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Terahertz (THz) spectroscopy is a powerful probe of low-energy excitations in complex materials.
Extending it into the nonlinear regime broadens its scope and can provide valuable insight into interactions
among these modes. However, interpreting nonlinear spectra is challenging because resonant features in
this case do not always reflect intrinsic material dynamics. Here, we study nonlinear THz-induced Kerr
effect in a generic material LaAlO3. After detailed analysis of temporal oscillations of the Kerr signal, we
identify an Eg Raman mode at 1.1 THz excited through a two-photon process, while two additional peaks
(0.86 and 0.36 THz) arise from phase matching of the near-infrared probe beam with co- and
counterpropagating THz pump fields, mediated by off-resonant electronic hyperpolarizability. These
results demonstrate the crucial role of kinematic effects in shaping THz-induced Kerr response and
establish a framework for interpreting nonlinear spectroscopies in complex materials.
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The advent of tabletop sources of intense terahertz (THz)
pulses has made it possible to directly explore low-energy
modes while keeping electronic degrees of freedom largely
unaffected [1–5]. In high-field THz spectroscopies, intense
THz pulses are used to excite low-lying degrees of freedom
(e.g., phonons, magnons, etc.) that can undergo nonlinear
mutual interactions. The resulting real-time dynamics
can be obtained by sensing the modified response of the
host medium. One method developed recently is two-
dimensional THz Kerr effect spectroscopy (2D-TKE),
whereby two THz pulses are used to excite infrared- and
Raman-active modes, which modify refractive index of the
medium through Kerr effect picked up by a near-infrared
probe beam [6–10]. Distinct excitation pathways of
Raman-active phonons appear as characteristic patterns
in the time- and frequency-domain responses, enabling
direct comparison of experimental data with theoretical
models [6]. However, great care must be taken when
interpreting such data. Unlike in linear spectroscopy, where
every spectral feature corresponds to a resonance mediated
by an actual dynamical mode of the material, nonlinear
spectroscopic techniques—such as TKE—involve complex

interactions between multiple waves. In such cases, one can
no longer assume that every instance of resonant enhance-
ment in a nonlinear process necessarily reflects a dynamical
mode of the host material. In particular, in the case of
extended samples, well-defined spectral peaks can emerge
on purely kinematic grounds (e.g., phase matching between
pump and probe) that do not correspond to any dynamical
modes of the material [11,12].
LaAlO3 (LAO) is a common wide-gap insulator

(Δ ≈ 5.5 eV) widely used as a substrate for the epitaxial
growth of quantum materials. Recent single pulse TKE
measurements show complex temporal oscillations at both
room and low temperatures that could not be entirely
accounted for using Raman spectra of LAO reported in the
literature [14,15]. The main complication in the analysis of
TKE data comes from the fact that below T ≈ 813 K LAO
is characterized by the rhombohedral (D3d point group)
lattice structure implying that it is birefringent for both THz
and optical probe pulses. This will unavoidably give rise to
rich and complex interaction dynamics between THz and
near-infrared probe pulses, including non-negligible propa-
gation effects in THz Kerr response.
In this Letter, we report 2D-TKE measurements on LAO

supported by detailed theoretical modeling based on four-
wave mixing (FWM) simulation in an extended medium to
unravel the complex third-order nonlinear THz polarization
in bulk LAO samples at cryogenic temperatures. Similar to
previous reports [15], we observe three distinct frequencies
in TKE response (1.1, 0.86, and 0.36 THz). Using
time-domain 2D-TKE spectroscopy we show that while
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f ¼ 1.1 THz mode shows typical features of the coherent
Eg Raman phonon in agreement with literature, the novel
features at 0.86 and 0.36 THz only occur within specific
delay ranges, indicative of propagation effect. In addition,
2D-TKE provides clear evidence that the excitation channel
of Eg phonon corresponds to two-photon THz absorption,
while the reflection of THz pulses at the sample surface can
mimic anharmonic phonon coupling. Our FWM simula-
tions that account for the birefringence of both THz pump-
and near-infrared probe pulses quantitatively reproduce all
of the novel features, unambiguously distinguishing instan-
taneous electronic polarization from the genuine Raman
response of the material.
We excite a [100]-cut 0.5 mm-thick LAO with an intense

single-cycle THz pump pulse (peak field Ep ≈ 640 kV=cm)
generated by means of optical rectification of 170 fs-long
800 nm pulses in LiNbO3 [16,17] and the transient Kerr
effect-induced birefringence is probed by an additional
800 nm pulse arriving at a controllable delay t relative to
the pump.
Figure 1(a) shows the TKE signal at T ¼ 5 K. The data

exhibit pronounced oscillations that start immediately at the
arrival of the THz pulse. Figure 1(b) shows the Fourier
amplitude of single pulse TKE signal together with the THz
excitation spectrum. Three peaks are visible here: a sharp
and strong mode at 1.1 THz, a broad hump-like mode

around 0.86 THz, and a much weaker peak at 0.36 THz.
The feature at 1.1 THz has been reported previously and
was consistently identified as the Eg Raman mode of
LAO. We confirm this attribution by observing the
intensity of the peak scaling quadratically as a function
of incident THz field strength [Fig. 1(d), top line]. The
central frequency and amplitude of the Eg mode exhibit
slight dependence on the lateral sample position. Since
the mode frequency is associated with rotations of the
AlO6 octahedra about the [111] direction, this variation
can be attributed to local structural variations accompa-
nying the transition from the cubic to the rhombohedral
phase [18]. In contrast with the 1.1 THz peak, the features
at 0.86 and 0.36 THz do not correspond to any known
lattice modes of the rhombohedral lattice of LAO. To
clarify the origin of these peaks, we proceed to investigate
the time dependence of TKE signal in Fig. 1(a): we
perform a short-time Fourier transform with a 4 ps-wide
moving window [Fig. 1(c)] and observe that unlike
1.1 THz peak, which exists for all time positions of
the Fourier window, the 0.86 THz feature is only there for
probe delay times less than some characteristic cutoff
time t̃ ≈ 5 ps. Referring back to Fig. 1(a) we notice that t̃
is even more prominent in time domain, marking a visible
change in the TKE signal. Using previously reported
values for cryogenic refractive indices nTHz ¼ 5 between
0.4 and 1 THz [15] and npr ≈ 2 at 800 nm [19], we find
that t̃ corresponds exactly to the moment when THz pump
and near-infrared probe pulses meet at the rear surface of
the sample, hinting that at least the 0.86 THz feature
arises from propagation effects. This is further supported
by the presence of multiple equidistant peaks on top of
the 0.86 THz feature with a spacing of 0.06 THz, which
can be explained by THz Fabry-Perot modes existing in a
0.5 mm-thick sample [20]. In agreement with centrosym-
metric symmetry of LAO that dictates that all features
visible in Kerr effect result from a third-order nonlinear
polarization [21], the intensities of both 0.36 and
0.86 THz features scale quadratically as a function of
THz field strength [Fig. 1(d)].
More information on the nature of the observed peaks

can be revealed by two-dimensional spectroscopy. To this
end, two individual THz pulses with a controllable delay τ
are produced in separate LiNbO3 crystals. The pump delay
τ is introduced such that one of pump pulses is fixed in time
(THz A) while the other one is time-delayed relative to it
(THz B). Aweak near-infrared pulse at 800 nm wavelength
for probing comes with a probe delay t relative to THz A.
We performed 2D-TKE measurements on LAO at T ¼ 5 K
with both THz pump pulses polarized at 45° with respect to
the c axis of the crystal and probe polarization was aligned
parallel to the c axis. The measured quantity is the so-called
nonlinear ellipticity ηNL defined as ηNL ≡ ηAB − ηA − ηB,
where ηA, ηB, and ηAB stand for the Kerr signal induced by
THz A alone, THz B alone, and both pulses together,
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FIG. 1. Single pulse TKE measurement and field scaling of
LAO at T ¼ 5 K. (a) Representative single pulse TKE signal at
T ¼ 5 K. The red dashed line at 5 ps indicates the delay when
THz and 800 nm probe pulses meet at the rear surface of LAO.
(b) Spectra of THz pulse and fast Fourier transform (FFT) of (a).
(c) Normalized short-time FFT of (a) with a 4 ps Kaiser window.
The dashed line is the same as (a). (d) Field scaling of peaks at
1.1, 0.86, and 0.36 THz.
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respectively [22]. The details of the experiment can be
found in Supplemental Material [12] and Ref. [23].
The nonlinear 2D-TKE signal ηNL is shown in Fig. 2(a).

Here, t corresponds to the delay of probe pulse relative to
THz A, while τ is the timing between two THz pump
pulses. The 2D-TKE technique makes it possible to see
how signal in Fig. 1 depends on the delay between two THz
pulses, in particular, the spectral content of it, as shown in
Fig. 2(b). We first note that the 1.1 THz Raman mode is
excited most efficiently when both THz pulses overlap in
time (τ ≈ 0), strongly suggesting the Eg phonon is primarily
excited through direct instantaneous two-photon THz
absorption. We further confirm this by observing that the
magnitude of the main 1.1 THz peak at τ ¼ 0 scales
linearly with field intensities of both THz pulses
[Fig. 2(c)]. On the other hand, however, it is easy to notice
that 1.1 THz oscillations also persist at τ ≠ 0—albeit with
reduced magnitude—which could be indicative of an
anharmonic coupling between IR-active and Raman-active
phonons that would appear as extended features in τ
direction. However, a closer inspection of the data in
Fig. 2(a) reveals that for τ ≠ 0 the 1.1 THz oscillations
do not begin right after the arrival of the latest THz pulse,
but instead start off with a visible delay in probe time t,
which suggests propagation phenomena behind τ ≠ 0
oscillations as well.
To clarify the mechanism behind 1.1 THz excitation as

well as the physical nature of 0.36 and 0.86 THz peaks we
trace the probe-time dependence of each of the peaks in
Fig. 2(b) by performing inverse Fourier transform (IFFT) of
each of the segments in probe-frequency ωt domain
separately. Figures 3(a)–3(c) show the inverse transforms
of regions A, B, and C in Fig. 2(b), respectively. Figure 3(a)
shows that the 1.1 THz oscillations at τ ≠ 0 begin at what
we refer to as the “echo line” [see lower panel in Fig. 3(d)],
which for every given value of pump delay τ corresponds to
probe time t at which one of the THz pulses meets with the
other THz pulse that was backreflected from the rear
surface of the sample [23],

tþ τ

2

�
1 − sgnðτÞ v

c

�
¼ L

�
1

v
−
1

c

�
; ð1Þ

where L is the thickness of the sample. This suggests an
intuitive interpretation for the 1.1 THz oscillations at τ ≠ 0
as Eg Raman mode quasi-instantaneously excited by two
counterpropagating THz pulses.
Turning to the 0.86 and 0.36 THz features in Figs. 3(b)

and 3(c), respectively, we observe a behavior inconsistent
with coherent phonon oscillations. A coherent phonon
cannot switch on or off at geometrically defined times,
yet the 0.86 THz oscillation begins at t ¼ 0 ps and
terminates sharply at t̃ ≈ 5 ps, when the probe and both
pump pulses meet at the rear surface of the sample (τ ¼ 0)
[upper panel of Fig. 3(d)]. Conversely, the 0.36 THz
oscillation [Fig. 3(c)] appears abruptly at t̃ and vanishes
at t̃2 ≈ 17 ps, when the probe pulse meets the backreflected
pump pulses at the front surface (τ ¼ 0) [upper panel of
Fig. 3(d)]. Such behavior rules out phononic or any other
intrinsic dynamical mechanism behind these spectral fea-
tures and instead points to propagation effects. It can be
shown that in Kerr effect in a bulk sample, the kinematic
constraints of energy and momentum conservation (phase
matching) can favor specific energy transfer between pump
and probe photons, yielding characteristic frequency
Ωkin ¼ ωout

pr − ωin
pr set by refractive index dispersion and

by the geometry of the nonlinear interaction [12,24]. This
“kinematic resonance” manifests itself as Kerr signal
oscillations at Ωkin, providing a natural explanation for
both the 0.86 and 0.36 THz features and their distinctive
dependence on the mutual orientation of pump and probe
propagation directions.
For quantitative analysis we utilize a FWM simulation

based on the THz-THz-VIS scheme that was recently
introduced to analyze the TKE in bulk samples [11] (see
End Matter). The simulated 2D-TKE, shown in Figs. 3(f)
and 3(g), features pronounced short-lived oscillations of
0.85 THz that end abruptly at around t ¼ 5 ps [Fig. 3(f)],
when slower short-lived oscillations of 0.39 THz appear,
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FIG. 2. Nonlinear 2D-TKE measurements of LAO at T ¼ 5 K. (a) Normalized temporal signal of nonlinear 2D-TKE. The dashed
lines indicate the causality lines, namely the moment when the THz pulse arrives at the sample. (b) FFT of (a) along the t axis. (c) Field
scaling of nonlinear signal ηNL at 1.1 THz as a function of EA and EB, respectively. The signal is sampled along the τ ¼ 0 line. In each
measurement, the field of the other THz pulse was set to maximum.
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which stop at t ¼ 16.8 ps [Fig. 3(g)]. Similar agreement
can be also found in the single pulse TKE measurement at
room temperature, as shown in Figs. 3(h) and 3(i). The
simulation results thus agree with the experimental mea-
surements, and confirm the attribution of the 0.86 and
0.36 THz signals in the 2D-TKE to the kinematic enhance-
ment of Kerr interaction between THz pump and near-
infrared probe. This conclusion is further substantiated by
similar measurements performed on a 1 mm-thick sample,
confirming that all three frequencies do not depend on
sample thickness [12].
Finally, we discuss the excitation pathway of Eg phonon.

Because of the lack of dipole moment, Raman-active
phonons in centrosymmetric media can only be excited
through an indirect process [25], such as anharmonic
coupling to IR-active phonons, two-photon absorption
(TPA) [26], or the recently proposed hybrid photon-phonon
excitation [27]. As discussed above, the experiment points
toward TPA as the excitation mechanism. This is further
corroborated by the fact that there is no known IR-active
phonon within the bandwidth of the THz pump pulses

[Fig. 1(b)] [28]. To elaborate on this assumption, we
simulate the temporal evolution of the Eg phonon coor-
dinate QRðtÞ by solving the harmonic-oscillator-type equa-
tion of motion driven by the force term proportional to
E2
THzðtÞ (see Supplemental Material [12]). The nonlinear

signal is calculated using QRNL
∝ QRAB

−QRA
−QRB

,
where QRA

, QRB
, and QRAB

stand for the Eg phonon
coordinate excited by THz A or THz B pulses alone, or
with both together, respectively. As shown in Fig. 3(e),
simulated QRNL

agrees well with experimental 2D-TKE
signal from Eg phonon, save for the contribution from
backreflection of THz pulses, not included in this calcu-
lation. Note that this process is not phase matched and thus
nominally forbidden in extended media. It occurs only
when the momentum conservation requirement is relaxed:
near the sample surface or when two THz pulses
collide within the bulk, justifying the local oscillator
description [12].
In summary, we have investigated the THz Kerr response

in a bulk material using 2D THz Kerr effect spectroscopy.
Our analysis shows that, in addition to the conventional

1.1 THz 0.86 THz 0.36 THz

Echo line
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FIG. 3. IFFTof three peaks and modeling. (a)–(c) IFFT of the 1.1, 0.86, and 0.36 THz peaks, respectively. (d) Upper panel: world line
diagram at τ ¼ 0, illustrating the propagation and reflection of the THz and optical probe pulses within the sample. Lower panel: world
line diagram for τ > 0. The explosion symbol marks the point where two THz pulses intersect. The collection of these points at varying τ
defines the echo line shown in panel (a). (e) Simulation of 1.1 THz mode using TPA. (f),(g) FWM simulation of 0.86 and 0.36 THz
peaks, respectively. (h) Measured and FWM simulated single pulse TKE response at room temperature. (i) FFT of panel (h).
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phonon-mediated resonances, prominent peaks in the TKE
spectrum can also originate from phase matching between
the THz and probe beams, which do not correspond to any
dynamical modes within the material. These features
therefore represent “kinematic” rather than “dynamical”
resonances of the nonlinear TKE process. Our results refine
the interpretation of nonlinear THz responses across a
broad class of dielectrics, including LaAlO3, SrTiO3 [23],
and KTaO3 [29], where THz fields propagate as light
pulses or phonon-polaritons, and provide a foundation for
reliably identifying genuine dynamical lattice phenomena
in future studies of ultrafast light-matter interactions.
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End Matter

For TKE simulation, we model the third-order
nonlinear polarization using the general expression

Pð3Þ
i ðt; zÞ ¼ ϵ0

Z
t

−∞
dt0

Z
t0

−∞
dt00

Z
t00

−∞
dt000R̃ijkl

× Rðt; t0; t00; t000ÞETHz
j ðt0; zÞ

× ETHz
k ðt00; zÞEpr

l ðt000; zÞ; ðA1Þ

where z corresponds to the spatial axis, along the
direction of propagation of the THz (ETHz) and probe
(Epr) fields. Here, Rðt; t0; t00; t000Þ is the time-domain χð3Þ

response function analog, and R̃ijkl captures the crystal
symmetry. To focus on the instantaneous electronic
hyperpolarizability including static birefringence and

pump-probe walk-off, we model a product of temporal
Dirac delta functions, Rðt; t0; t00; t000Þ ¼ Re;0δðt − t0Þ
δðt0 − t00Þδðt00 − t000Þ. To compute Pð3Þ

i ðt; zÞ, all three
contributing light fields, ETHz

j , ETHz
k , and Epr

l are
propagated through the crystal on a time-space grid [24].

The computed local Pð3Þ
i ðt; zÞ acts as a source for the

emitted field Eð4Þ
i ðt; zÞ via the one-dimensional

inhomogeneous wave equation. Eð4Þðt; zÞ ultimately
interferes with the copropagating probe field Epr in a
balanced detection to give rise to the Kerr effect signal. In
contrast to Ref. [11], we simulate a double THz pump
scheme, with a variable temporal delay τ between two
THz pulses. More details on the simulation can be found
in Supplemental Material [12].
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