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Specular nonlinear anisotropic polarization effect
along fourfold crystal symmetry axes
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We present what is to our knowledge the first experimental observation of the specular nonlinear anisotropic
polarization effect of a pump-induced polarization-plane rotation for normal-incidence reflection from the (001)
surface of a cubic crystal. In GaAs, azimuth rotation of the order of 9 3 10–6 rad is seen for a pump intensity
of 75 MWycm–2 at 750 nm, from which the anisotropic component of the cubic nonlinearity jResxxxxx 2 2xxxyy 2

xxyyxdj ­ 5 3 1029 esu is found.
It is sometimes anticipated that the optical proper-
ties of cubic crystals are isotropic. This is correct
only in a rough approximation and indicates only
that the dielectric tensor in cubic point groups
is spherically symmetric, eij ­ edij . Taking into
account first-order1 and second-order2 nonlocal
(gradient) terms in the linear optical response ruins
spherical isotropy, giving rise to weak birefringence.
Even without taking into account nonlocality,
anisotropy of cubic crystals is pronounced in nonlin-
ear optics. Deviation from spherical symmetry of
the tensor of the third-order nonlinearity leads to the
dependence of the efficiency of the two-photon ab-
sorption process on crystal orientation.3 Nonlinear
anisotropy is responsible for one of the basic effects of
polarization-sensitive nonlinear optics consisting of
intensity-dependent polarization-plane self-rotation
of linearly polarized light propagating along a
fourfold axis of a cubic crystal.4–7 This anisotropy is
also responsible for pump–probe polarization effects
along fourfold axes.8 Cubic anisotropy leads to soft
polarization symmetry breaking and to frustrated
polarization instability of two counterpropagating
waves.9,10 The effects of anisotropy of the cubic
nonlinearity are not confined to propagation
phenomena; they may also appear in reflected light
as intensity-dependent polarization alteration. This
eventuality was discussed theoretically.11 Here we
report what to our knowledge is the first observation
of pump–probe specular polarization-azimuth
rotation resulting from the nonlinear anisotropy of
cubic structures and call it the specular nonlinear
anisotropic polarization effect (SNAPE).

Let us consider a (001) surface of a cubic crystal
stimulated by a linearly polarized pump wave prop-
agating along the [001] direction. The polarization
state of a probe wave reflected normally from the
same surface will be influenced by the presence of the
pump. If the pump and the probe are initially lin-
early polarized in different directions of the polariza-
tion azimuth, the specular optical Kerr effect12 would
dominate. The specular inverse Faraday effect13–17
0146-9592/95/040356-03$6.00/0
would be seen if the pump wave is circularly polar-
ized. However, if the pump and the probe are ini-
tially identically polarized (see Fig. 1) and effects of
nonlocality are ignored, then only SNAPE, i.e., crys-
tal anisotropy, can lead to an alteration of the re-
flected probe polarization. This anisotropy may be
introduced by means of the constitutive equation
Di ­ eijE 1 xijklEjEkEl 1 . . . , where E is the to-
tal electric field of the interacting waves. In cu-
bic crystals the nonlinearity tensor xijlmsv, v, v, 2vd
has three independent components, xiiii, xiijj , and
xijji. The degree of departure from isotropy may
be described by the combination of susceptibilities
Dx ­ xiiii 2 2xiijj 2 xijji, which is equal to zero in
any isotropic medium by symmetry. Phenomenolog-
ical theory of self-action propagation-type polariza-
tion effects owing to this anisotropic combination of
components of the cubic nonlinear susceptibility was
reported in Refs. 6 and 18, and a similar theory of the
self-action reflective effect was introduced in Ref. 11.
A wave analysis similar to that in Ref. 17 shows that,
in a pump–probe configuration, the alteration of the
reflected probe polarization that is induced by the
indentically linearly polarized pump, both of which
approach the (001) surface along the [001] direction,
is also controlled by Dx. The alteration of the po-
larization state of the reflected probe in SNAPE is
given by the following formula:√
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Here Ep is the electric-field strength of the pump
wave, e ­ n2, c is the relative phase between the
incident pump and the probe waves, dar is the change
of the polarization azimuth, and hr is the degree of
ellipticity of the reflected probe wave.

In most practical cases the anticipated magnitude
of SNAPE is several orders of magnitude smaller
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Fig. 1. Observation of SNAPE. The pump and the
probe approach the crystal nearly normally to the surface
and have identical linear polarizations, making an angle
F with respect to the [100] axis of the crystal. The
reflected-probe polarization-azimuth rotation is given
by dar .

than that of the relevant effect in transmission.
Equation (1) may be split into two terms. The first
one does not depend on the relative phase c between
the pump and the probe and does not require their
mutual coherence to contribute to the SNAPE; this is
the incoherent contribution. The last terms contain-
ing the exponential factor expsicd, on the other hand,
depend on the relative phase c and are responsible
for the coherent contribution to SNAPE (compared
with the specular inverse Faraday effect14,16,17). We
measured the incoherent contribution to the rotation
of the reflected probe wave polarization azimuth:

dar ­
ResDxd

2ns1 2 n2d
jEpj2 sin 4F. (2)

Our experiments were performed at room tempera-
ture with good substrate-quality bulk GaAs crystals
cut and polished perpendicular to the [001] direc-
tion. We used a polarimeter based on a tp ­ 2 ps
Ti:sapphire laser. The polarimeter was set up in
the configuration shown in Fig. 1 and had 1-mrad
sensitivity to polarization-azimuth rotation. In all
our experiments the pump and probe waves were
initially identically linearly polarized at a wave-
length of 750 nm and focused onto the crystal surface
by a lens. At this wavelength, GaAs is completely
opaque, with a penetration depth of approximately
, ­ 1 mm ("v ø 1.65 eV, EGaAs

g ø 1.41 eV ). We stud-
ied the reflected probe light polarization-azimuth
rotation as a function of the relative pump–probe
delay and also measured the dependence of the ob-
served rotation on crystal orientation, i.e., the angle
between the incident polarization plane and the [001]
axis of the crystal, given by F, by rotating the crystal
about the [001] direction. The intensity-dependent
anisotropic polarization effect reported here was
observed on the background of natural polarization-
plane rotation, which has a different crystal orienta-
tional dependence and which we reported previously.1
The polarimetric technique used here and reported
in Ref. 19 was sensitive solely to pump-induced
polarization-plane rotation of the probe wave while
ignoring any natural rotation. It was based on lock-
in detection with modulated pump intensity and mod-
ulated incident-probe polarization azimuth with an
amplitude A of approximately 10–2 rad. If the pump-
stimulated reflected-probe polarization azimuth dar

changed, then the current of the polarimeter signal
channel photodetector had a spectral component at
the combined frequency of modulation of the pump
intensity and the probe polarization azimuth. The
amplitude of this spectral component was propor-
tional to darA, i.e., to Re(Dx) jEpj2A [see Eq. (2)] and
was measured by phase-sensitive detection. Corre-
spondingly, the lock-in output voltage was a direct
measure of the anisotropic part of nonlinearity. The
natural rotation causes photodetector current modu-
lation on the frequency of the probe polarization mod-
ulation itself and was totally eliminated by passive
filtering and by the lock-in. Also, we could easily
check the efficiency of the elimination of the linear
signal by blocking the pump beam while setting the
polarimeter output to zero.

The time-domain dependence of the rotation of
the probe polarization azimuth induced by the pump
was examined at several different intensities, and a
typical curve is presented in Fig. 2. We point out
the sharp peak at the beginning of the curve that
coincides with the excitation. We measured the ori-
entational dependence of the observed probe azimuth
rotation by rotating the crystal about its [001] axis.
The value of polarization-azimuth rotation at the
peak, i.e., at zero delay time, has opposite sign for
F ! 2F and disappears for incident pump–probe
polarization parallel to the [100], [110], or [010]
axis of the crystal. In addition, its magnitude os-
cillates with a dependence of sin 4F. Consecutive
petals have the maximum measured value of dar ­
69 3 1026 rad for F ­ py8 6 pny4 (n is an integer)
at Ipump ­ 75 MW cm–2. We attribute the rotation
at zero pump–probe time delay to the anisotropy of
crystal nonlinearity, as predicted by Eq. (2) (SNAPE).
The following value of the anisotropic component of
the cubic nonlinearity may be derived from these
data: jResxxxxx 2 2xxxyy 2 xxyyxdj ­ 5 3 1029 esu,
which is equivalent to 7 3 10217 SI. In this study

Fig. 2. (a) Induced probe polarization-azimuth rotation
as a function of probe–pump delay time for F ­ py8.
The pump intensity is 75 MW cm–2. The sharp peak at
the beginning of the curve is due to the anisotropic part
of the third-order nonlinearity. (b) Magnitude of the
rotation at a probe–pump delay of 20.5 ps as a function
of the pump intensity.
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Fig. 3. (a) Fragment of the band structure of GaAs in-
dicates anisotropy of the heavy-hole band, specific for all
cubic crystals. (b) Dependence of the observed rotation
on F presented in a polar coordinate system, measured
at a probe–pump delay of 20.5 ps, meets the sin 4F
function, as predicted by Eq. (2).

we have particularly concentrated on the results
of the observation of this cubic anisotropy. How-
ever, the tail of the time-domain dependence (Fig. 2),
which we do not discuss here, is due to induced k-
linear birefringence and was studied previously with
a subnanosecond laser.19,20

In GaAs the anisotropic nonlinearity Dx ­ xxxxx 2
2xxxyy 2 xxyyx may be attributed predominantly to
single-photon valence-conductivity band transitions.
Taking into account the strong warping of the heavy-
hole subband is essential for this analysis. This
warping reflects the difference in the heavy-hole
effective mass for momentum in the [111] and [100]
directions: mf100g

hh ø 0.4mo and mf111g
hh ­ 0.8mo

(Fig. 3). For the parameters of the experi-
ment the warping Dhh ­ mcsmf111g

hh 2 mf100g
hh d smc 1

mf111g
hh d21smc 1 mf100g

hh d21s"v 2 Egd is approximately
17 meV.21 The theory of Dx that accounts for
this anisotropy was developed in Refs. 18 and 22,
while Ref. 23 gives the classical oscillator theory.
In the case of single-photon resonance absorption18

the anisotropic nonlinearity has the following
dispersion above the main band gap of the crys-
tal: Im[Dxsv, v, v, 2vdg ~ s"v 2 Egd1/2.18 The
relaxation time of the nonlinearity is controlled
by the hole’s subpicosecond quasi-momentum re-
laxation time. This explains why the dynamics
of the anisotropic effect are not resolved with
our 2-ps laser. This also explains why, with
much longer pump and probe pulses of 80 ps, the
anisotropic effect is completely hidden by the non-
local polarization effect that has a much longer
relaxation time.19,20 Although the treatments of
Dubenskaya et al.18 and Dykman and Rubo22 dis-
cover the microscopic origin of Dx, their data
could not be directly compared with our mea-
surements because the experimentally observed
effect is due to ResDxd, whereas they calculate
only ImsDxd. Concluding, for the first time to
our knowledge we have observed a new specular
polarization effect owing to the cubic anisotropy
(SNAPE). In GaAs it is associated with the
band warping.
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