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Abstract: Measuring terahertz waveforms in terahertz spectroscopy often relies on electro-
optic sampling employing a ZnTe crystal. Although the nonlinearities in such zincblende
semiconductors induced by intense terahertz pulses have been studied at optical frequencies,
a quantitative study of nonlinearities in the terahertz regime has not been reported. In this
work, we investigate the nonlinear response of ZnTe in the terahertz frequency region utilizing
time-resolved terahertz-pump terahertz-probe spectroscopy. We find that the interaction of
two co-propagating terahertz pulses in ZnTe leads to a nonlinear polarization change which
modifies the electro-optic response of the medium at terahertz frequencies. We present a model
for this polarization that showcases the second-order nonlinear behavior. We also determine
the magnitude of the third-order susceptibility in ZnTe at terahertz frequencies, χ (3)(ω THz).
These results clarify the interactions in ZnTe at terahertz frequencies, with implications for
measurements of intense terahertz fields using electro-optic sampling.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The well-established technique of terahertz time-domain spectroscopy (THz-TDS) allows the
simultaneous measurement of the magnitude and phase of a terahertz signal [1] using for example
the linear electro-optic effect of materials such as ZnTe in electro-optic sampling (EOS) detection
[2,3]. THz-TDS combined with EOS detection represents a powerful technique for measuring
the complex refractive index at terahertz frequencies of samples placed in the terahertz beam
and can also give insights about the material utilized in the EOS detection itself. With high
electric field terahertz pulses [4], it is also possible to study the nonlinear behavior of different
materials at terahertz frequencies. This has been shown in a wide range of studies, including
terahertz-driven nonlinear spin control [5], terahertz high-harmonic generation by hot carriers
[6], terahertz-induced ferroelectricity and collective coherence control of ferroelectric crystals
[7]. In addition, large nonlinear refractive indices at terahertz frequencies have been reported in
crystals [8]; for example, Zibod et al. showed a strong nonlinear response in crystalline quartz at
terahertz frequencies [9]. Terahertz-induced nonlinear effects such as the Kerr effect at visible
frequencies have also been reported for different liquids [10,11], in amorphous chalcogenide
glasses [12], in common optical window and substrate materials [13], and also in crystals like
GaP and ZnTe [14,15].

Due to the frequent use of ZnTe in EOS setups, it has been the subject of considerable study.
Indeed, <110>-cut ZnTe is one of the most commonly used detection crystals in terahertz EOS
setups. Several studies investigated the nonlinear effects at optical freqencies in ZnTe with
terahertz-pump optical-probe measurements [15–19]. It has a zincblende structure and exhibits
multiple nonlinear effects, such as second harmonic generation [20] and optical rectification [21].
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It also has a strong Pockels effect [22], and second-order nonlinear effects such as the Kerr effect
can be observed [16].

However, so far there has been less focus on the investigation of terahertz-induced nonlinear
processes in ZnTe at terahertz frequencies, as would be revealed by, for example, a terahertz-pump,
terahertz-probe measurement.

Cross et al. investigated how optical and terahertz beams interact in ZnTe based on direct
and cascaded nonlinear optical processes in ZnTe. They observed a cascading second-order
nonlinear effect, based on a first-order nonlinear interaction of the terahertz pump and terahertz
probe pulse followed by a second interaction of the resulting field with the optical probe pulse.
However, while noting that this first-order nonlinear terahertz pump pulse - terahertz probe pulse
interaction occurs, they focused their analysis solely on the cascading interactions with the optical
beam at IR frequencies, mentioning that the latter are about five orders of magnitude stronger for
cascading first-order nonlinear effects [23].

The occurrence of second-order nonlinear processes was recently shown by Liu et al. who
reported electro-optic Kerr effects in 2-D terahertz spectroscopy [24], but so far no study has
performed a quantitative analysis of the nonlinear response. Given the ubiquity of ZnTe in
EOS measurements, such nonlinear processes induced by intense terahertz radiation are of
considerable relevance and interest.

Here, we report a terahertz-pump, terahertz-probe study of ZnTe, using a tilted-pulse-front
source as the terahertz pump and a spintronic terahertz emitter as the terahertz probe, both
pumped by the same femtosecond laser. Our setup enables easy spatial and temporal overlap of
the two terahertz pulses. We observe interactions between the terahertz pump and terahertz probe
beam in ZnTe which reflect the nonlinearity of the material at terahertz frequencies. Analysis of
these signals allows us to extract the nonlinear optical constants in the terahertz regime.

2. Methods

The experimental setup, shown in Fig. 1, consists of a high-intensity tilted-pulse-front (TPF)
terahertz beam [4] (terahertz pump) pumped by a strong optical pump beam (TPF pump, thick
solid line), a spintronic terahertz emitter (STE) beam [25] (terahertz probe) pumped by a different
optical beam (STE pump, short-period dashed), as well as an optical detection beam (optical
detection, long-period dashed) for the electro-optic sampling (EOS) detection. All three optical
beam paths originate from an amplified Ti:sapphire laser with a center wavelength of 800 nm, a
pulse length of 80 fs, a repetition rate of 1 kHz and a maximum output power of 6 W.

Most of the output power (∼80 %) of the femtosecond laser is used to pump a lithium niobate
(LiNbO3) crystal in the tilted-pulse-front configuration, to generate high intensity terahertz pulses
[4,26,27]. The peak electric field of the terahertz pump as measured with a pyroelectric sensor
(QMC instruments) and a terahertz camera (Terahertz Wave Imager, NEC) is (100±10) kV/cm
and can be attenuated with a pair of wiregrid polarizers. Off-axis parabolic mirrors (f = 2 in)
create a focus of the terahertz pump beam, indicated as sample position in Fig. 1. The terahertz
pump is then refocused onto a ⟨110⟩-cut ZnTe crystal in the EOS setup. Meanwhile, ∼10 % of
the femtosecond laser output power is used for the optical detection beam in the EOS detection.
Before reaching the ZnTe crystal, the optical detection beam passes through a delay stage (labeled
delay stage 1 in Fig. 1) to control the time delay between the optical detection pulse and the
terahertz pump and terahertz probe pulses, and through a λ/2 wave plate to control its polarization.
The remaining part of the femtosecond laser output power (∼10 %) also passes through a delay
stage (labeled delay stage 2 in Fig. 1) and is then focused onto a STE wafer located at the focus of
the terahertz pump beam. The optical pump pulse is partially absorbed by the STE wafer which
then generates the terahertz probe pulse. Transmission of terahertz radiation through the thin
metal layers of the STE wafer is about 70 %, so the terahertz pump pulse from the TPF is only
slightly attenuated after passing through the STE wafer. Because the probe pulse is emitted at the
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Fig. 1. Experimental setup as it is employed in the experiments described in the following.
TPF (terahertz pump) pump beam: thick solid line, detection beam: long-period dashed,
STE (terahertz probe) pump beam: short-period dashed. Abbreviations: BS, beam splitter;
c.p., chopper position; W.p., Wollaston prism; PD, photo diode.

focus between the off-axis parabolic mirrors, the transmitted part of the optical STE pump pulse,
the terahertz probe pulse, and the terahertz pump pulse all follow the same beam path afterward.
The residual 800 nm light is blocked by a sheet of high density polyethylene (transparent at
terahertz frequencies), and the two remaining terahertz pulses are then focused onto the ZnTe
crystal of the EOS setup. Delay stage 2 therefore controls the time delay between the terahertz
pump and terahertz probe pulses in the ZnTe.

The STE for generating the terahertz probe pulse consists of a W(2.0 nm)
|︁|︁FeCoB(1.8 nm)

|︁|︁Pt(2.0
nm) tri-layer structure, deposited onto 0.5 mm thick sapphire substrates employing RF-diode
sputtering, where the FeCoB is an alloy with the stoichiometry of Fe60Co20B20. Details about
the manufacturing process can be found in [28]. Due to damage to the STE when conducting the
measurements, multiple STE samples were employed during the course of the experiments. By
manufacturing multiple STE wafers in one sputtering process, we ensure that the measurements
with the different STEs are comparable [29] (see also Fig. S1).

All measurements are performed with the terahertz probe pulse polarized parallel to the
terahertz pump pulse and the detection polarization along the [001] axis of the ⟨110⟩-cut ZnTe
crystal. To increase the sensitivity of the EOS detection, we use a lock-in amplifier with a
mechanical chopper at a frequency of 743 Hz. To separate the terahertz probe signal from the
terahertz pump signal, the chopper can be placed in either of the corresponding optical pump
paths (labeled chopper positions 1 and 2 in Fig. 1). When the chopper is placed in the terahertz
probe path, the terahertz pump beam is not modulated and the corresponding signal is not
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amplified. The intensities of the optical beams are controlled by placing filters in either of the
beam paths.

To illustrate the measurement method, Fig. 2 shows a schematic drawing of the relative time
delay between the pulses. The right-hand side panels illustrate the terahertz pump and the optical
STE pump pulses arriving at the STE, for 3 different delay stage positions of the optical STE
pump pulse. The left-hand side panels additionally show the terahertz probe pulse emitted by the
STE for different relative time delays τ between the terahertz pump pulse and the terahertz probe
pulse.

Fig. 2. Schematic drawing of the relative time delay between the pulses at two different
points (left and right panel) in the experiment for 3 different delay stage positions of the
optical STE pump pulse (1-3). On the right-hand side, the respective pulses are displayed
before reaching the STE and on the left-hand side the respective pulses are displayed after
reaching the STE. The beams enter the STE from the right side, to mirror the propagation
direction of the beams and the geometry in Fig. 1. On the right-hand side, the terahertz pump
pulse as well as the optical STE pump pulse are displayed. On the left-hand side the terahertz
pump pulse amplitude as well as the optical STE pump pulse amplitude decrease due to
absorption and reflection in the STE wafer. Also, the terahertz probe pulse is visible with a
terahertz pulse amplitude smaller than the terahertz pump pulse amplitude. The relative
time delay between the terahertz pump pulse and the terahertz probe pulse is marked as τ.

3. Results and discussion

Figure 3(a) shows a series of terahertz probe waveforms overlaid for different time delays relative
to the (fixed) terahertz pump. In these measurements, the TPF pulse (terahertz pump) has a
peak electric field of (100±10) kV/cm, while the STE pulse (terahertz probe) is approximately
10 times smaller. To ensure that the high peak electric field of the terahertz pump pulse
does not influence the electro-optic response in ZnTe at optical frequencies by higher-order
nonlinearities, we compared the electro-optic measurement of the terahertz waveform with the
intensity measurement performed with the pyroelectric sensor. We found that the electro-optic
response is linear up to our maximum peak electric field. Details can be found in the Supplement 1
(Fig. S2).

The optical chopper is in position 1, so that the measured signal is only the terahertz probe, and
the (much more intense) terahertz pump beam is not detected. Each of the waveforms displayed
in Fig. 3(a) is measured by scanning delay stage 1 (the optical detection beam delay), with a
fixed position of delay stage 2. 170 different positions of delay stage 2 are shown in Fig. 3(a),
superposing all of these waveforms in a single plot. The key feature of this data set is the variation
of the peak amplitude of the probe pulse as a function of its delay relative to the pump pulse
(which remains fixed in all measurements, and which defines the zero of the time axis in these

https://doi.org/10.6084/m9.figshare.28262507
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Fig. 3. a) Overlay of terahertz probe waveforms at different relative time delays τ between
the terahertz pump pulse and the terahertz probe pulse. We observe a change in terahertz
probe amplitude when temporally and spatially overlapping the terahertz probe pulse and
the terahertz pump pulse. b) Selected terahertz probe waveforms at different relative time
delays τ between the terahertz pump pulse and the terahertz probe pulse. The terahertz
pump waveform (scaled by 0.06, orange dotted) is shown as a guide to the eye.

plots). The terahertz probe amplitude clearly drops during the time when it is overlapped with
the pump pulse in the ZnTe, and its amplitude is modulated by smaller amounts only for positive
delays. This effect has a nonlinear connection to the pump pulse electric field.

Figure 3(b) shows eight of the terahertz probe waveforms from the same measurement, plotted
individually for a better visualization of the effect. These plots also show the terahertz pump
pulse waveform (dotted orange curves, measured separately by moving the chopper to position 2)
to provide a visual reference of the relative time delay τ between the pump and probe pulses.

To clearly establish that this effect occurs in the ZnTe crystal and not in the STE layer itself, a
silicon wafer was added after the STE wafer. If the effect originated in the STE layer, the ratio
between the THz probe waveform amplitude and the strength of the effect should be independent
of the subsequent attenuation: the signal measured after the wafer would depend linearly on the
THz probe and THz pump amplitude. We observe a nonlinear change in effect strength which
proves that the observe effect is indeed localized in the ZnTe crystal. A more detailed description
can be found in the Supplement 1.

3.1. Model

To explain the origin of the observed changes in the probe waveform, we model the measured
data based on the idea of a terahertz-induced Kerr nonlinearity in the ZnTe detection crystal, in

https://doi.org/10.6084/m9.figshare.28262507
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the terahertz frequency regime [24]. This contrasts with previous studies of terahertz-induced
Kerr-type nonlinearities in the optical frequency range [8,9]. The effect can be described using
the dielectric polarization of the optical probe pulse according to the terahertz field-induced
polarization in the ZnTe crystal. The polarization in the ZnTe crystal, Popt(t), consists of both a
linear term and nonlinear terms which are connected to the terahertz electric fields in ZnTe. High
fields can induce polarization changes in ZnTe which affect the probe pulse [24]. For static, or
low frequency, electric fields the induced nonlinear polarization is described by the electro-optic
Pockels effect and the electro-optic Kerr effect [30]. Popt(t) can therefore be expressed as:

Popt(t) = P(1)
opt, lin(t) + P(2)

opt, Pockels(t) + P(3)
opt, Kerr(t) + · · ·

= ϵ0[χ
(1)Eopt(t) + χ(2)Eopt(t) ETHz(t) + χ(3)Eopt(t) E2

THz(t) + · · · ].
(1)

where P(1)
opt, lin(t) describes the linear response of the polarization, P(2)

opt, Pockels(t) the linear electro-
optic effect, P(3)

opt, Kerr(t) the quadratic electro-optic effect and the χ(i) the different orders of the
susceptibility. ETHz denotes a superposition of the two terahertz fields present: Eprobe and Epump.
Since Eprobe ≪ Epump, we may assume E2

THz ≈ E2
pump in the following and aim to find an accurate

expression for ETHz.
In previous terahertz-pump optical-probe studies, it was shown that second-order nonlinear

interactions between an optical probe pulse and a terahertz pump pulse play only a minor role at
optical frequencies [16,19]. We therefore neglect P(3)

opt, Kerr(t), simplifying Eq. (1) to:

Popt(t) = P(1)
opt, lin(t) + P(2)

opt, Pockels(t)

= ϵ0[χ
(1)Eopt(t) + χ(2)Eopt(t) ETHz(t)].

(2)

To find the right expression for ETHz in Popt(t), we are now looking into the polarization
Pprobe(t) which the terahertz pulses experience in the crystal considering the interaction between
the terahertz probe pulse and the terahertz pump pulse in the ZnTe crystal [30]. It was shown in
[8] and [9] that crystals can exhibit a strong second-order nonlinear response in the terahertz
range due to phonon resonances. Therefore, in contrast to the assumption in Eq. (2), we cannot
neglect the second-order nonlinear response at terahertz frequencies, P(3)

THz, Kerr(t).
Because Eprobe ≪ Epump, we neglect terms that are quadratic in Eprobe. These assumptions

result in:
Pprobe(t) = ϵ0[χ(1)Eprobe(t) + χ(1)Epump(t) + 2 χ(2)Eprobe(t) Epump(t)

+ 3 χ(3)Eprobe(t) E2
pump(t)],

(3)

By inserting the E-field resulting from Eq. (3) as ETHz(t) in Eq. (2), we find:

Popt(t) ∝ ϵ0
{︁
χ(1)Eopt(t) + χ(2)Eopt(t) [A Eprobe(t) + B Epump(t)

+ C Eprobe(t) Epump(t) + D Eprobe(t) E2
pump(t)]

}︁ (4)

In the experiments, the optical STE pump pulse is modulated by the chopper. Therefore, only
signals modulated with Eprobe(t) are detected, and terms in Eq. (4) that do not contain Eprobe(t)
can be neglected. This results in:

Popt(t) ∝ ϵ0
{︁
χ(2)Eopt(t) [A Eprobe(t)

+ C Eprobe(t) Epump(t) + D Eprobe(t) E2
pump(t)]

}︁ (5)

To model the entire signal, the change in transmittance of the STE wafer after optical excitation
has to be taken into account. A small part of the terahertz pump signal passing through the wafer
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is changed by the change in transmittance of the STE wafer due to the optical excitation, which is
itself modulated by the chopper. This change in the terahertz pump is also detected by the lock-in
amplifier. This signal can be written as ϵ0 χ(1)∆Epump(t) = ϵ0 χ(1)b̃Epump(t) with b̃<1. Adding
this to the signal results in the final model:

Popt(t) ∝ ϵ0
{︁
χ(2)Eopt(t) [A Eprobe(t) + b̃ Epump(t)

+ C Eprobe(t) Epump(t) + D Eprobe(t) E2
pump(t)]

}︁ (6)

When fitting this model to data, we also have to take causality into account. Specifically, the
probe pulse cannot interact with portions of the pump pulse that arrive at the ZnTe crystal before
the probe. We therefore also multiply with a half-window Heaviside function θ(t − t0) where t0
denotes the time at which the pump pulse first arrives at the sample position.

After combining the different prefactors in Eq. (6), the following equation is used for the
model:

Emodel(t) = Eprobe(t) + θ(t − t0)
[︁
a Epump(t) + b Eprobe(t) Epump(t)

+ c Eprobe(t) E2
pump(t)

]︁ (7)

After acquiring the reference waveforms Eprobe(t) of the terahertz probe pulse and Epump(t) of
the terahertz pump pulse, the model is fitted to the experimental data. The results are shown in
Fig. 4. For better visualization of the accuracy of the fit, the envelope of the measured waveforms
is represented as blue crosses in Fig. 4(b) and (c). The model captures the main features of the
experimental data very well. The terahertz interactions in ZnTe can therefore be described as a
terahertz-induced electro-optic Kerr nonlinearity at terahertz frequencies induced by the terahertz
pump pulse and probed by the terahertz probe pulse.

We obtain the fit parameters a = 0.013 ± 0.002, b = (3.6 ± 1.7)10−9m/V, and c = (6.7 ±

0.7)10−15m2/V2. Hereby, a describes the change in transmittance of the STE wafer due to the
optical excitation, b/2 is an estimation for the second-order susceptibility χ(2) ≈ 1.8 × 10−9m/V
and c/3 an estimation for the third-order susceptibility χ(3)fit ≈ 2.2 × 10−15m2/V2.

Wagner et al. reported values for χ(2) at optical frequencies up to χ(2) ≈ 0.45 × 10−9m/V,
which is of the same order of magnitude as our obtained value [20].

We further emphasize that it is not possible to describe our results without including the term
proportional to E2

pump(t) in Eq. (7). Figure 4(c) demonstrates this fact, showing the best fit to the
data with the parameter c constrained to zero, producing a clearly inferior fit.

To further support the model of a terahertz-induced Kerr nonlinearity in the terahertz frequency
regime, we measured the strength of the effect for different terahertz pump electric field amplitudes.
The effect strength is characterized by a decrease in amplitude of the probe pulse when the pump
pulse is present compared to when it is not present. For different pump-probe time delays, we
therefore add the induced intensity differences:

PKerr =

N∑︂
i=0

max(VRef
i ) − max(VMeasured

i ), (8)

where VRef
i is the ith measured reference terahertz probe waveform without the terahertz pump

pulse, VMeasured
i is the ith measured reference terahertz probe waveform with the terahertz pump

pulse present and N is the number of waveforms taken in one measurement.
In Fig. 5, we plot the strength of the effect PKerr versus the amplitude of the terahertz pump

electric field. The results confirm the expected quadratic relationship as predicted by Eq. (7).
We note that such a nonlinear response is important to consider for all terahertz-pump -

terahertz-probe experiments using a common EOS setup with a ZnTe crystal and should not be
neglected especially in experiments involving high intensity terahertz fields.
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Fig. 4. Comparison of the terahertz pump induced change in terahertz probe amplitude. a)
Overlay of the measured terahertz probe waveforms at different relative time delays between
the terahertz pump pulse and the terahertz probe pulse. The entirety of the waveforms is
here described by Emeasured(t). b) Fitted model according to Eq. (7). The fit parameters
are: a = 0.013 ± 0.002, b = (3.6 ± 1.7)10−9m/V, and c = (6.7 ± 0.7)10−15m2/V2. c) An
equivalent fit, except with the parameter c constrained to be equal to zero (a = 0.013± 0.002
and b

′

= (4.4 ± 0.5)10−8m/V), resulting in a fit with inferior quality. The blue crosses are
representing the peak of the envelope of Emeasured(t).

Fig. 5. Calculated effect strength of the observed change in terahertz probe amplitude
according to Eq. (8), plotted as a function of the terahertz pump electric field strength. The
points are fitted with a parabolic function. The error bars are calculated from the standard
deviation of all points [max(VRef

i ) − max(VMeasured
i )] of Eq. (8).
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3.2. Estimating nonlinear coefficients

The uncertainty in the values of the electric field influences the absolute value of χ(3)fit . However,
we found two more ways to estimate χ(3) from measurements. We first calculate χ(3)phase shift from
the observed decrease in probe pulse amplitude when the pump and probe pulses are overlapping
(see Fig. 3). We then also estimate χ(3)time shift using a different measurement, namely by tracking
the field-dependent shift in the time-domain waveform as a result of the change in nonlinear
refractive index.

3.2.1. Calculation from phase shift

The observed change in amplitude of the terahertz probe beam can be described as a phase
change between the two polarization axes in the EOS detection ∆φ with Amin = Amax cos (∆φ).
We estimate the amplitude decrease in Fig. 3(b) to be (60±4) %. This results in a phase change
of ∆φ = 1.15 ± 0.05. Details of the derivation can be found in the Supplement 1. With

∆φ =
2π
λ0

d∆n (9)

and
χ(3) =

2∆nn0

3 |E |2
, (10)

we calculate the third-order susceptibility χ(3)phase shift [31,32] :

χ
(3)
phase shift =

2n0

3 |E |2
∆φλ0
2πd

= (1.94 ± 0.85)10−16 m2

V2 (11)

Here n0 = 3.18 is the ordinary, weak-field refractive index of ZnTe at 1 THz [33], E =
100 ± 10 kV/cm is the measured peak electric field in the experiment, d = 2.00 ± 0.01 mm is
the thickness of the ZnTe crystal and λ0 =

c
fn = 100 ± 20 µm is the estimated center wavelength

at 1 THz in ZnTe.

3.2.2. Calculation from time shift

The second-order nonlinearity in the ZnTe crystal also leads to a change in refractive index. This
change of the refractive index influences the time delay of the terahertz pump pulse inside the
ZnTe crystal, which we expect to see in a time shift in the measured waveform that correlates
with the terahertz peak amplitude. This provides an independent method to verify the previously
obtained value χ(3)phase shift which was measured at a fixed terahertz pump field strength.

For these field-strength-dependent measurements, an additional ZnTe crystal is placed at the
sample position indicated in Fig. 1 (instead of the STE wafer) and the terahertz pump waveform
is acquired for different terahertz peak amplitudes. These measurements were performed in a
nitrogen-purged environment to rule out any nonlinear effects due to interactions with ambient
air, as discussed in [34]. The results are shown in Fig. 6(a), where a clear shift to higher time
delays is visible in the waveforms. While timing laser jitter might also result in a time shift, we
do not believe that laser jitter alone is responsible for the observed offset because the results are
repeatable and the waveforms in Fig. 6 were acquired over multiple minutes, so that random laser
jitter averages out.

https://doi.org/10.6084/m9.figshare.28262507
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Fig. 6. a) Selected terahertz pump pulses scaled to the lowest intensity pulse. With
increasing intensity, a right shift is observed. b) Calculated time shift for different terahertz
pump electric field peak powers. The error bars are calculated from the standard deviation
of the time shifts t(V i

k) − t(V low = V i
k) for all data points.

To quantify the value of χ(3)time shift, the time shift is calculated following the method used by
Zibod et al. [9]:

tiav =
1
N

N∑︂
k

t(V i
k) − t(V low = V i

k). (12)

where tiav is the average time shift for the measurement with the terahertz peak amplitude level i,
N is the number of data points in one measurement, V i the measured signal of terahertz peak
amplitude level i, and V low is the measured signal of the lowest terahertz peak amplitude. The
calculated time shift is shown in Fig. 6(b). An approximately linear behavior is observed, with a
maximum time shift of around (63±19) fs at the largest terahertz peak electric field.

With Eq. (10) and using

∆n =
c∆t
d

, (13)

we can calculate χ(3)time shift as follows:

χ
(3)
time shift =

2n0

3 |E |2
c∆t
d
= (2.0 ± 1.0)10−16 m2

V2 (14)

This result agrees very well with χ(3)phase shift calculated using the phase change in the polarization.
We can now compare the three values for χ(3): χ(3)fit = (22 ± 2)10−16m2/V2, χ(3)phase shift =

(1.9 ± 0.9)10−16m2/V2, and χ(3)time shift = (2 ± 1)10−16m2/V2.
We observe that different measurement and analysis methods lead to slightly different results.

A visualization of the impact of the different results for χ(3) can be found in Fig. S4. While
the largest uncertainty is surely the value of the electric field, we also note that χ(3)phase shift was
calculated at a single center frequency, hence excluding dispersion effects. Additionally, the
discrepancy could partially arise from the earlier mentioned effects in the STE wafer itself due to
the presence of the THz pump acting as a bias field. Even though the main observed second-order
nonlinear effect was clearly localized in the ZnTe crystal, the interaction in the STE wafer could
still lead to some kind of smaller effect which could contribute to the discrepancy between the
measurements. We also only used two values from the pump-probe experiment (the probe field
without the pump field present, and the probe field during overlap with the pump field). In this
regard, we expect χ(3)fit to be a more accurate estimate: it includes dispersion effects and covers
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the entire pump-probe delay range. χ(3)time shift was calculated from a different data set and it also
includes dispersion effects, but it depends strongly on the strength of the pump pulse.

We conclude that χ(3) of ZnTe in the terahertz range is on the order of 10−16 − 10−15m2/V2.
This result is of the same order of magnitude as predicted for other crystals such as crystalline
quartz [8] and several orders of magnitude higher than the corresponding values for such materials
at optical frequencies [16,19].

4. Conclusion

In this work, we show a quantitative analysis of a second-order nonlinear effect in ZnTe at
terahertz frequencies. With a terahertz-pump terahertz-probe setup, we measured the polarization
change in ZnTe due to a high-intensity terahertz field. Additionally, we developed a model for
the polarization which is in good agreement with the experiments and explains the interaction
between the different electromagnetic pulses in the ZnTe crystal. Lastly, we calculated the
strength of the nonlinear effect by analyzing both the polarization change in the ZnTe crystal and
the time shift of a high intensity terahertz pulse inside the ZnTe crystal. Both methods are in good
agreement and result in a third-order susceptibility χ(3) on the order of 10−16 − 10−15m2/V2.
To the best of our knowledge, such a quantitative analysis of the terahertz nonlinearity of ZnTe
has not been performed before. These results will inform all terahertz-pump terahertz-probe
experiments using the most commonly employed EOS setup.
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