, the light
traveled along the (001)direction). Due to the absence of
fundamental absorption in this frequency range, the nonlin-
ear susceptibilities can be measured in a wide spectral inter-
val.

? a
2°
P=mx/8
1°
0
_,‘ L
P=-x/8
= | I |
0.65 0.70 0.75
181-10%
2.0 b
1.9 - P=-x/8 [
1fpe |
Y
P=x/8 /§ i\\
05+ / \&{
e o 8 |

0.65 0.70 0.75 #w, eV

FIG. 5. Typical experimental curves for ¢ (a) and | B | (b) as functions of
the photon energy #iw of the exciting light. In all cases T = 100 K,I=200
MW/cm’.
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FIG. 6. Dispersion of the imaginary part (a) and absolute value of the real
part (b) of the nonlinear anisotropy tensor Ay'* near two-photon reso-
nance in GaAs measured at two different temperatures. The insert shows
the “corrugated” band structure of the crystal at 7= 300 K near k| = 0.
In all cases / = 80 MW/cm* @, T=300K; O, T= 100 K.

Dispersion of the nonlinear anisotropy. Figure 6 shows
data on the anisotropic part of y*. The frequency depen-
_dence of the nonlinear anisotropy differs markedly from the
frequency dependence of the two-photon absorption coeffi-
cient, which increases monotonically with frequency in this
range. The imaginary part of the anisotropic part of the ten-
sor ¥ changes sign at #iw = 0.73 eV, T= 300 K, and at
T'=100 K there is a tendency for the sign to change near
#iw = 0.8 eV. If we use a spherically symmetric band model
to calculate the third-order nonlinear susceptibility, we find
that there is no anisotropy in the nonlinear absorption. In all
probability, the observed anisotropy in gallium arsenide is
due to transitions that involve a high-lying conduction band
and heavy hole band, both of which are “corrugated” (see
Fig. 6), while the frequency dependence and sign reversal of
Im {Ay™} result from interference in the contributions from
these transitions. The data on Ay' can thus be used to ana-
lyze the band structure of the crystal and the extent to which
the structure is nonspherical.

Another effective technique for calculating the nonlin-
ear optical susceptibilities is to model the Coulomb anhar-
monic effects in the interaction potential for the atoms in the
crystal as in Ref. 16. However, this model gives the wrong
sign for the anisotropic component of y**. It was shown in
Ref. 17 that the correct sign can be obtained if short-range as
well as Coulomb forces are treated. The experimental data
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can thus be used to ascertain the contributions from Cou-
lomb and noncoulomb anharmonic effects to the nonlinear
susceptibility in semiconductors.

Itis interesting to note that the data on the anisotropy of
the nonlinear absorption can be used to distinguish the con-
tributions from two-photon and two-stage transitions that
proceed through levels in simple defects in a substitution
impurity.'® The symmetry of “pure” two-photon transitions
depends on the lattice type (crystal symmetry) and is aniso-
tropic for cubic crystals. On the other hand one-photon tran-
sitions, which generate ““steps” of two-stage transitions from
the valence band to an impurity level and thence into the
conduction band, have the same symmetry as the tensor y",
i.e., they are isotropic and therefore do not contribute to
AX(S" »

Dispersion of the nonlinear response. NOA spectroscopy
is uniquely suited for analyzing the spatial dispersion of the
nonlinearity in crystals. Such studies are of particular inter-
est for the information they can provide concerning free ex-
citons under conditions when analysis by other methods is
difficult (e.g., in massive crystals, in which the exciton lines
in the discrete spectrum are inhomogeneously broadened
and suppressed by local inhomogeneities, stresses, or chaotic
fields associated with impurity bands, while investigations of
the linear absorption spectra are hampered by competition
from interband absorption). The free exciton lines in the
spectra of the susceptibilities responsible for the nonlocal
character of the linear response should be enhanced relative
to the spectra for ordinary nonlinearities because the effec-
tive Bohr radius a.,. of the exciton is so large (30 times the
lattice parameters for GaAs). Indeed, the contribution from
exciton resonance to the nonlinear susceptibilities can be

separated out as follows,
(3) Y(s)_yxc)_*_?,u).

(3)_/1, X(3)

The exciton radius a,,. and the lattice parameter a are the
only quantities with the dimensions of length in the crystal;
then

YO I e, VS IXed exe, (12)
whence we get the estimate
YU VPR @ecla) XRXD). (13)

It has been demonstrated experimentally that pro-
nounced exciton resonances are present in the spectra for the
gyrotropy and circular dichroism,'®?° as well as in effects
that depend on the second-order spatial dispersion (i.e.,
weak birefringence in cubic crystals in the exciton region of
the spectrum?').

For the reasons discussed above, we were unable to de-
tect an exciton line in the nonlinear anisotropy and nonlin-
ear absorption spectra. However, the susceptibilities Re ¥
and Im ¥ ® contain resonance peaks at frequencies that indi-
cate that they are due to two-photon exciton resonance. We
can estimate the energy of the exciton level from data on one-
photon resonance in the absorption for thin films (1.49 eV at
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FIG. 7. Dispersion of the real part (a) and absolute value of the imaginary
part (b) of the tensor #** near two-photon resonance in GaAs, measured
at 300K (@) and 100K (O); I = 80 MW/cm? in all cases. The contribu-
tion from two-photon exciton resonance is evident.

100 K). Exciton lines were observed both in cold crystals
(T = 100 K) and at room temperature 7' = 300 K (Fig. 7).
The resonance was shifted toward blue wavelengths and the
exciton contribution increased when the crystal was cooled,
because more time was required for the excitons to dissociate
thermally in cold crystals. The width 0.02 eV of the observed
exciton line was greater than the resolution of the equipment
(determined by the width 0.007 eV of the parametric light
generator) and was probably due to inhomogeneous broad-
ening (and to collisional broadening at high free-exciton
densities).

Dispersion of the nonlinear rotation near the edge of the
fundamental absorption band at T =300 K. The specific
nonlinear rotation of the polarization plane is found to be
considerably greater near a one-photon interband reso-
nance. The increase in the nonlinear rotation constant is
probably due to the involvement of new transitions and to a
change in the selection rules as compared with the case of
two photon resonance. In addition, the close proximity of
the one photon exciton resonance also plays a role. The ori-
entation dependences of the nonlinear rotation angle and the
self-induced ellipticity (Fig. 8), measured at #iw = 1.39 eV
in a crystal with / = 300 um, indicate that the NOA-1 and
NOA-2 mechanisms both contribute to the observed ¢, and
the relative contribution from NOA-1 is greater than for
#iw = 1.16 eV, A = 1.06 um (cf. Fig. 3).

585 Sov. Phys. JETP 64 (3), September 1986

CN* deg-cm/MW

030

T

0 ) I
PATARY
- 0.0}~

T R TR T

'qNOA .106‘ (Cm/MW)2
1.0 b

0.5

{ I

[
T ] zia

FIG. 8. Orientation dependence of the specific nonlinear rotation con-
stant CN°* fork||(001) (a) and theellipticity DN®* (b) near the absorp-
tion edge in GaAs (fiw = 1.39 eV, T'= 300 K). Part b clearly shows the
contribution from NOA-1 (N = 2), cf. Figs. 3, 4.

4. EFFECTS OF HIGHER NONLINEARITIES (SATURATION
OF CUBIC NONLINEARITIES) IN POLARIZATION
SPECTROSCOPY

The nonlinear rotations associated with one- and two-
photon resonances can reach several degrees, and two-pho-
ton absorption at high excitation levels can dissipate much of
the laser pulse energy. The question arises of the extent to
which the cubic nonlinearities of spectroscopic interest can
be measured accurately under these conditions. This prob-
lem was mentioned previously in Ref. 22, where nonadditive
mixing of the contributions from the different NOA mecha-
nisms was discussed, assuming strong nonlinear transforma-
tion of the polarization of the laser light. Numerical simula-
tions show that nonadditive mixing can be neglected if the
rotation angle is less than 1-2°. For semiconductors, the
“turning on” of higher-order nonlinearities at high excita-
tion levels is of greater practical importance. In particular,
additional spectroscopic information should be obtainable
from polarization measurements when higher-order nonlin-
earities are present.

We can use the experimental data to investigate this
possibility. Figure 9 shows the frequency dispersions for the
anisotropic part of the tensor y'* and the nonlinear absorp-
tion coefficient at two different intensities. Although the
curves differ markedly, there share one feature in com-
mon— as the intensity increases, the susceptibilities saturate
and the peak becomes much less pronounced. For example, a
departure from the nonlinear absorption law:

dl)dz=—K J—K,I* (14)

was observed for a crystal excited near the edge of the two-
photon absorption band.
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FIG. 9. Dispersion of the two-photon absorption coefficient K, (a) and
the anisotropic part of the imaginary part of the tensor y'* (b) measured
at two intensities: 200 MW/cm? (O) and 600 MW/cm? (@). The satura-
tion of the cubic nonlinearity at 7 = 600 MW/cm? is evident (cf. Fig. 6).

Some mechanisms for higher nonlinearities: Estimates.
The saturation of the nonlinear susceptibilities (and in parti-
cular, the nonlinear absorption) cannot be attributed to
higher-order nonlinear absorption processes involving three
or more photons, because in this case the nonlinear absorp-
tion would increase, whereas our experimental results show
that the susceptibilities saturate. Absorption due to free car-
riers becomes important when semiconductors are excited
by laser pulses at optical wavelengths (particularly when the
pulses are of nanosecond duration). The change in the light
intensity /(z) during propagation in an undoped semicon-
ductor caused by linear and nonlinear absorption, including
absorption by free carriers, is described by the system of
equations?
dl/dz=—K,I—K,I*—Anol,
(15)
dAn/dt=K,I/ho+K,I*/2ho—An/x.

Here o is the total absorption cross section for the free carri-
ers, including absorption by free electrons and holes; K, and
K, are the linear and nonlinear absorption coefficients, and
T is the carrier recombination time. For a picosecond laser
pulse in undoped GaAs the pulse is shorter than the inter-
band relaxation time (7 <7 ), and to first order in the small
parameter /K ,z < 1 system (15) simplifies to

dl/dz=—K,I* (1+alt,/2h0). (16)
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Here we have neglected the linear absorption K,z<1, and
the second term in parentheses on the right describes the
relative contribution from absorption by free carriers to the
dissipation of the laser pulse energy. Since o ~5-107"'% cm?,
#iw~1.4-10"""J,and 7~2-10" "' s, we may neglect the ab-
sorption at excess light-induced carriers, at least up to 600
MW/cm?; indeed, (16) shows that this absorption should
increase the observed value of K, by ~20%, whereas our
experiments show that K, decreased. Of course, excess carri-
ers play an important role for longer optical pulses.

The above estimates ignore the change in the two-pho-
ton transition probability caused by the time-dependence of
the population differences in the valence and conduction
bands produced by the optical excitation. We can use the
formula ‘

~Kfp (17)

An(t) T il (t)dt
to estimate the number density of light-induced excess carri-
ers generated by two-photon absorption. Here we can set
K,~0.04 cm/MW, % ~1.4-10""°J, and 7~2-10" "' s in
our estimates. For excitation intensities 7~ 600 MW/cm?,
An exceeds 10'® cm 3, which is high enough to make two-
photon transitions much less probable. At these free carrier
densities, a similar situation (referred to as band filling) oc-
curs in many semiconductors (in particular, gallium arsen-
ide) due to one-photon absorption®*. Two-photon time-de-
pendent changes in the population difference (two-photon
band-filling) can be described using a direct-gap semicon-
ductor model for which the excitation pulse length satisfies
7,47 <Tg, Where 75 and 7, are the interband recombina-
tion and dephasing times. If we solved the population rate
equations simultaneously with Maxwell’s equations, we find

dl/dz=—K,I* exp(—xK, _‘.Iz(t)dt). (18)

which differs from the “‘usual” relation for two-photon ab-
sorption.? If the intraband relaxation is rapid here: 7> 7,
where 7, is the intraband energy relaxation time, then
x = (fiweg(£,)) ™", where &,= (2fiw —E,)/(1+m_./
m, ); here m_. and m, are the effective carrier masses in the
valence and conduction bands, and g(&,) is the number den-
sity of states at the energy £,. We note that in a direct-gap
semiconductor with a parabolic dispersion law, the satura-
tion parameter %K, is insensitive to the excitation frequency
(it decreases smoothly with increasing frequency). This be-
havior differs radically from the situation for one-photon
resonance, for which saturation can occur only when
fiw ~E, . Estimates using (18) reveal that the nonlinear ab-
sorption saturates significantly when the excitation intensity
reaches I = 600 MW/cm? (7 = 20 ps). This mechanism is
quite general and should lead to saturation of the other cubic
nonlinear susceptibilities associated with two-photon inter-
band transitions. The saturation mechanism discussed
above is apparently the dominant one for the crystals that we
studied. In many cases it is important to investigate the satu-
ration of the impurity levels that participate as intermediate
resonances. The impurity levels are apparently responsible
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FIG. 10. Dispersion of ¥ in gallium arsenide measured at 7= 100 K for
two intensities 200 MW/cm? (O) and 600 MW/cm? (®). The exciton
resonance when / = 600 MW/cm? is almost completely suppressed (cf.
Fig. 7).

for the nonmonotonic dependence of K, on the wavelength
at relatively low excitation intensities, and the filling of these
levels at 7 = 600 MW/cm? “smooths out” this dependence
(Fig. 9). It is helpful here to compare the anisotropic and
isotropic parts of y*. As was shown above, the impurity
levels contribute little to the anisotropic component of the
cubic nonlinear susceptibility. For this reason both Ay'* and
K, saturate in the same way; in both cases, the saturation
occurs because the two-photon band filling makes two-pho-
ton transitions less likely. If transitions via impurity levels
were important, the isotropic part of y*' would saturate
more rapidly in a way that would depend on the wavelength.

The above results indicate that the “lattice-sensitive”
interband transitions in gallium arsenide contribute decisi-
vely to the cubic nonlinearity for picosecond excitation

IJ./III ) a

0

t,%

)

pulses of intensity up to 600 MW/cm?, and the spectroscopic
data adequately reflect the cubic nonlinearities of interest at
excitation levels below a few hundred MW/cm?, for which
the free carriers and the saturation can be neglected.

Screening of excitons. The saturations of the discrete
lines in the free exciton spectrum observed in polarization
spectroscopy are of particular interest. Figure 10 shows the
susceptibility ¥ near two-photon exciton resonance for sev-
eral excitation levels at 100 K in a crystal of thickness 2.5
mm. Appreciable degradation of the exciton resonance sets
in at intensities 300-400 MW /cm?.

A “giant” polarization self-action is observed in the
one-photon exciton resonance in thinner crystals (/ = 70
pm, T =100K) .26 The radiation leaving the nonlinear crys-
tal is found to be strongly depolarized at #iw ~1.5 eV.? The
depolarization is resonant in nature and increases up to an
excitation level of 10~ J/cm?, at which the relative energy
1,/1; of the depolarized component reaches 10% (Fig.
11a). As the intensity of the excitation increases further, the
excitation polarization becomes smaller and the line starts to
disappear. As in the case of two-photon resonance, the esti-
mated number density of free electrons at which appreciable
degradation of the excitons lines sets in lies between 10'” and
5-10'7 cm ~*. Comparing these results with data on the deg-
radation of the exciton lines in the absorption spectra,?® we
conclude that the observed behavior can be attributed to di-
electric screening of excitons.

We determined the nature of the observed depolariza-
tion by measuring the rotation of the polarization plane for
the two crystal orientations ¢ = + 7/8. The depolarized
component was found to be associated primarily with a
“pure” rotation of the polarization plane, and the NOA-1
and NOA-2 mechanisms both gave comparable contribu-
tions to the observed rotation. This permits us to estimate

FIG. 11. a) Frequency dependence of the depolarized
component of the light for four excitation levels near
one-photon exciton resonance is GaAs. b) Transmis-
sion ¢ of the crystal vs frequency at different excitation
intensities. The nonlinear bleaching of the crystal with
increasing excitation intensity is evident (cf. Ref. 24):
1) I=4MW/cm? 2) 10 MW/cm? 3) 32 MW/cm?;
4) 90 MW/cm?>.
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the corresponding nonlinear susceptibilities as follows:
Im{Ay®}~10"7,Re {y**'} ~10~"* (cgse units). These val-
ues are clearly somewhat low, since the depolarization was
observed when the crystal was illuminated (Fig. 11b), while
the exciton line remained well-defined up to excitation levels
of 1.5-10~3 J/cm?. This polarization technique is thus
uniquely suited for studying excitons and exciton screening.

5. CONCLUSIONS

The first experiments on nonlinear optical activity
made it possible to identify the principal mechanisms for
NOA. Since then, studies of polarization self-action have led
to a new type of nonlinear spectroscopy for solids which
yields unique information on the combined effects of spatial
dispersion and nonlinearity and on the latent anisotropy in
crystals. From the viewpoint of NOA spectroscopy, the
most interesting materials are those with a pronounced spa-
tial dispersion (such as copper chloride, with exciton and
biexciton resonances, or highly nonlinear semiconductors
with cubic symmetry, such as InSb and HgCdTe). For such
crystals, polarization spectrosocpy can yield better insight
into the mechanisms responsible for the strong nonlinearity
and enable one to ascertain the role of transitions involving
free carriers. Crystals in the silver thiogallate family are
especially well suited for studying the nonlinear gyrotropy—
they have a large natural optical activity, the gyrotropy of
the crystal depends on the electric field, and the NOA can be
measured easily because there is no gyrotropy along the di-
rection of the optic axis.*® Frequency-nondegenerate NOA
spectroscopy can also yield much new information; in this
configuration, one linearly polarized ray at the “pump” fre-
quency @, alters the gyrotropy of the system, while a second
weak ray at frequency w,, serves as a probe. In this way one
can analyze the complete spectra of the nonlinear susceptibi-
lities Ay® (@,,, —®,, ®,, v,,) and ¥* (0,,, 0,, —w,,
o, ) and study how the resonant and nonresonant contribu-
tions interfere, just as in “active” Raman scattering spec-
troscopy. By choosing a configuration which is nondenerate
with respect to frequency or wave vector, one can use NOA
spectroscopy to study the time-dependent nonlinear re-
sponse and to directly record the relaxation times for the
optically induced anisotropy and gyrotropy. Finally, reflec-
tion NOA spectroscopy can be employed in surface studies
to analyze nontransparent as well as transparent crystals.

There is an acute need for a detailed quantum-mechani-
cal theory of NOA, or more precisely, for a theory of nonlin-
ear anisotropy and gyrotropy which is based on the actual
band structure of crystals and treats the exciton and biexci-
ton contributions. Studies of materials with a large NOA
constant (and in particular gallium arsenide, which has a
single-photon exciton resonance) will make it possible to
develop a new class of devices in which one light beam is used
to control another, and to create new logical and bistable
optical devices for encoding data based on the polarization
of light.
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