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We report on the observation of the Kerr effect induced by an intense terahertz pulse in a (100) gallium phosphide
crystal. The temporal and angular behaviors of the phase retardation have been measured and agree well with
theoretical predictions. From these measurements, we extracted the two nonzero tensor elements of the third-
order response function of the crystal in the terahertz range. © 2014 Optical Society of America
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1. INTRODUCTION

Discovered in 1875, the Kerr effect corresponds to a modifica-
tion of the refractive index of a medium induced by an external
electric field. With the advent of the laser in the 1960s, the light-
induced Kerr effect has enabled important breakthroughs
in the field of ultrafast optics [1]. Among them, one can cite
the realization of stable and reliable laser sources emitting
ultrashort light pulses of just a few femtoseconds in duration
and the revolution of telecommunication through fiber-optic
communication. Moreover, the Kerr effect induced by ultra-
short light pulses is also a good tool for probing the dynamical
response of transparent media on femtosecond time scales [2].
For a while, these experiments were limited to the study of the
optical properties of materials in the visible and infrared
ranges due to lack of appropriate sources in other spectral
ranges. However, thanks to recent developments of intense
pulsed sources in the terahertz (THz) range, the THz-induced
Kerr effect (TKE) has been reported in isotropic media such as
liquids [3] and glasses [4], whereas self-phase modulation of
single-cycle THz pulses was reported in lithium niobate [5]
and bulk n-GaAs [6]. Hereafter we report on the observation
of TKE in a gallium phosphide (GaP) crystal, the latter being
widely used in the THz range owing to its second-order
nonlinear optical properties. Such a crystal is expected to have
a nonlinear refraction coefficient one order of magnitude
greater than the ones of liquids or glasses. Moreover, since
electro-optic detection of intense THz pulses in zinc blende
crystals may be distorted by the Kerr-like quadratic electro-
optic effect, the study of the THz Kerr effect in GaP deserves
some attention. Finally, at variance with previous TKE studies
performed in amorphous media [3,4], our experiment takes
place in a cubic crystal (point group 43 m). As a consequence,
the nonlinear crystal response is expected to depend upon
its orientation with respect to the THz wave polarization,
and this must be taken into account in the analysis of the
experiment.

0740-3224/14/071648-05$15.00/0

2. EXPERIMENTAL SETUP

The experiment is as follows [Fig. 1(a)]: an intense linearly
polarized THz pulse spanning the 0.3-7 THz frequency range
is emitted from air ionized by a two-color (namely, 400 and
800 nm) femtosecond laser field [7]. This THz pump field is
then collimated and focused onto the sample by two off-axis
paraboloidal mirrors with a 150 mm focal length. There its
amplitude, Eqy,, reaches 80 kV/cm. The sample consists in
either a 300 pm or a 1 mm thick (100) GaP crystal. For such
cut, it does not exhibit any Pockels effect or second-order
response. Inside these crystals, the THz beam and a weak
800 nm probe beam, initially polarized linearly at 45° with
respect to the THz polarization, propagates collinearly along
the (100) axis [Fig. 1(b)]. Note that, to set the polarization of
the probe pulse, we used a Babinet—Soleil compensator
instead of a half-wave plate in order to correct some depola-
rizing effects due to the pellicle. The birefringence induced by
the THz pump alters the polarization state of the probe pulse,
the latter being analyzed by means of an ellipsometer consist-
ing in a quarter-wave plate combined with a Wollaston
prism, followed by two balanced photodiodes connected to
a lock-in amplifier for detection. The crystal is inserted into
a rotation mount, enabling us to rotate it by an angle 6 (the
so-called azimuthal angle) perpendicularly to the (100) axis
[Fig. 1(b)]. A delay stage makes it possible to delay the probe
pulse with respect to the THz pump pulse. Finally, a pair of
high-density polyethylene polarizers inserted on the path of
the THz beam enables us to attenuate the latter.

3. THEORETICAL MODEL

To model this experiment, let us write
1 .
E,(t.x) = ééfﬂ(t, x) exp[i(kpx — wpt)] + c.c.,
the field of the probe pulse in the frame of the laboratory, and

1 .
Pf’) (t,x) = épff") (t, ) expli(kpx — wp,t)] + c.c.,
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Fig. 1. (a) Experimental setup. BS, beam splitter; BPD, balanced
photodiodes. (b) Geometry of the experiment. (X, 7, Z), Cartesian
frame of the crystal; (%,9,2), Cartesian frame of the laboratory; 6,
azimuthal angle.

the third-order polarization of the crystal (¢ = y,z). Here wy,
and k,, stand for the angular frequency and the wave vector of
the probe beam. Then, within the slowly varying amplitude
approximation, the probe wave equation writes [8]

&, 2) . o

(3)
= % 1
or *Dhiprn? ¢, 2). @

where ' = { - x/v,, ¢ is the velocity of light in vacuum, ¢ is
the permittivity of vacuum, and v, is the group velocity of the
probe pulse.

In the frame of the crystal, assuming that we are far from
resonance and writing the real-valued THz electric field as
Emy,(t,x) = (1/2)E,,(t,x), the third-order polarization is
given by [8]

PO(t.) = 20 S R 0.
gkl

X X
X Epu,k (t/ +—, x)Epu,l (t, +—, x) s @
Uy Vg

where R?,zl is the third-order response function
,7,k,l =X,Y,Z). As emphasized by Gallot and Grischkow-
sky concerning the electro-optic detection in [9], the phase
retardation induced on the optical pulse by the THz wave
can be understood as “the generation of phase-coherent
sidebands on the spectrum of the optical pulse through the
generation of sum- and difference-frequency components”
by interaction with the THz wave. This line of thought
applies as well to the Kerr effect considered here. That is
why we are using the real THz electric field in Eq. (2) instead
of its complex representation to account fully for the
generation of these sidebands. Owing to the symmetry of
the crystal, there are only two independent, nonzero tensor
elements of the third-order response function: a = RE)

Wi
3) (3) 3)
and b = Rﬂ_/_] RU]I Ryu
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In the frame of the laboratory, P becomes

PO x) = %572 ( x) £l @), 3)
with
SRy (L. 7) = b[u 43 n220+ %73 gin 49]1pu(t, ),
SR..(1,7) = b[l + 43 G220+ %22 sin 49]Ipu(t, ),

where u = a/b and I,,(t,x) = E%,(t, ).
Thanks to Eq. (3), Eq. (1) leads to
E,(t,L) = E,(,0) expligh, (¢, L)],

with

3 L x
t,L) = R, |t +—. o )d,
¢”( ) 4’1prnp1r /(; Wl( T vg x)
Jpr and 7y, being, respectively, the wavelength and the refrac-
tive index of the probe pulse, and L is the crystal thickness.
Thus the THz-induced phase retardation accumulated by the
probe pulse during its propagation through the crystal is

L x
AG(0) = (0. L) - po(L. L) = £(6) A L (t' + v—,x) a,
g

with

3rb

Al My

f(0) = ——[u-1-(u-3)sin®26]. Y]

This phase retardation is expected to be small compared to 1.

Then the actual phase retardation measured by our
setup through the signal Al /I given by the balanced detection
is [9]

Al(7)
1

= Ag(7)

:f(@)x/_:od

where 7 is the THz-probe time delay, and F,.(?) is the probe
pulse normalized intensity profile, assumed to be Gaussian
with a full width at half-maximum z,, which is

1 £\?
ruo =g oo [(0)

with 6, = 7,/(2+/In 2).

L x
% / dprr(t’—T)Ipu(t' +—,x), (5)
0 Vg

4. EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 2 displays a typical phase retardation recorded for the
300 pm thick crystal as a function of r and at an azimuthal
angle 6 = 40°. As expected, we observed that, for both crystal
thicknesses, A¢ was small compared with 1, so that Eq. (5)
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Fig. 2. THz-induced phase retardation recorded in a 300 pm thick
(100) GaP crystal for 6 = 40° (black curve). The dashed red curve
corresponds to the input THz “intensity,” I,,, normalized to fit the
experimental data. The dashed-dotted gray curve corresponds to
the phase retardation calculated according to Eq. (5).

is valid and, accordingly, the peak value of the phase retarda-
tion, A¢nax, is expected to behave like

Aqﬁma.x 2/f(e) X Leff X (2ETHZ)2' (6)

Here L.y is an effective interaction length introduced to
account for the velocity mismatch between the THz wave
and the near-infrared probe pulse in GaP [10]. First let us
consider a spectral component of the THz wave at frequency
Q. Its effective interaction length in GaP is then defined as

)

Cc Vg

)

where 7 is the complex refractive index of the crystal in the
THz range. Figure 3 shows the ratio L.y(Q)/L computed for

—300 ym
1.0 —— 1 mm
0.8
[
~
g 0.6 ,
&= =
E IE, (Q,x=0)l
0.4
0.2
0'0 1 " 1 " 1 1
0 2 4 6 8 10

Q 2n (THz)

Fig. 3. Evolution of the effective interaction length L.y versus the
frequency Q for L = 300 pm (black curve) and L = 1 mm (red curve).
The gray curve corresponds to the normalized spectral intensity,
|E,u (2,0, of the incident THz wave.
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L =300 pm and 1 mm and for the complex refractive index
7n(Q) given in [11]. Now, by introducing the complex spectrum
of the incident THz pulse, E,(Q,x = 0) = F[E},(t.x = 0)]
(F is the complex Fourier transform and Q > 0), one can
define L. as the average of Lqg () with respect to the spec-
tral intensity, |E,,(Q.0)|?, which is

L. — Jo® AQLgr (Q) X |Epu (2, 0)?
. S AQIE, Q. 0)F

Using the spectral intensity given by the electro-optic detec-
tion of the THz wave in a 200 pm thick (110) GaP crystal (gray
curve of Fig. 3), we found Ly = 295 pm (respectively,
880 pm) for L = 300 pm (respectively, 1 mm), results that
do not deviate significantly from the actual thickness of the
crystal. This is explained by Fig. 3: for the thin crystal,
L.(Q) ~ L over the entire spectral range involved in the
experiment, so that L.y ~ L after averaging. On the contrary,
for the thick crystal, L.;(2) decreases significantly near
Q/(2r) = 5 THz. However, this “hole” primarily overlaps
the tail of the spectral intensity, so that its contribution to
the decrease of L.y in comparison to L is rather small.

Figure 4 confirms the quadratic evolution of Agy,, with
E'ry, for both crystals. Moreover, a fit of both curves with the
function A x E’Zer also indicates the proportionality of A¢gy.x
versus Ley. Indeed, we obtained A(1 mm)/A(300 pm) =
2.90, which is close to Leg(1 mm) /L. (300 pm) = 2.98.

The experimental angular dependence for a 1 mm thick
crystal is displayed in Fig. 5. It matches rather well with
Eqg. (4). Note that we observed the same behavior for the
300 pm thick crystal, but with a worse signal-to-noise ratio.
From the fitting of our data with the function Ag,,.(0) given
by Eq. (5), we extracted the components of the third-order
response function for both crystals. The averaged values
of these coefficients are a = R, = 7.4 x 102 m2 - V-2 and

10
b= Rff’])] = 4.0 x 1072° m? . V-2, Usually, one is interested in
the nonlinear refraction coefficient defined as né = An/Iryy,
where An is the change of refractive index due to the Kerr

effect and Iy, = o0y, By, From the definition of An,

15 m 300 um
A 1mm
Quadratic fit

ey
o
T

Phase retardation (mrad)
(3]

1 1
0.0 0.2 0.4 0.6 0.8 1.0
Ety, (normalized)

Fig. 4. Peak value of the THz-induced phase retardation with respect
to the THz electric field strength Ery, for a 300 pm (filled square) and a
1 mm thick (filled triangle) crystal (6 = 40°). The red curves corre-
spond to a quadratic fit of the experimental data.
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Fig. 5. Azimuthal dependence of the peak value of the THz-induced
phase retardation for a 1 mm thick crystal. The red curve corresponds
to a fit of the data by the function Ay (@) = f(0) X Leg X (2E,)?
[f(0) is defined by Eq. (4)].

2r
Adrax = . X AN X Lo
pr

and Eq. (6), one obtains

3b

1A\ —

ny(0) =
2

2&0CN Ny

[u -1 - (u - 3)sin? 24)].

An average of this expression with respect to 6 then leads to

3(a +b)

i)y = .
zlo 480mTHznpr

Assuming that npy, = n(1.5 THz), we found (nl), =
1.2 x 10713 cm? - W-L. This large value is of the same order
of magnitude as the nonlinear refractive coefficient reported
in the near-infrared, 7}y, = 6.5 x 1071 cm? - W1 [12].

Finally, we investigated numerically the consistency of the
temporal shape of the phase retardation with what is expected
from Eq. (5). In our simulation, we took for the incident THz
field the electro-optic signal given by a 200 pm thick (110) GaP
crystal and assumed the probe pulse to have an initial dura-
tion, 7, = 60 fs. We also took into account the dispersion and
the absorption for the THz wave, so that

By (t + vfx) = 2 x Re{F[E,y(Q.0) x T(Q.2)]}.
9

with T(Q,x) = exp[i(Qn(Q)x/c — Qx/v,)]. The probe pulse is
affected by dispersion as well. Indeed, at a distance x from the
entrance of the crystal, the probe pulse duration is broadened
by a factor f(x) = /1 + (¥/Ly)*, where Ly = 73/ (kp4 In 2),
with &}, = (¢*k/dw?),, and k(w) = wn(w)/c [1]. Simultane-
ously, its intensity is divided by the same factor, f(x). To
account for this phenomenon, we have replaced in Eq. (5)
the function F,.(¢) by the following one:

1 ox t\?
o\ P o) 1
with 6, = 6y x f(x), kp, being calculated thanks to the data of
[13]. The simulated temporal shape of A¢(z) is shown in Fig. 2

Opr

Fi(t,x) =

Vol. 31, No. 7/ July 2014 / J. Opt. Soc. Am. B 1651

Experiment

15 a

' — - = Simulation

-
© N
T T

Phase retardation (mrad)
(=]
T

0 &A o
0.0 0.5 1.0 1.5 2.0

T (ps)
Fig. 6. THz-induced phase retardation recorded in a 1 mm thick
(100) GaP crystal for 6 = 40° (black curve). The dashed—dotted gray

curve corresponds to the phase retardation calculated according to
Eq. (5.

and agrees well with the experiment. For the thin crystal con-
sidered here, A¢(z) does not deviate significantly from the in-
put THz pulse “intensity” I, (¢, 0), it is just slightly broadened
by the convolution with F,.. However, for the thick crystal
(Fig. 6), we found a temporal width of A¢(z) which is twice
as wide as the experimental one, the support of the signal
being the same both in the experiment and in the simulation.
First of all, we attribute this discrepancy to the fact that we
neglected, in our model, the dispersion of the third-order sus-
ceptibility of the crystal. Furthermore, unlike the spectrum
displayed in Fig. 3, which comes from electro-optic detection
in GaP, the spectrum of THz pulses generated by plasma
sources goes as far as 100 THz [14]. Such a spectrum can
easily excite the phonon resonance of the GaP residing at
11 THz, which, in turn, should probably affect the temporal
shape of the Kerr signal. Yet it is noteworthy that these crude
approximations do not seem to be detrimental in the modeling
of the nonlinear response of a thin crystal, as shown in Fig. 2.

5. CONCLUSION

We have observed a THz-induced Kerr birefringence in gal-
lium phosphide crystals. Thanks to the measurement of the
angular dependence of the Kerr signal and the theoretical
analysis of the experiment, we have determined the nonzero
tensor elements of the third-order response function of this
crystal in the THz range. Thus it exhibits a large nonlinear re-
fractive index in this spectral domain. We have also compared
the temporal shape of the phase retardation with our model.
For a thin crystal, we found overall good agreement between
experiment and theory.

ACKNOWLEDGMENTS

This work has been developed on the COLA platform of the
LOMA, supported by Région Aquitaine, FEDER, CNRS, and
the University of Bordeaux. The authors acknowledge finan-
cial support of the Conseil Régional d’Aquitaine through the
project Hi_ter (2011 1603 004). M. C. is grateful for thesis
funding from the Direction Générale de I'Armement (DGA)
and the Région Aquitaine.



1652

J. Opt. Soc. Am. B / Vol. 31, No. 7 / July 2014

REFERENCES

1.

2.

J.-C. Diels and W. Rudolph, Ultrashort Laser Pulse Phenomena
(Academic, 2006).

R. Righini, “Ultrafast optical Kerr effect in liquids and solids,”
Science 262, 1386-1390 (1993).

M. C. Hoffmann, N. C. Brandt, H. Y. Hwang, K. Yeh, and K. A.
Nelson, “Terahertz Kerr effect,” Appl. Phys. Lett. 95, 231105
(2009).

M. Zalkovskij, A. C. Strikwerda, K. Iwaszczuk, A. Popescu, D.
Savastru, R. Malureanu, A. V. Lavrinenko, and P. U. Jepsen,
“Terahertz-induced Kerr effect in amorphous chalcogenide
glasses,” Appl. Phys. Lett. 103, 221102 (2013).

J. Hebling, K. Yeh, M. C. Hoffmann, and K. A. Nelson, “High-
power THz generation, THz nonlinear optics, and THz nonlinear
spectroscopy,” IEEE J. Sel. Top. Quantum Electron. 14, 345-353
(2008).

D. Turchinovich, J. M. Hvam, and M. C. Hoffmann, “Self-phase
modulation of a single-cycle terahertz pulse by nonlinear free-
carrier response in a semiconductor,” Phys. Rev. B 85, 201304
(2012).

M. D. Thomson, M. Kref3, T. Loffler, and H. G. Roskos, “Broad-
band THz emission from gas plasmas induced by femtosecond

10.

11.

12.

13.

14.

Cornet et al.

optical pulses: from fundamentals to applications,” Laser
Photon. Rev. 1, 349-368 (2007).

P. N. Butcher and D. Cotter, The Elements of Nonlinear Optics
(Cambridge University, 1991).

G. Gallot and D. Grischkowsky, “Electro-optic detection
of terahertz radiation,” J. Opt. Soc. Am. B 16, 1204-1212
(1999).

Q. Wu and X.-C. Zhang, “7 terahertz broadband GaP electro-
optic sensor,” Appl. Phys. Lett. 70, 1784-1786 (1997).

D. Dietze, K. Unterrainer, and J. Darmo, “Dynamically
phase-matched terahertz generation,” Opt. Lett. 37, 1047-1049
(2012).

F. Liu, Y. Li, Q. Xing, L. Chai, M. Hu, C. Wang, Y. Deng, Q. Sun,
and C. Wang, “Three-photon absorption and Kerr nonlinearity in
undoped bulk GaP excited by a femtosecond laser at 1040 nm,”
J. Opt. 12, 095201 (2010).

F. L. Madarasz, J. O. Dimmock, N. Dietz, and K. J. Bachmann,
“Sellmeier parameters for ZnGaP; and GaP,” J. Appl. Phys. 87,
1564-1565 (2000).

M. D. Thomson, V. Blank, and H. G. Roskos, “Terahertz
white-light pulses from an air plasma photo-induced by incom-
mensurate two-color optical fields,” Opt. Express 18, 23173-
23182 (2010).



	XML ID ack1

