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We report on the second harmonic generation (SHG) of a near-infrared pulse in a zinc telluride crystal through the
Pockels effect induced by an intense terahertz pulse. The temporal and angular behaviors of the SHG have been
measured and agree well with theoretical predictions. This phenomenon, so far overlooked, makes it possible to
generate second harmonic through cascading of two second-order nonlinear phenomena in the near-infrared and

terahertz ranges. We also show how this cascading process can be used to sample terahertz pulses.
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Second harmonic generation (SHG) or frequency dou-
bling can be considered to be one of the most widely used
nonlinear optical processes. It was first demonstrated in
1961 thanks to the invention of the laser providing the
required high intensity monochromatic light [1]. SHG
has also been recorded in centrosymmetric media im-
mersed in a DC or an AC electric field. The electric field
breaks the centrosymmetry of the medium giving it the
ability to generate second harmonic [2]. Electric-field-
induced second harmonic (EFISH) has been reported
in a large variety of media [3-5]. For a while, these mea-
surements were restricted to low frequency AC fields.
However, thanks to the recent developments of intense
pulsed sources in the terahertz (THz) range [6,7], THz-
field-induced SHG (TFISH) has been reported in beta
barium borate crystal [8] and in many centrosymmetric
media [9-11]. TFISH can be described as a third-order
nonlinear phenomenon in which the signal intensity is
proportional to the THz intensity Ity,, the square of
the fundamental laser intensity I, and the third-order
susceptibility y® of the material: I25SH ~ [®) 212 [,
However, one should mention that the frontier between
second-order and third-order nonlinear optical phenom-
ena is not strict. In the early stage of nonlinear optics, it
was recognized that second-order phenomena could
effectively contribute to third-order-like nonlinearities
through a cascading of two second-order processes
[12]. Many experiments showed that during SHG such
a cascading can result in very large third-order-like non-
linearities that open a wide range of applications [13].
In this Letter, we analyze cascading of two second-
order nonlinear phenomena in the THz and near-IR
(NIR) spectral range. We will refer to this, which has
so far been overlooked, as Pockels effect (PE)-Induced
Second Harmonic (PISH). It occurs during the interac-
tion between a THz and an optical pulse in a noncentro-
symmetric medium. This phenomenon is demonstrated
in a zinc telluride (ZnTe) crystal that is widely used in
the THz range because of its second-order nonlinear op-
tical properties [14]. This crystal is expected to exhibit
both second-order [PE or SHG] and third-order (TFISH)
nonlinear processes. We will demonstrate that the SHG
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signal, IF'™H resulting from cascading of two second-
order processes (namely PE and SHG) overcomes the
signal produced by TFISH. Finally, we will show that this
cascading process is also an efficient means to sample
the THz pulse.

The experimental setup is displayed in Fig. 1. An am-
plified Ti:sapphire regenerative amplifier yields, at 1 kHz
repetition rate, 1.5 mJ pulses centered at 800 nm having a
60 fs duration. The laser beam is split into pump and
probe beams for THz generation and SHG, respectively.
The pump beam is sent onto a holographic grating
(1800 grooves/mm) that introduces a given pulse front
tilt satisfying the phase matching condition for optical
rectification in a stochiometric LiNbOjg crystal. Appropri-
ate tilt angle and grating imaging into the crystal are con-
trolled by two lenses. The pump beam is slightly focused
onto the crystal. One surface of the crystal is cut with the
phase matching angle of 62°. THz pulses with 20 kV/cm
electric field strength are generated from the crystal,
covering the 0.1-3 THz spectral range. The y-polarized
THz beam is focused onto the ZnTe crystal with a pair
of off-axis parabolic mirrors. A delay stage makes it
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Fig. 1. Experimental setup: PM, photomultiplier tube. Inset:
geometry of the experiment. (X, Y, Z), cartesian frame of the
crystal; (¥,#,2), cartesian frame of the laboratory.
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possible to delay the probe pulse with respect to the THz
pump pulse. Finally, THz and IR probe intensities can be
adjusted by a set of polarizers. For the calibration of the
THz field, we used the known electro-optic coefficient of
ZnTe. For the detection of the second-harmonic (SH) sig-
nal we used a photomultiplier tube recording the output
of a monochromator centered at 400 nm and an optical
chopper connected to a lock-in amplifier.

At first, we investigated the TFISH generation in a
(100) cut 300-pm-thick ZnTe crystal. For such a crystal
cut, and owing to the symmetry of this crystal, second-
order nonlinear effects such as direct SHG or PE are
not possible. However, upon the application of a THz
field, SHG induced by TFISH is expected. The THz
and probe pulses, linearly and cross-polarized, were col-
linearly propagating in the crystal. Under these experi-
mental conditions and whatever the rotation of the
crystal around the (100) axis, no TFISH signal was
recorded. This means that, with our detection, the used
fundamental fluence and THz field strength of
~20 kV/cm make it impossible to reveal the TFISH phe-
nomenon in ZnTe. This is at variance with a previous
study where the observation of TFISH was easily re-
corded using a BBO crystal and similar THz electric field
strength [8]. However, in this later study, the BBO crystal
cut was not preventing second-order nonlinear effects,
and the assignment of the signal to TFISH instead of a
cascading of second-order processes is questionable.
To address this question properly, we performed a sim-
ilar experiment in a (110) cut 300-pm-thick ZnTe crystal.
For such cut, the crystal could exhibit both PE and SHG.
Inside the crystal, the THz beam and the probe beam
propagate collinearly along the (110) axis [Fig. 1(b)]. A
half-wave plate is employed to linearly polarize the probe
beam at the angle 0 with respect to the (001) axis. Owing
to the crystal symmetry, when 8 = 0° or 180° no SHG is
produced in the crystal. We first investigated the intensity
dependence of the SHG signal for 8 = 0°. As expected,
without the THz pulse, no SHG was recorded. Then, per-
forming the same experiment in the presence of the THz
pulse, the SHG was easily observed. This signal was only
recorded when the fundamental and THz pulses were
temporarily overlapping within the crystal. It disappears
if the monochromator is set 20 nm above or below
400 nm. This observation is surprising. Indeed, if one ne-
glects cascading of second-order processes, only TFISH
takes place for 0 = 0°. However, according to our pre-
vious experiment, this process cannot be recorded by
our detection system. The evolution and the fit of this
SHG signal with respect to I, and Iy, are displayed
in Fig. 2. Note that this dependence is strictly similar
to the intensity dependence expected for a TFISH signal.
To discriminate the TFISH and PISH contribution to
SHG, we investigated the dependence of the SHG signal
as a function of the angle € between the probe beam
polarization and the (001) axis of the crystal. The angular
dependence of the direct SHG signal measured in the ab-
sence of the THz pulse is represented by the black
squares in Fig. 3. In the presence of the THz pulse and
modulating only the THz pulse, we could suppress this
direct SHG signal with the lock-in detection. The SHG
signal recorded upon application of the THz field is rep-
resented by the red circles in Fig. 3. In agreement with
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Fig. 2. Peak value of the THzfield-induced SHG signal with
respect to the THz intensity Iy, [(w) linked to the bottom
and left axis] and to the probe intensity I, [(A) linked top
and right axis] for & = 0°. The red (resp. black) solid curve
corresponds to a quadratic (resp. linear) fit of the data.
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the angular dependence of PE in this crystal, it is maxi-
mum at 0 = 0° and almost null at 6 = 45° [14]. This SHG
signal may be negative, revealing a = phase-shift of the
lock-in amplifier. This ensemble of data clearly indicates
that the SHG signal likely results from a cascading of sec-
ond-order nonlinear processes, namely PE and SHG.
These two second-order nonlinear effects are combined
as follows: as the THz pulse propagates through the crys-
tal, it induces PE that rotates the polarization of the fun-
damental pulse, enabling it to be frequency-doubled by
the intrinsic second-order nonlinearity of the crystal.
To model this phenomenon, let us consider the
probe and THz fields as nondepleted plane waves, propa-
gating along the x axis, expressed as E(f,x) =
Leo(w)e @ 4 c.c and By, (t.x) = }Eqy,e @ hed) 4
c.c., respectively. In these expressions, c.c. denotes
the complex conjugate, k, = "‘“7"’, ko = @, and n, and
ng are the refractive indices of the crystal at the probe
and THz frequencies, respectively. As depicted in the in-
set of Fig. 1, at the entrance of the crystal in the frame of
the laboratory, the probe field amplitude is expressed

as (g™ =0,8,™ = E,, sin 0, 2™ = E,; cos 0).
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Fig. 3. Angular dependence of the peak value of the SHG
signal. (m) SHG recorded when the probe beam is modulated
and Eqg, = 0. (®) SHG recorded when the THz pump beam
is modulated and Etg, # 0. The solid black and dashed red
curves correspond to a normalized plot of Egs. (3). The green
dashed curve corresponds to a normalized plot of the TFISH
angular dependence.



Then, the PE induced by the THz pump in the crystal
alters the polarization state of the NIR probe pulse. In the
frame of the crystal, the probe field amplitude at each
point x of the crystal is given by:

Y = —%[cos(y/)eiF T _ sin(y)e 7], (1a)

EYC = -E%°, (1b)
¢ Epr irx i g

£y = —=lcos(y)e” + sin(y)e "], (10

V2

with w = 7/4 -0, T = (/)3 ryEqy, [14], where ry; is
the electro-optic coefficient of the crystal and A the wave-
length of the probe. In the frame of the crystal, the slowly
varying amplitude of the second-order polarization at 2w
is given by [15] PP = exaEP°EYS, where i #j #k =

X,Y.Z and y3), = 4% = xo%y = 4@ is the second-

order susceptibility of the crystal. The field radiated by
these nonlinear polarization components can be com-
puted solving the nonlinear wave equation. In the slowly
varying amplitude approximation and introducing the ab-
sorption as,, of the SH field by the crystal it is expressed
as (£ + ap,) 2" = 1o 77(2) exp(iAkx) (£ = y.z), where
Ak = 20(n,, — ny,) / ¢ are the absorption coefficient and
the phase mismatch between the fundamental and SH
fields, respectively. When I' <Ak, Tx <1 and
as,x > 1, the resolution of this latter equation with the
boundary condition 52’” 2(x = 0) = 0 yields to

5% (%) = ~iA exp(iAkx)g, .(Tx. ), €)

where
A = ayPE;, [ 2eng, (1Ak + ay,))
and

9y (Tw,y) = (1 4 2ilx - 2I'%x*)cos® ()

_ (1-2iTx - 2r%2)sin (y), (3a)
0T y) = [(1 il - %) cos(y)
- (1 -l - szz) sin(y/):|2. (3b)

Notice that ay,x > 1 at the exit of a 300-um-thick crystal
since, in ZnTe, ay, ~ 1.25 pm™! at 400 nm [16]. These ex-
pressions exhibit the SH field, £°, corresponding to the
intrinsic SHG of the crystal, that is proportional to A
(ie., &~ yPEZ) as well as the SH field, EPSH, induced
by PE that is phase shifted by z/2 and proportional to
Alx (e, EPSH~y@ryE2 Erg,x/2). We have also
computed the slowly varying amplitude of the polariza-
tion giving rise to TFISH:
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PP (x) = 3 eOEprE’THZ[ (a + b)sin® 0 + b}, (4a)

P (x) = —eoEprETsz sin2 6, (4b)

where a = 4% and b = % = 4

iiyj = Xiji; are the two indepen-
dent third-order susceptibility components of the crystal
(1, =X,Y,Z). When ay,x > 1, the integration of the
nonlinear wave equation with these nonlinear polariza-
tion components using the boundary condition

EMBSH(x = 0) = 0 yields to

gZ‘FISH () = —iB exp(iAkx) [% (1+w)sin?0+ 1] , (ba)

EMFISH () = —iB exp(iAkx) sin(26), (5b)
where B = 3wy\xyy B4 B/ (2005, (iAk + a5,))  and
u = a/b. As expected, the TFISH field is proportional
to )(;?))(YYE%rETHZ‘ Equations (2)-(5) make it possible to
compare the amplitudes and angular dependencies of
the different contributions to SHG. At first, they are all
found to have the same dependencies with respect to
Ak. Note that, owing to the natural dispersion of the
ZnTe crystal, n, # ny, and Ak # 0. Second, the angular
dependencies of the SH signal proportional to
|€,2 + |€.]%, can be easily computed. In Fig. 3, we have
plotted the angular dependencies of the natural SHG,
PISH, and TFISH. When I'r < 1, and taking into account
that a = 2b [17], they are found to vary as sin?(20)+
sin*(9), 2-10cos?(#) + 12cos*(@), and (3/2sin®(@)+
1)2 + sin?(26), respectively. We have a good agreement
between experiment and theory for the natural SHG
and the PISH signal. However, one may wonder why
we could not detect the TFISH signal. To address this
question, we have computed the ratio R = (AT'L/B)?> =
(n)&}zmlnmL / (3)(%)(”/1))2 between the prefactor in front
of the PISH and TFISH signals. This ratio depends on the
ratio between the second and third-order nonlinear coef-

ficients (i.e., (;(Xyzml/;(g(yy)g) as well as the ratio

(L/2)?; hence the longer the crystal, the larger the ratio.
At the exit of the 300-um-thick crystal and considering
that for ZnTe: y,, = 25x 1072 m2. V2, 7, = 3.9x
102 m. vl n, =29 42, =1x100m.v! L=
300 pm and A = 0.8 pm, we found R =~ 220 [14,17]. In
good agreement with our experimental data, this ratio in-
dicates that TFISH may only contribute to SHG when
crystal orientation minimizes the PISH contribution
(i.e., @ = 45° or 135°). Our computation was made con-
sidering continuous waves; its extension considering
pulse propagation is straightforward if, as expected for
such a thin crystal, one neglects the group velocity mis-
match between THz and probe pulses in the crystal. In
this case, the intensity of the SH pulse can be computed
considering a steady state THz field and summing the SH
intensity produced by each spectral components of the
probe pulse [5]. Consequently, the amplitude of the SH
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Fig. 4. Electro-optic signal measured with a balanced detec-
tion (dashed red curve) and heterodyned PISH signal difference
for & = 0° and « = 10° (black curve), as a function of the time
delay between the IR probe and the THz pump pulses.

signal will increase but its angular dependence will
remain unchanged.

According to our analysis, the PISH signal is propor-
tional to the square of the THz electric field. Therefore,
it could be interesting to adopt here an heterodyne detec-
tion to record directly the temporal evolution of the THz
electric field [8]. However, as already mentioned, PISH
and natural SHG signals are phase shifted by z/2 and can-
not interfere. To overcome this problem, one can simply
insert a quarter-wave plate on the probe beam pathway in
front of the crystal. Let us call a the angle between the
fast axis direction of the plate and the (001) axis of the
crystal corresponding to the orientation of the probe
beam polarization. It can be shown that during its propa-
gation in the crystal, the elliptical probe beam will now
also produce a SHG component proportional to a that
will be phase shifted by z /2. The interference of the latter
SHG component with the PISH signal can now be used to
perform an heterodyne detection. Then, by successively
measuring the heterodyned PISH signal for a« and -a, one
can compute the following quantity Sy, (a) —Ss,(-a)
~2Lay®ry 1, Ety,, that is directly proportional to the
THz electric field. The experimental result is presented
in Fig. 4 for « = 10° and compared with the electro-optic
signal measured with an ellipsometer consisting in a
quarter-wave plate combined with a Wollaston prism,
followed by two balanced photodiodes connected to a
lock-in amplifier for detection. The similarity of both

signals is excellent which demonstrates the proportion-
ality of the heterodyned PISH signal to the THz electric
field. The signal to noise ratio of both signals is similar,
demonstrating that the PISH effect can be an interesting
and simple means to sample THz temporal waveforms.

To summarize, we have observed a THz-field-induced
SHG in a zinc telluride crystal. Thanks to the measure-
ments of the angular, intensity, and temporal dependen-
cies of the signal and the theoretical analysis of our
experiment, we have demonstrated that this SHG signal
is because of the cascading of two second-order nonlin-
ear processes, with one of them in the THz range. This
phenomena has also be recorded in another Zinc blende
crystal [18].
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