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We present a method to measure quadratic terahertz optical nonlinearities in terahertz time-domain
spectroscopy. We use a rotating linear polarizer (a polarizing chopper) to modulate the amplitude of the
incident terahertz pulse train. We use phase-sensitive lock-in detection at the fundamental and the second
harmonic of the modulation frequency to separate the materials’ responses that are linear and quadratic
in a terahertz electric field. We demonstrate this method by measuring the quadratic terahertz Kerr effect
in the presence of the much stronger linear electro-optic effect in the (110) GaP crystal. We propose that
the method can be used to detect terahertz second-harmonic generation in noncentrosymmetric media in
time-domain spectroscopy, with broad potential applications in nonlinear terahertz photonics and related

technology.
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I. INTRODUCTION

Nonlinear terahertz optics has blossomed into an excit-
ing and active area of research with the advent of tabletop
high-field terahertz sources [1-5]. Among a multitude
of nonlinear phenomena, we focus here on the nonlin-
earities that are quadratic in a terahertz electric field
ET. Such quadratic effects can be induced in the sec-
ond and third orders via the nonlinear polarizabilities
x@(ET)? and x P (ET)?E®, where E® is an optical field.
The second-order nonlinearity x® can lead to second-
harmonic generation (or sum-frequency mixing) in non-
centrosymmetric crystals. While it appears that the peak
electric field strength available from tabletop terahertz
sources may be sufficient to generate the second har-
monic of the fundamental terahertz pulse [6], terahertz
second-harmonic generation has not yet been reported. For
a typical time-domain single-cycle fundamental terahertz
pulse, the second-harmonic terahertz pulse generated will
have a significant time-domain and spectral overlap with
the fundamental terahertz pulse. This makes it difficult
to distinguish the fundamental and second-harmonic ter-
ahertz waves in a measurement, as the second-harmonic
amplitude may be several orders of magnitude smaller than
the fundamental amplitude [6].

The third-order nonlinearity x® results in a terahertz-
induced optical birefringence proportional to (E7)?, also
termed the “terahertz Kerr effect.” The birefringence can
be detected as polarization rotation of the optical gating
beam E“ in a measurement. The first observation of the
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terahertz Kerr effect was reported by Hoffmann ef al. [7] in
several liquids. Following their observation, the terahertz
Kerr effect was investigated in many other liquid and solid
materials [8—17]. Up to now, the reported observations of
the terahertz Kerr effect occurred in liquids or crystals in
geometries where the quadratic terahertz-induced birefrin-
gence is not obscured by the linear electro-optic (Pockels)
effect. The latter effect results from the second-order non-
linearity and provides a common means for time-domain
detection of a terahertz electric field with use of femtosec-
ond optical pulses—electro-optic sampling [ 18—20]. When
both electro-optic effects are present, the linear birefrin-
gence due to the Pockels effect is usually much stronger
than the quadratic birefringence due to the terahertz Kerr
effect. Measuring and characterizing the much-weaker ter-
ahertz Kerr effect in the presence of the stronger Pockels
effect is a difficult experimental task.

In this article, we present a method to measure quadratic
terahertz optical nonlinearities that scale as (E7)%. We
illustrate the method by measuring the terahertz Kerr
effect in a (110)-oriented GaP crystal via the optical bire-
fringence due to the third-order nonlinear polarizability
x P (ET)2E®, where E© is the electric field of the optical
gating beam. Importantly, the (110)-oriented GaP crys-
tal also exhibits a much stronger birefringence due to the
linear electro-optic Pockels effect governed by the second-
order polarizability x ® ETE®. We show that our method
allows the separation and reliable measurement of the two
effects, one of which is quadratic and the other is linear
in the terahertz field E7. We also show how this method
can be extended to the time-domain detection of the tera-
hertz second-harmonic generation due to the second-order
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polarization of the form x@(E”)2. Our method shows
a strong potential for broad adoption and application in
nonlinear terahertz photonics.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Our measurement uses a terahertz time-domain spec-
trometer based on a regenerative amplifier with a rep-
etition rate of 1-kHz. We use optical rectification and
tilted-wavefront phase matching in a LiNbO; prism to
generate high-field terahertz pulses. We use linear electro-
optic sampling in a (110)-oriented GaP crystal for terahertz
detection [18—20] and estimate that the peak electric field
incident on GaP is more than 100 kV/cm [21]. The 1-kHz
train of vertically polarized terahertz pulses from LiNbOj3
is modulated by a continuously rotating wire-grid polar-
izer—the polarizing chopper [22,23]. The terahertz pulse
train then passes through a fixed wire-grid polarizer with a
horizontal transmission axis [Fig. 1(a)]. This arrangement
results in a sinusoidal modulation of the terahertz pulse
train in which the polarity of the terahertz pulse switches
from positive to negative [Fig. 1(b)]. The sinusoidal modu-
lation frequency f* is 77 Hz. The terahertz field incident on
the (110)-oriented-GaP receiver is horizontally polarized
and the gating optical beam is vertically polarized. The
time-domain amplitude of the terahertz pulse is measured
with balanced photodiodes and a lock-in amplifier with
as the reference frequency [Fig. 1(a)]. The measured quan-
tity AI(?) is the difference in the gating-beam intensity
on the balanced photodiodes as a function of the time ¢
between the gating optical pulse and the terahertz field.
AI(¢) is proportional to the linear terahertz-induced bire-
fringence due to the electro-optic Pockels effect [18—20].
This method is commonly known as “electro-optic sam-
pling.” Figure 2(a) shows the measured terahertz-field
pulses in the time domain.

The same setup also allows the measurement of the ter-
ahertz Kerr effect that scales as (ET)2. The product (ET)?
is modulated by the polarizing chopper at twice the fun-
damental frequency, 2f, as illustrated in Fig. 1(c). By
detecting the quantity A/(¢) at the second harmonic of
the fundamental modulation frequency (2f = 154 Hz), we
measure the terahertz Kerr effect in (110) GaP. Figure
2(b) displays the time-domain (£7)? spectra measured this
way. The colors of the terahertz Kerr spectra in Fig. 2(b)
correspond to the same-color linear terahertz spectra in
Fig. 2(a). We emphasize that the measurements reported
in Figs. 2(a) and 2(b) are taken under the same experimen-
tal conditions and geometry. The only difference between
the measurements is the lock-in-amplifier detection at the
fundamental and the second-harmonic frequency of the
polarizing-chopper modulation. The terahertz amplitude
in Fig. 2(a) is varied by insertion of high-resistivity Si
wafers in the path of the terahertz beam; the number of
wafers ranges from 0 to 3. Figure 2(c) quantifies the peak
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FIG. 1. (a) The second-harmonic lock-in detection experiment.
The LiNbO; source of terahertz pulses E7 is not shown. A 1-kHz
train of vertically polarized terahertz pulses passes through the
polarizing chopper (PC) and a fixed wire-grid polarizer (WGP)
with a horizontal transmission axis. After the WGP, the terahertz
pulse train is horizontally polarized and sinusoidally modulated
at frequency £ (the blue sinusoid). The product (E7)? is modu-
lated at frequency 2f (the red sinusoid). The terahertz pulse train
impinges on the (110)-oriented GaP receiver for detection by
the vertically polarized gating beam E“. Balanced photodiodes
(BP) measure the terahertz-induced birefringence in GaP. (b) The
sinusoidally modulated terahertz pulse train after the WGP. The
polarization is horizontal and the strength of the terahertz electric
field changes sinusoidally over one period. The terahertz pulses
change polarity from positive to negative. The duration of the
terahertz pulses and the pulse separation are not drawn to scale.
(c) Sinusoidal modulation of the product (E7)2. The modulation
frequency is 2f.

amplitude of (E7)? as a function of the peak amplitude of
ET; the highest peak amplitude of each quantity is nor-
malized to 1 in Fig. 2(c). As expected, we observe that
the relationship is quadratic. The second-harmonic lock-in
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FIG. 2. (a) Time-domain terahertz pulses E7 measured by

linear electro-optic sampling and first-harmonic detection. The
pulses of different amplitude are obtained by insertion of high-
resistivity Si wafers in the path of the terahertz beam. The
number of wafers ranges from 0 to 3. (b) Time-domain (ET)?
spectra measured by second-harmonic lock-in detection and the
quadratic electro-optic effect. The colors of the spectra cor-
respond to the same-color spectra in (a). (c) Relative peak
amplitudes of the first- and second-harmonic spectra in (a),(b).
Diamonds represent measured amplitudes, the dashed line is a
linear function, and the solid line is a quadratic function.

detection allows us to directly measure the quadratic
terahertz Kerr birefringence in the presence of linear
electro-optic Pockels birefringence that is more than 20
times stronger.

Figure 3 compares the frequency content of the lin-
ear and quadratic terahertz spectra measured via first- and
second-harmonic lock-in detection. The frequency-domain
spectra in Fig. 3 display the Fourier-transform amplitude
of the spectra in Figs. 2(a) and 2(b). Figure 3(a) shows
typical linear frequency-domain terahertz spectra with
near-identical frequency content for the different terahertz
peak amplitudes incident on the GaP receiver. The linear
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FIG. 3. (a) Frequency-domain amplitudes for the first-
harmonic time-domain spectra in Fig. 2(a). (b) Frequency-
domain amplitudes for the second-harmonic time-domain spectra
in Fig. 2(b).

frequency-domain spectra peak just above 0.4 THz. The
quadratic, second-harmonic terahertz spectra peak around
0.8-0.9 THz, twice the frequency of the linear-spectrum
frequency peak. The second-harmonic spectra also pos-
sess a large zero-frequency component because (E7)? in
the time domain has no negative components. For com-
parison, we compute (E7)? and its Fourier transform from
the measured linear E7. In these numerically computed
spectra, the zero-frequency component always has twice
the amplitude of the high-frequency peak. The experimen-
tally measured (ET)? spectra follow this trend only roughly
[Fig. 3(b)].

The data presented in Figs. 2 and 3 provide strong evi-
dence that the second-harmonic lock-in detection measures
the quadratic terahertz nonlinearity due to the terahertz
Kerr effect. The induced terahertz Kerr birefringence is
described by the third-order nonlinear polarization

(3) 3) )
P = Xy‘klEjTEkTEl ) )
where the Cartesian coordinates i,j,k,/ =1, 2, or 3 and

a summation over repeated indices is implied. The third-
order nonlinear tensor Xﬁ? has 21 nonzero elements, of
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which four are independent [24]:

XXXX = yyyy = zzzz,

Vyzz = ZZYy = 2ZXX = XXZZ = XX)y = VYXX,

@

VZyz = ZyZy = ZXZX = XZXZ = X)X} = JX)X,

VZZY = ZYYZ = ZXXZ = XZZX = XYYX = PXX).

Equations (1) and (2) allow the modeling of terahertz Kerr
birefringence as a function of the angular orientation of the
(110) GaP crystal. For a complete model of such angular
dependence, knowledge of the four independent nonlinear
parameters in Eq. (2) is necessary. In the absence of such
knowledge, we can compute the terahertz Kerr birefrin-
gence and the balanced photodiode current A/(¢) for the
two special cases @ = 0° and o = 90°. We define « as the
angle between the peak terahertz electric field vector and
the in-plane [001] direction of the GaP crystal. We use the
Cartesian-coordinate system associated with the GaP crys-
tal and shown in Fig. 4. The x, y, and z axes correspond to
the cubic [100], [010], and [001] directions in this system.
In the case o = 0°, we set

. 0 . Eo -1
ET=El{0] and E°=-2[ 1
1 V2 \ o
and obtain
I Xxgy)x(EoT VEY
pPe® — Xxy)zx(EoT)zE;)

Under these conditions, the new principal axes of the
refractive index ellipsoid correspond to the directions
[110],[110], and [001], which we label as x’, y’, and z". The

z, [001] y-x, [110]

Horizontal

FIG. 4. Geometry of the linear electro-optic and terahertz Kerr
birefringence measurements on the (110)-oriented GaP crystal.
The peak terahertz electric field E7 is horizontal. The optical gat-
ing beam E® is polarized vertically. o labels the angle between
the [001] z axis of the crystal and the horizontal. The other
crystalline axes are [100] x and [010] y.

third-order polarization in these new coordinates becomes

0
PO = | A EE:
0

The gating beam E® is polarized along the principal y’ axis
and does not experience polarization rotation due to the
terahertz Kerr effect. Thus, AI(f) = 0 for « = 0°. In the
case o = 90°, we set

ET 1 0
ET=20(-1] and E°=E¢|O
and obtain
0
P — 0
X (Eg) E?

The [001] z direction remains a principal axis of the
refractive-index ellipsoid, and the gating beam remains
polarized along z. Thus, A/(¢#) = 0 for o = 90°.

Our measurements confirm that A/(f) =0 for o = 0°
and 90° when detected at the second harmonic, corre-
sponding to the terahertz Kerr effect. When detected at
the first harmonic, AI(¢) is zero for o = 0°, but for o =
90° it exhibits a maximum, which is the position of the
most efficient linear electro-optic detection of the terahertz
waveform [25]. The data presented in Figs. 2 and 3 are
collected near the angle « = 70°, close to the maximum of
first-harmonic balanced photodiode signal AZ(?).

We now show that second-harmonic lock-in detection
can be used to measure terahertz second-harmonic genera-
tion in noncentrosymmetric media due to the second-order
polarizability P” = Xi%)E;T ET. In this measurement, the
terahertz pulses are focused into a sample, generating the
terahertz second harmonic after passing through the fixed
wire-grid polarizer, Fig. 1. The second-harmonic terahertz
pulse ET® generated propagates together with the funda-
mental terahertz pulse E7 after passing through the sample.
This propagating terahertz wave E7? can be detected via
the linear electro-optic effect in the GaP receiver. In a con-
ventional terahertz time-domain spectrometer without the
polarizing chopper and sinusoidal modulation, it is diffi-
cult to separate the contributions of E7?® and E” to the
linear electro-optic effect, since the two pulses copropa-
gate with significant overlap in both the time domain and
the frequency domain. In addition, the expected ampli-
tude of the second-harmonic pulse E7® generated may
be several orders of magnitude smaller than the funda-
mental amplitude E7 [6]. The sinusoidal modulation by
the polarizing chopper allows the separation of the two
waves, as the second-harmonic wave E7® is modulated
at twice the sinusoidal modulation frequency [Fig. 1].
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Then the fundamental terahertz wave E7 is detected at
the fundamental modulation frequency and the second-
harmonic wave E7® is measured by the lock-in amplifier
at the second harmonic of the sinusoidal modulation fre-
quency. We emphasize that both waves are measured via
the linear electro-optic Pockels effect in GaP, but are sepa-
rated via the first- and second-harmonic lock-in detection.
To distinguish the linear electro-optic effect due to E7?
and the quadratic terahertz Kerr effect due to E” in the
GaP receiver, which are both measured in the second-
harmonic lock-in detection, we must eliminate the latter
by choosing the angle o = 90° in the configuration in
Fig. 4. In this geometry, the terahertz Kerr effect is zero
and the electro-optic Pockels effect is maximized [25]. This
scheme should allow the measurement of terahertz second-
harmonic generation that so far has eluded researchers.
Theoretical studies of possible materials for observing the
phenomenon have been rare. Merbold et al. [6] consid-
ered the use of metal nanoslits and split-ring resonators to
enhance the peak terahertz field and the nonlinear inter-
actions. They predict that terahertz second-harmonic gen-
eration could potentially be observed in LiTaO3 with the
help of terahertz-field enhancement by the nanoslits or the
split-ring resonators.

II1I. CONCLUSIONS

In summary, we present a measurement of the quadratic
terahertz Kerr effect in the (110)-oriented zinc-blende
crystal GaP. In our measurement geometry, the tera-
hertz Kerr birefringence is superimposed on the much-
stronger birefringence due to the linear electro-optic
effect. We use sinusoidal terahertz-pulse-train modula-
tion and second-harmonic lock-in detection to separate
and measure the much-weaker terahertz Kerr birefrin-
gence. More generally, our measurement method allows
the separation of the electro-optic signals proportional
to ET and (ET)?, as evidenced by the data presented.
We predict that our method will allow the measurement
of the elusive terahertz second-harmonic generation in
noncentrosymmetric media, which opens a new area of
exploration in nonlinear optics and optical properties of
materials—second-harmonic terahertz spectroscopy and
related photonic technologies.
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