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A model is proposed to account for Kerr-like nonlinearity induced by femtosecond pulses via terahertz
generation and electro-optical effect. This phenomenon, so far overlooked, is evidenced in a zinc blende
single crystal with a heterodyne optical Kerr effect setup. The spectral evolution of this phenomenon as
well as its noninstantaneous response character are reported. Its competition with a third-order optical
Kerr effect is demonstrated.
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The past ten years proposed different optoelectronic
solutions based on Kerr-like nonlinearities. Besides the
third-order nonlinear (TON) susceptibility, symmetrically
allowed in all materials, cascaded second-order nonlinear
(SON) effects occurring in noncentrosymmetric medium
provide an efficient alternative for creating equivalent Kerr-
like nonlinearities. For instance, in nearly phase-matched
second harmonic generation (SHG), a large induced phase
shift has been observed [1,2]. This phase shift results
from a change of the index of refraction of a medium n
which is defined as n � n0 1 n2I, where n0 is the linear
refractive index, n2 is the nonlinear index of refraction,
and I is the intensity of the incoming beam. Close to the
phase-matching condition the nonlinear refractive index
n2 due to SHG, noted nSHG

2 , is adjustable in amplitude and
sign. It can be made large compared to the one associated
with the TON susceptibility x �3�, noted nKerr

2 .
Another equivalent way to induce a similar n2 in a non-

centrosymmetric medium, noted nOR
2 , is to consider the

backaction of the optical rectified field upon the fundamen-
tal wave through the electro-optical effect [3]. Bosshard
et al. [4] as well as Biaggio [5] recently revisited this phe-
nomenon. To compute nOR

2 these authors took into ac-
count the static electric field due to the optical rectification
of the laser pulse within an electro-optical crystal. While
their analysis is valid for laser pulses of a few tens of a
picosecond, it does not hold if subpicosecond laser pulses
are used. Indeed, since the spectral width of a short laser
pulse is large, the various spectral components of the pulse
are mixed in the nonlinear crystal and can beat with each
other (difference frequency mixing). This phenomenon
generates terahertz (THz) radiations [6] which could also
modify the index of refraction of the medium. For laser
pulses below 100 fs, very broad THz radiations (5 mm ,

lTHz , 500 mm) are propagated in the crystal. As in
SHG, the coupling of this THz pulse with another SON co-
efficient (sum frequency mixing or electro-optical effect)
gives rise to a novel nonlinear index of refraction noted
7401-1 0031-9007�02�89(4)�047401(4)$20.00
nTHz
2 which has so far been overlooked. It is important to

note that, unlike the case discussed by [4,5] that is related
to the static electric field induced in the medium, here-
after we are mainly interested in index change due to the
propagation of THz radiation in the crystal. In this Letter,
we will show that only the THz spectral components that
almost fulfill the phase-matching condition contribute to
nTHz

2 . This is contrary to either the second harmonic where
nSHG

2 is maximum when the phase-matching condition is
not perfectly satisfied or static optical rectification where
nOR

2 is always phase matched. Moreover, the large dis-
persion of the index of refraction in the THz spectral do-
main implies that nTHz

2 is not instantaneous. Owing to the
spectral dispersion of the THz components and depend-
ing on the sign of DkTHz [7], THz spectral components
can propagate with a phase velocity faster or slower than
the group velocity yg�v� of the optical pulse. This implies
that another weak femtosecond laser pulse can sense the in-
dex modulation after or even before the pump pulse leaves
the crystal.

To evidence this phenomenon, we used a heterodyne
optical Kerr experimental setup [8]. This time-resolved
noncollinear (u � 5±) pump-probe experiment uses a con-
tinuously mode locked femtosecond Ti:sapphire oscillator
(790 nm , l , 890 nm, tp � 100 fs, 76 MHz). The in-
dex change induced by a linearly polarized pump beam
is sensed by a probe pulse linearly polarized at 45± with
respect to the pump beam. The temporal evolution of
the small birefringence DF�t� � n2Ipu�t� induced by the
pump intensity Ipu and sensed by the time delayed probe
beam is measured by a photodiode connected to a lock-in
amplifier and placed along the probe beam propagation di-
rection after the sample. The sample is inserted between
two crossed polarizers. In front of the sample, tuning
off the main axis of the l�4 wave plate by a small an-
gle a, called hereafter the heterodyne coefficient, intro-
duces a weak ellipticity on the probe polarization: hence,
a small part of the probe beam intensity Ipr leaks out
© 2002 The American Physical Society 047401-1
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through the polarizer in front of the photodiode and al-
lows a linear detection of the induced birefringence. For
each time delay t between the pump and probe pulses,
the lock-in amplifier provides a temporally averaged signal
S�t� � ah�DF�t�Ipr�t 1 t��, where h is the light to the
current conversion efficiency of the photodiode. We adjust
the pump polarization using a l�2 wave plate placed along
the pump beam direction in front of the sample.

The heterodyne optical Kerr experiments were per-
formed in ZnSe and ZnTe cubic single crystals cut along
the �110� plane. They are optically isotropic and have
large and well-known linear and nonlinear optical coeffi-
cients in the far infrared and in the visible region. They
have only one non null second-order tensor coefficient
x

�2�
ijk , where i fi j fi k, and two independent TON tensor

coefficients a � x
�3�
iiii and b � x

�3�
ijji � x

�3�
iijj � x

�3�
ijij ,

where i fi j. Hereafter, we will note u �
x

�3�
iiii

x
�3�
ijij

.

In a crystal, the birefringence DF is due to n2 which is
in general given by n2 � nKerr

2 1 nSHG
2 1 nOR

2 1 nTHz
2 .

In practice, one needs to find a way to evaluate the ampli-
tude of each contribution. In Table I, the reported values of
nKerr

2 , nOR
2 , and nSHG

2 , in ZnSe and ZnTe crystals, clearly
indicate that nKerr

2 always overcomes the contribution of
nOR

2 and nSHG
2 . We will show that, under given experi-

mental conditions, nTHz
2 cannot be neglected compared to

nKerr
2 . Finally, it is important to recall that, according to the

crystal symmetry, if the polarization of the laser pulses is
along one of the crystal axes, DF is due to nKerr

2 only. This
allows us to evaluate independently nKerr

2 . Moreover, ro-
tating the laser polarization away from the crystallographic
axis makes it possible to record the evolution of n2 due to
the competition between nKerr

2 and nTHz
2 .

According to the above presented experiments, a three-
wave mixing equation (pump, probe, and THz field) must
be solved to analytically describe the recorded signal.
047401-2
TABLE I. Nonlinear optical coefficients of ZnTe and ZnSe
(see [4]).

x �2� x �3� nKerr
2 nSHG

2 nOR
2

(m�V) (m2�V2) (m2�W) (m2�W) (m2�W)

ZnTe 90.10212 3.10219 1.10217 25.10220 4.10220

ZnSe 30.10212 1.10219 3.10218 22.10220 5.10221

Here we suppose that the pump laser pulse Epu is not
modified during its propagation in the nonlinear crystal.
We write Epu�v, t, x, y, z� � F�x, y�S�t�ei�vt2kz�, where
F�x, y� and S�t� are, respectively, the spatial and temporal
dependence of the pump beam and v is the central fre-
quency of the pump pulse. The �001� crystallographic axis
is along the y axis of the (x, y, z) Cartesian coordinates.
At each point z of the medium, the difference frequency
mixing between the different spectral components of the
pump wave Epu�v, t, x, y, z� induces a TON polariza-
tion P

�2�
i �V, x, y, z� �

e0

2p

R
x

�2�
ijk�V, v, V 2 v�Epu

j �V 2

v, x, y, z�Epu
k �v, x, y, z� dv, where v and V lie, respec-

tively, in the optical and THz frequency ranges. It radiates
different spectral components of THz waves at frequen-
cies V. The amplitude of each spectral THz component
ETHz�V,kx , ky, z� is computed by solving the nonlinear
Maxwell equation [9] in the spatial and temporal Fourier
domains:

≠2

≠z2 ETHz�V, kx , ky, z� 1 �k�V�2 2 k2
��� 3

ETHz�V, kx , ky, z� � H�V�G�kx , ky�eiV�z�yg� (1)

with G�kx ,ky� �
1

4p2

R
jF�x, y�j2e2i�kxx1kyy� dxdy,

H�V� � 2
V2

c2 x�2��V�C�V�, where C�V� is the Fourier
transform of jS�t�j2, x�2��V� � 2d14�V�, k2

� � k2
x 1 k2

y ,
yg is the group velocity of the laser pulse, and c is the
velocity of light in vacuum. The resolution of (1) yields
the THz field at each point in the crystal:
ETHz�V,kx , ky , z� � iz
G�kx, ky�q

k�V�2 2 k2
� 1

V

yg

V2

c2 x�2��V�C�V�ei�V�yg1
p

k�V�22k2
� �z�2

3 sinc

∑µq
k�V�2 2 k2

� 2
V

yg

∂
z
2

∏
. (2)
For kx � ky � 0, we present in Figs. 1a and 1c the evo-
lution of the THz power spectrum at the entrance [Ien�V�]
and exit [Iex�V�] of 2 mm ZnTe and ZnSe crystals ex-
cited by a 100 fs pulse whose central wavelength equals
800 nm.

As previously shown [6], if one neglects the dispersion
of x�2��V�, the strong modification of the THz spectrum at
the exit of the crystal is basically the product of three con-
tributions, the V2 dependence of the radiative efficiency,
the initial power spectrum of the rectified input laser pulse
C�V�, and the phase-matching curve represented by the
sinc function. The combination of these three functions
explains the peaked structure of Iex�V� at V � 2.3 THz
for the ZnTe crystal, where the phase-matching condition
is satisfied at V � 2.3 THz. On the contrary, the behavior
is different for the ZnSe crystal, where no THz spectral
components are phase matched. In Figs. 1b and 1d, the
temporal THz waveform at the exit of the crystal ETHz

ex �t�
is presented as well. In Fig. 1b, one notes first, for the
ZnTe crystal, that at the end of the crystal a part of the
THz wave leaves the crystal before the pump beam and,
second, that the THz maximum is delayed in time with
respect to the laser pulse. This behavior is related to the
fact that y�f��V . 2 THz� and y�f��V , 2 THz� of the
THz component are respectively, higher and lower than
yg�v�. Such behavior cannot be recorded in the ZnSe
crystal, where, whatever V, y�f��V� , yg�v� (Fig. 1d).
Knowing the temporal evolution of the THz field at
each point of the medium, we computed the phase shift,
047401-2
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FIG. 1. (a,c): Calculated ITHz
en �V� (dash-dotted lines) and

ITHz
ex �V� (solid lines) for ZnTe (a) and ZnSe (c). The insets

represent the evolution of the coherence length Lc�n� � p�
DkTHz�n�. (b,d): Calculated ETHz

ex �t� (solid lines). The dash-
dotted lines represent the pump wave. All the figures have been
calculated accounting for the dispersion of x �2��V�.

sensed by the probe wave propagating along the z axis
(i.e. kx � ky � 0) and induced by both the SON and

TON polarizations P
�2�
i �z, t� � e0c

�2�
ijkETHz

j �z, t�Epr
k �z, t�
047401-3
and P
�3�
i �z, t� � e0c

�3�
ijklE

pu
j �z, t�Epu

k �z, t�Epr
l �z, t�, respec-

tively. The slowly varying amplitude of the probe wave
Apr yields

≠A
pr
i �T , z�
≠z

� i
v2

2ke0c2 �P�2�
i �T , z� 1 P

�3�
i �T , z�� , (3)

where T � t 1
z

yg
and i � x or y. We recall that, in the

slowly varying amplitude approximation, the second-order
polarization writes P

�2�
i � e0c

�2�
ijkETHz�z, t�Apr�z, t�, where

cijk and cijkl are the Fourier transform of xijk and xijkl .
This polarization, which depends on both the phase and
the amplitude of the THz wave, modifies the index of re-
fraction seen by the probe beam. Since both the third- and
second-order nonlinear polarizations modify differently
the index seen by the x and y components of the probe
wave, the initially linear polarization of the probe beam
becomes slightly elliptical after its propagation in the
crystal. This elliptic polarization is evidenced by the
time-resolved optical Kerr effect experiment and gives
rise to the signal S�t�. To compare our model with
experimental data, we computed the signal recorded at the
exit of the crystal by the lock-in amplifier. Considering
that only either second- or third-order polarizations are
responsible for the observed phenomena, we obtained
S�Kerr��t� �
3bLv2a

kc2 ��u 1 1� cos2�C� 2 2�u 2 1� sin2�C��
Z

jIpu�t�Ipr�t 1 t�j2 dt , (4)

S�THz��t� � 2aL cos2C
v2

pkc2

Z
eiVtx�2��V�2 �V�c�2

k�V�2 2 � V

yg
�2

jC�V�j2

3

Ω
ei�k�V�2V�yg�z�2

∑
sinc

µµµµ
k�V� 2

V

yg

∂
z

2

∂∂∂
2 1

∏æ
dV , (5)
where L is the crystal length, Ipu,pr�t� � jApu,pr�t�j2,
and C is the angle between the x axis and the linear
polarization of the pump pulse. In Figs. 2a and 2c,
we have plotted the temporal evolution of SKerr�t�
and STHz�t� for a �110� cut ZnTe and ZnSe crystal at
C � 0±, excited by a 100 fs laser pulse centered at
800 nm. The Fourier transform of the signal, STHz�V�
presented in Figs. 2b and 2d, allows one to evaluate the
weight of each spectral component contributing to the in-
dex modulation at the end of the crystal. According to (5),
the spectral density is the product of the THz wave spec-
trum with the optical probe (petahertz wave) integrated
along the z axis and in time during the propagation. This
figure clearly shows that, for ZnTe, the index modulation
is peaked around the 2.3 THz phase-matched spectral
component (i.e., DkTHz � 0). This phase matching does
not occur in the ZnSe spectrum (Fig. 2d) expressed in
relative units versus the ZnTe signal.

Typical signals recorded in 2 mm �110� cut ZnTe crys-
tals when the laser wavelength is tuned at 800 nm are pre-
sented in Fig. 3. These signals were recorded for a probe
beam linearly polarized at 45± and for a pump beam lin-
early polarized along (C � 90±, Fig. 3a) or perpendicu-
lar (C � 0±, Fig. 3b) with respect to the �001� crystalline
axis. As we claim earlier, both nTHz
2 and nKerr

2 contribu-
tions are experimentally discriminated thanks to the sym-
metry of the second-order nonlinear coefficient. Indeed,
when C � 90±, the pump beam is polarized along the
�001� axis; only nKerr

2 accounts for the induced phase shift.
The index change is then DF�t� � nKerr

2 Ipu�t�. There-
fore, according to (4), the measured heterodyne Kerr sig-
nal SKerr�t� � �Ipu�t�Ipr�t 1 t�� is proportional to the in-
tensity autocorrelation function of the laser pulses. This
gives access to the amplitude of nKerr

2 . On the other hand,
when the pump is polarized perpendicularly to this axis,
the backaction of the THz radiation on the probe pulse
occurs. Different behaviors have to be noted. First, the
index change due to the THz wave is recorded even when
the pump and probe beams are not temporally overlapped
in the crystal; therefore the index change cannot be writ-
ten by the classical expression DF�t� � nTHz

2 Ipu�t�. This
is in perfect agreement with our theoretical analysis which
indicates that the induced index change is not temporally
and spatially localized in the medium. Second, as expected
we record a small signal before the pump pulse leaves the
crystal. Third, the most important contribution at zero de-
lay time is due to the optical Kerr effect signal. However,
047401-3
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FIG. 2. (a–c) Calculated temporal evolution of STHz�t� (solid
lines) and SKerr�t� (dash-dotted lines). (b–d): S�Thz��V� versus
the phase mismatch DkTHz�n�.

as expected this contribution rapidly decreases as the time
delay between the pump and probe pulse increases, and os-
cillations at 2.39 THz clearly show up for the ZnTe Crys-
tal. Again, these oscillations reveal the noninstantaneous
character of nTHz

2 �t� in ZnTe crystal. When we changed
the central laser frequency at 790 and 840 nm, the fre-
quencies of recorded THz oscillations were 2.55 THz and
1.2 THz, respectively. This behavior is due to a shift of the
phase-matched THz frequency and is in perfect agreement
with the predicted values [7]. According to (4) and (5), we
have fit the signal associated with nKerr

2 �t� and nTHz
2 �t�

for ZnTe. A good fitting with the experimental data was
found only by adjusting the amplitude of the heterodyne

coefficient a, u �
x

�3�
iiii

x
�3�
iijj

, the ratio r �
x�3�

x�2�x�2� , and taking

into account the important dispersion of the x �2��V� in
these crystals in the THz spectral range. The solid lines
in Fig. 3 present typical fits. The dispersion of x�2��V� �
�e�V��e0 2 1� was approximated from the Miller rules
[11], where e�V� is the dielectric constant in the THz do-
main [12]. According to Fig. 2a and in agreement with
our experimental data, at zero delay (i.e., t � 0) the con-
tribution of nTHz

2 is negligible. This makes it possible
to evaluate u according to the measured signal S�t � 0�
when 0± , C , 90± presented in Fig. 3c. In good agree-
ment with theoretical work we found u � 1.9. The only

remaining parameter to fix is the ratio r �
x�3�

x�2�x�2� . We
found r � 25. The ratio r � 37 given by Table I neglects
the dispersion of x�2� � V2 and therefore gives a higher
r value. However, when 0± , C , 90±, it is important
to note that this latter analysis holds if, and only if, the
coupling between third- and second-order nonlinear po-
larizations can be neglected. To evaluate the influence of
this effect, we have numerically solved (3) by taking into
account the parameters deduced from our simple analysis
and computed the evolution of the signal. At C � 30±,
our simulations present a small difference of about 10% at
047401-4
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FIG. 3. Signal S�t� measured in ZnTe for (a) C � 90±,
(b) C � 0±, (c) C � 40±. (d) S�t � 0� versus C. �±� ex-
perimental data, (—) theoretical fits, and �2 ? 2� experimental
noise level.

t � 0, indicating that our approximation is valid. The data
recorded for the ZnSe crystal for C � 0± or C � 90± re-
semble Fig. 3a and further confirm our theoretical descrip-
tion. For this laser wavelength and for the temporal pulse
width, no phase matching occurs for this crystal, and Dk
is always positive for the THz spectrum. Therefore oscil-
lations do not show up in the ZnSe crystal. Hence, nTHz

2
is small compared to nKerr

2 for this crystal. Moreover, ac-

cording to Table I, the ratio x �3�

x �2�x�2� is greater than for ZnTe
and therefore reduced the relative amplitude of nTHz

2 .
In conclusion, we have experimentally evidenced the

nonlinear refraction index nTHz
2 resulting from the prop-

agation of a THz wave in a zinc blende crystal. It has been
shown experimentally and theoretically that nTHz

2 is non-
instontaneous and is maximum when DkTHz � 0. This
cascading effect should also be present in other nonlinear
crystals such as KTP, KTA, LiNbO3.
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