
Two-Dimensional Terahertz Spectroscopy of Nonlinear Phononics
in the Topological Insulator MnBi2Te4

T. G. H. Blank ,1,* K. A. Grishunin ,1 K. A. Zvezdin ,2,3 N. T. Hai ,4 J. C. Wu ,4 S.-H. Su ,5 J.-C. A. Huang ,5

A. K. Zvezdin ,2,6 and A. V. Kimel 1

1Institute for Molecules and Materials, Radboud University, 6525 AJ Nijmegen, Netherlands
2Prokhorov General Physics Institute of the Russian Academy of Sciences, 119991 Moscow, Russia

3HSE University, 101000 Moscow, Russia
4Department of Physics, National Changhua University of Education, Changhua 500, Taiwan

5Department of Physics, National Cheng Kung University, Tainan 701, Taiwan
6New Spintonic Technologies LLC, 121205 Moscow, Russia

(Received 1 January 2023; revised 8 March 2023; accepted 5 June 2023; published 14 July 2023)

The interaction of a single-cycle terahertz electric field with the topological insulator MnBi2Te4 triggers
strongly anharmonic lattice dynamics, promoting fully coherent energy transfer between the otherwise
noninteracting Raman-active Eg and infrared (IR)-active Eu phononic modes. Two-dimensional terahertz
spectroscopy combined with modeling based on the classical equations of motion and symmetry analysis
reveals the multistage process underlying the excitation of the Raman-active Eg phonon. In this nonlinear
combined photophononic process, the terahertz electric field first prepares a coherent IR-active Eu

phononic state and subsequently interacts with this state to efficiently excite the Eg phonon.
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Although the lattice dynamics of real crystals are rather
complex and imply multiple mutual correlations between
movements of individual atoms, the modern theory of
condensed matter has successfully managed to describe the
dynamics in terms of linear superpositions of mutually
independent phononic modes. However, if the amplitude of
the lattice vibrations is large, this approximation fails and
the lattice dynamics enter a poorly explored regime of
nonlinear phononics [1–3]. In this regime, a single phonon
can be excited by multiple photons and electromagnetic
excitation opens up new channels of energy transfer
between otherwise noninteracting phononic modes [4–8].
Thanks to recent developments of intense single-cycle
terahertz pulses [9–11], the electric field of the latter can
exceed 1 MV=cm and has thus become comparable with
interatomic fields (∼100 MV=cm) [12,13]. While such
exceptionally intense pulses must facilitate strongly non-
linear interaction of the terahertz electromagnetic fields
with the lattice [14–16], there are very few experimental
reports on the nonlinear excitation of phonons in this
spectral range [1,17–21].
It appears that the family of topological insulators

originating from the parent compound Bi2Te3 (or Bi2Se3)
forms an excellent playground to explore nonlinear
phononics experimentally [22]. The topological antiferro-
magnet MnBi2Te4 [23] is, in this respect, an especially
interesting compound in the family, given the evidence of
strong magnetophononic coupling [24,25] and theoretically
predicted possibilities to control their topological and
magnetic properties using the principles of nonlinear

phononics [26]. Because of the heavy bismuth and tellu-
rium ions, these materials feature several phononic modes
in the terahertz spectral range [24,25,27–36], which could
enable nonlinear terahertz light-lattice interactions. For
instance, it was previously demonstrated that Raman-active
phonons in Bi2Se3, which cannot be excited by the electric
field of light directly, may still be driven by terahertz
electric field via a nonlinear mechanism [22]. In particular,
it was suggested that the nonlinear excitation occurred
because another IR-active phonon with approximately half
the frequency was resonantly driven to so high amplitudes
that it could couple nonlinearly to the Raman-active
phonon. However, next to this purely phononic mechanism
of nonlinearity, state-of-the-art theories also proposed a
purely “photonic” [37] and even a combined “photopho-
nonic” mechanism [16]. In the former, the Raman-active
phonon is excited via the purely photonic nonlinearity
known as two-photon absorption. In the combined photo-
phononic mechanism, the photon first excites the IR-active
mode, and a second photon interacts with this mode to
stimulate energy transfer from the IR-active to the Raman-
active mode. The determination of the dominant mecha-
nism in the nonlinear excitation of phonons has so far been
a challenge. In this Letter, we resolve this problem by
employing two-dimensional (2D) terahertz spectroscopy
to reveal the energy flows and thereby the mechanisms
behind the nonlinear terahertz light-lattice interactions in
MnBi2Te4. The analysis of the 2D spectra and comparison
of the outcome with simulations allows us to conclude
that the nonlinear excitation of a Raman-active phonon in
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MnBi2Te4 actually proceeds predominantly via the com-
bined photophononic route.
We studied a 10 nm film of (0001)-oriented MnBi2Te4

grown by molecular beam epitaxy on a c-plane ∼300 μm
thick Al2O3 substrate (see Ref. [36] for all the details of the
growth procedure and characterization of the sample). The
sample was capped by 4 nm of MgO to prevent it from
oxidizing. The material consists of van der Waals (vdW)
coupled septuple layers (SLs) of MnBi2Te4 stacked along
the out-of-plane direction (z axis). We excited the sample
with intense single-cycle terahertz pulses that were gen-
erated by tilted pulse-front optical rectification in a LiNbO3

crystal [9,11], using near-infrared (NIR) pulses with a
central wavelength of 800 nm, 4 mJ pulse energy, 1 kHz
repetition rate, and 100 fs pulse duration. Using off-axis
parabolic mirrors, the generated terahertz pulses were
guided and tightly focused onto the sample. The sample
was mounted on a cold-finger cryostat, which can be
cooled using liquid helium. The terahertz pulses were
incident perpendicular to the sample plane, along the
vdW stacking z axis, such that the terahertz electric field
has only in-plane components. The peak terahertz electric
field of 780 kV=cm was calibrated using electro-optical
sampling in a 50 μm (110)-oriented GaP crystal [38] (see
Supplemental Material, Sec. S1 [39]). A weak linearly
polarized NIR probe pulse traveled collinearly to the
terahertz pump and was focused within the terahertz spot
on the sample. The initial probe polarization was set
orthogonally to the terahertz electric field. Using a balanced
detection scheme and a data-acquisition card [45], we
tracked the terahertz pump-induced rotation of the probe
polarization θðtÞ as a function of the time delay t between
the terahertz pump and probe pulse.
A typical polarization rotation transient induced by a

single terahertz pulse at a temperature of 12 K is shown in
Fig. 1(a). Two apparent features stand out: an oscillation at
a frequency of 3.14 THz (104.7 cm−1) and a terahertz-
induced offset with respect to the unperturbed state. Also,
we observed a second spike in the signal after t ≈ 9 ps,
which we attributed to the round-trip reflection of the initial
terahertz pulse in the substrate. The frequency of the
observed mode corresponds to that of a double degenerate
Raman-active Eg mode, previously measured in MnBi2Te4
[24,31,33–36] or its parent compound Bi2Te3 [29] by
Raman spectroscopy. It corresponds to in-plane vibrations
of the bismuth and tellurium ions as depicted schematically
in Fig. 1(b) [25]. We excited and detected highly similar
waveforms in a broad range of temperatures from 12 K to
room temperature [see Fig. 1(c) ]. The observed temper-
ature dependence of the oscillation frequency (see
Supplemental Material, Fig. S2 [39]) is in agreement with
what is expected for the Eg phonon [29].
Note that the spectrum of the terahertz pulse is suffi-

ciently broad to potentially excite the infrared-active (IR-
active) Eu phonon at a frequency of ∼1.5 THz [32,35].

However, only Raman-active modes of the Eg species are
able to induce birefringence in the medium, which can be
explained through the mechanism of so-called “depolarized
scattering” [18,46] (see Supplemental Material, Sec. S3
[39]). The resulting time-dependent birefringence induces
ellipticity of the probe light, which is subsequently con-
verted to a detectable rotation as a result of static linear
birefringence in the sample and substrate. Therefore,
although IR-active Eu modes could be excited directly
by our terahertz pulses, the experimental setup is only
sensitive to Raman-active Eg phonons.
It is remarkable that the frequency of the observed Eg

Raman-active phonon lies completely beyond the spectrum
of the exciting terahertz pulse [see Fig. 2(a) ], which
implies that the excitation mechanism is nonlinear. The
nonlinearity of the excitation can be further confirmed by
measuring the peak Fourier amplitude of the mode at
several powers of the terahertz electric field ETHz and then
fitting this dependence using jETHzjγ for variable γ. The
results are shown in Fig. 2(b) for the temperatures of 12 and
78 K. This shows that the amplitude of the phonon mode
scales quadratically γ ¼ 2 with the applied terahertz field.
Theoretically, as the Eg phonon is Raman active and

MnBi2Te4 has a centrosymmetric crystal structure, the
excitation of the phonon by a terahertz electric field is by
symmetry only allowed via a nonlinear mechanism. Note
that Raman phonons may become IR active at the interface

FIG. 1. (a) Dynamics induced by a single terahertz pulse that is
measured by changes in the polarization rotation of the probe,
performed at a temperature of T ¼ 12 K. We attributed the
second dip at t ≈ 9 ps to a terahertz reflection in the substrate.
The frequency of the mode corresponds to that of an Eg Raman-
active phonon. (b) Single SL of the vdW stacked MnBi2Te4
material, showing the displacements of the ions for the Raman-
active Eg phonon mode [25]. (c) Waveforms recorded at various
temperatures ranging from 12 K to room temperature, showing
marginal differences.
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where the inversion symmetry is broken, but this does not
hold for purely in-plane vibrations as in the case of the Eg

phonon. The interaction between phonons and light is
usually described by an interaction potential U, expressed
in terms of the electric field of light and of the normal
coordinates QR for Raman-active phonons and QIR for
IR-active phonons. In linear approximation, we may only
include ordinary electric dipole interaction (or electric
linear polarizability) of the IR-active phonons, while the
interaction energy of the electric field with the Raman-
active phonons is strictly equal to zero.
To account for the excitation of a coherent Raman-active

phonon, we need to include terms beyond the linear
approximation [16]. In the simplest case, the nonlinearity
in the thermodynamic potential can be represented by a
term that accounts for the high amplitudes of the terahertz
pump electric field E. For a fixed terahertz pump polari-
zation, this term is proportional to QRE2 and results in a
nonlinear optical driving force dU=dQR ∝ E2 of the
Raman-active mode [37]. In the case of ultrashort terahertz
pulses, this force will act as a “photonic impact.” Other
types of nonlinearity originate from the anharmonic response
of the lattice to a terahertz electric field [1,15,16,40].
Suppose that the ultrashort terahertz pulse resonantly excites
an IR-active mode QIR by the electric dipole interaction
described by the interaction term Z�QIRE, where Z� is the
mode effective charge. When such an IR-active phonon is
present, two additional nonlinear terms can be added to the
thermodynamic potential which are proportional toQRQIRE
and QRQ2

IR. The nonlinear photophononic term ∝ QRQIRE
captures how a Raman-active phonon affects the polar-
izability of the medium through IR-active phonons and
enables a nonlinear excitation of the Raman-active mode by
terahertz-mediated coupling to the IR-active mode QIR [16].
In other words, the terahertz electric field first resonantly
drives an IR-active mode and subsequently interacts with
this mode to promote energy transfer from the IR-active to
the Raman-active mode. The nonlinear phononic interaction

term, proportional to QRQ2
IR, results from the natural

anharmonicity of the interatomic potential and couples
Raman-active phonons to IR-active phonons without the
need for an external electric field [1,15,40]. The driving
force of the Raman-active mode in this case is proportional
to the square of the amplitude of the IR-active mode
dU=dQR ∝ Q2

IR. Altogether, when considering one IR-
active and one Raman-active mode in a centrosymmetric
medium, the interaction potential beyond linear approxima-
tion would thus acquire the following form:

U ¼ −Z�QIRE − bQRQIRE − cQRQ2
IR − δRQRE2; ð1Þ

where b, c, and δR are phenomenological constants. For the
normal coordinates of the Raman- and IR-active phonons
(ν ¼ R, IR), the corresponding equations of motion are of
the form

Q̈ν þ Γν
_Qν þ ω2

νQν ¼ −
dU
dQν

; ð2Þ

where Γν ¼ 2ζνων are the damping coefficients and ζν are
the dimensionless damping ratios.
In order to reveal the origin of the experimentally

observed nonlinear excitation of the Eg phonon, we
performed 2D terahertz spectroscopy [18,47,48]. In this
pump-probe technique, we employ two terahertz pump
pulses instead of one, mutually separated in time by the
“excitation time” τ. The polarization rotation θ12ðt; τÞ of a
NIR probe pulse induced by the two terahertz pulses was
mapped as a function of both probe delay t and the
excitation time τ. The two-dimensional mapping of this
measurement is shown in Fig. 3(a). It clearly shows the
oscillations, which we assigned to the Eg mode, as well as
the signals associated with the reflected terahertz pulses. At
the same time, our experimental setup tracked the signals
from pump 1 [θ1ðt; τÞ] and pump 2 [θ2ðt; τÞ� separately.
Combining the three signals allowed us to calculate the—
by definition—nonlinear contribution to the signal [48–51],

θNLðt; τÞ ¼ θ12ðt; τÞ − θ1ðt; τÞ − θ2ðt; τÞ: ð3Þ

The result of this measurement is shown in Fig. 3(b),
emphasizing the large degree of nonlinearity of the
Eg mode.
The method reveals how the amplitude of the excited

Raman-active Eg phonon changes as a function of τ. These
changes become clearly visible when taking the two-
dimensional fast Fourier transform (2D FFT) of
θNLðt; τÞ to obtain the normalized 2D Fourier amplitude
θ̃NLðfdet; fexÞ, where the detection frequency fdet and the
excitation frequency fex are the conjugate variables of t and
τ, respectively. When the Eg mode with frequency ωR is
driven momentarily after the terahertz pulse arrival by two
oscillators Ω1;2 at frequencies ω1;2, with a force term of the

FIG. 2. (a) Fourier amplitudes of the signal [Fig. 1(a) ]
measured at T ¼ 12 K (red), plotted together with the excitation
spectrum of the single-cycle terahertz pulse (purple). (b) Normal-
ized peak Fourier amplitude of Eg mode as a function of the
applied terahertz electric field, measured at T ¼ 12 and 78 K. The
fitting emphasizes that the amplitude of the Eg mode scales
quadratically with the exciting terahertz field amplitude.
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form ∝ Ω1ðω1ÞΩ2ðω2Þ that obeys the resonant condition
ω1 þ ω2 ¼ ωR, two clear peaks should appear in the
excitation spectrum centered around the frequencies ω1

and ω2 (see Supplemental Material, Sec. S5 [39]). The
result for θ̃NLðfdet; fexÞ is shown in Fig. 3(c). Indeed, we
observed two peaks at the detection frequency fdet ¼
3.14 THz of the Eg mode, for the excitation frequencies
of approximately fex ¼ 1.47 and 1.67 THz, whose sum
equals the frequency of the Eg mode (3.14 THz).
As was discussed above, the nonlinear excitation of the

Eg phonon can occur via three different mechanisms—
photonic, phononic, and combined photophononic.
Therefore, we performed simulations with each of the
corresponding driving forces separately, using the two
coupled equations of motion from Eq. (2) and using
realistic shapes of the terahertz electric field pulses while
including the substrate reflections (see Supplemental
Material, Sec. S6 [39] for all the details). The comparison
of the 2D FFT of the experimental data with that of the
simulations is shown in Fig. 4(a). First, the narrow
bandwidth in the experimental excitation spectrum allows
us to exclude the purely photonic mechanism with driving
force ∝ E2. The 2D spectrum of such a nonlinear mecha-
nism reflects the broadband spectrum of the pump electric
field [see Fig. 2(a)]. That is, for every frequency ω1 in the
entire single-cycle terahertz spectrum, another frequency
ω2 can be found such that they fulfill the resonance
condition ω1 þ ω2 ¼ ωR, and the resulting excitation
spectrum will thus be very broad. This is confirmed
by the simulation result of photonic impact ∝ E2 seen in
Fig. 4(a). Opposed to this, the excitation spectra of the
combined photophononic driving force ∝ QIRE and purely
phononic mechanism ∝ Q2

IR can be very narrow due to the

typically long lifetime and thus narrow spectral lines of
phonons. Therefore, we included an IR-active phonon with
normal coordinate QIR and frequency fEu

¼ 1.47 THz,
which we assigned to an Eu IR-active phonon mode in
accordance with earlier studies based on density functional
theory [35] and IR spectroscopy [32]. It can be seen in
Fig. 4(a) that the photophononic driving term ∝ QIRE
produces two peaks that are highly similar to the exper-
imental result. The purely phononic driving term ∝ Q2

IR
also produces these two peaks but has an additional spectral
component away from the detection frequency of 3.14 THz
[see Fig. 4(a) ], something that is not seen in the experi-
ment. By reducing the IR-active phonon damping, this
latter spectral component becomes even more apparent, and
the purely phononic mechanism becomes significantly
different and clearly distinguishable from the photopho-
nonic mechanism (see Supplemental Material, Sec. S6
[39]). However, when instead increasing the IR-active
phonon damping, the results of Q2

IR and QIRE become
effectively identical and both depict the clear two-peak
structure. This can be understood by the fact that, during
the presence of the terahertz pulse, the IR-active phonon
undergoes a forced oscillation QIRðtÞ ∝ EðtÞ, such that the
off-resonant term Q2

IR effectively reduces to QIRE to fulfill
the resonance condition. If the damping of the phonon is
large, the “free” driving force ∝ Q2

IR after the pulse
excitation decays fast, meaning that the spectra of
the two driving forces proportional to QIRE and Q2

IR are
very similar. Therefore, it can be concluded that a sufficient
agreement between simulations and experiment can be
obtained when accounting only for the driving term
∝ QIRE and that the photophononic pathway of excitation
is dominant. Two-dimensional spectroscopy thereby

(b) (c)(a)

FIG. 3. (a) 2D mapping of the polarization rotation θ12ðt; τÞ as a function of t and pump-pump delay τ. Besides the initial overlap and
the modulations due to the Eg mode, one can clearly see the internally reflected pulses as we observed in Fig. 1. (b) The extracted
nonlinear contribution θNLðt; τÞ to the signal. The largest degree of nonlinearity is observed when the pulses (reflected or initial) overlap.
In further analysis, we excluded the region between τ ¼ �1 (indicated by the black dashed lines) to avoid artifacts as a result of the
simultaneous presence of two pulses in the terahertz generating LiNbO3 crystal (see Supplemental Material, Sec. S4 [39] for a detailed
explanation). (c) 2D FFT of the nonlinear signal θNLðt; τÞ. The result reveals two peaks at the detection frequency of the Eg phonon
(3.14 THz) at the excitation frequencies of approximately 1.47 and 1.67 THz.
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revealed the actual flow of energy in the nonlinear
phononics of MnBi2Te4 as shown schematically in
Fig. 4(b), in which the terahertz electric field first generates
a coherent Eu phonon and afterward interacts with this
phonon to excite the Eg Raman-active phonon.
In summary, we showed that a single-cycle terahertz

electric field triggers strongly anharmonic lattice dynamics,
which initiates a light-mediated interaction between other-
wise noninteracting phonons. The discovery of this
nonlinear photophononic mechanism in the topological
antiferromagnet MnBi2Te4 in the terahertz spectral range,
where the lattice is tightly connected to topological and
magnetic properties [26], opens up a plethora of oppor-
tunities for the field of nonlinear phononics and the lattice
engineering of topological matter [3], enabling new routes
for the ultrafast manipulation of complex quantum phases.
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