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Two-dimensional terahertz-terahertz-Raman spectroscopy can provide insight into the anharmonicities
of low-energy phonon modes—knowledge of which can help develop strategies for coherent control of
material properties. Measurements on LiNbO3 reveal THz and Raman nonlinear transitions between the
EðTO1) and EðTO3) phonon polaritons. Distinct coherence pathways are observed with different THz
polarizations. The observed pathways suggest that the origin of the third-order nonlinear responses is due to
mechanical anharmonicities, as opposed to electronic anharmonicities. Further, we confirm that the EðTO1)
and EðTO3) phonon polaritons are excited through resonant one-photon THz excitation.
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Coherent control of lattice dynamics using ultrafast
optical techniques can alter macroscopic properties of
materials. Notable demonstrations include driving reversals
of ferroelectric polarization [1], initiating magnetic phase
transitions [2], and enhancing superconductivity [3].
However, optical fields can also produce parasitic electronic
excitations within materials [4] and are fundamentally
limited from phase-sensitive access to THz-energy phonon
modes that are coupled to bulk material properties [5–9].
Recent developments of intense ultrafast terahertz (THz)

sources present an exciting, if under-explored, alternative to
optical fields for coherent control experiments [4,7,10].With
THz fields, it becomes possible to resonantly drive specific
phonon modes with phase sensitivity and with no parasitic
excitations. Unlike optical pulses, THz fields also offer an
extra dimension of control since phonon excitations can
proceed through both dipole- and polarizability-mediated
transitions. Additionally, the fast-paced development of
pulse shaping technologies [11–13] may present opportu-
nities for creating tailored THz pulses which precisely
manipulate specific material properties using knowledge
of mechanical and electronic anharmonicities.
To reach this future degree of control over material

properties, it is essential to be able to observe and interpret
the multitude of different linear and nonlinear excitation
pathways that occur within a material when pumped with an
intense, broadband THz field. These kinds of “mapping”
experiments reveal information on a material’s potential
energy landscape, excitation pathways, and dominant anhar-
monicities, thus, laying the foundation for future mode-
selective coherent control experiments and applications.
Lithium niobate (LiNbO3) is a fundamental material in

nonlinear optics due to its large ferroelectric response and
nonlinear susceptibility [14,15]. Phonon polaritons (PHPs)

in LiNbO3 have been linked to orders of magnitude
enhancements of the second-order susceptibility in the
low THz frequency regime [5]. LiNbO3 is also notably
used for generating intense THz pulses using velocity-
matched tilted-pulse fronts [16–20]. The unique properties
and numerous applications of LiNbO3 suggest it as an ideal
model candidate for developing techniques which can map
out phonon mode anharmonicities.
In this Letter, we demonstrate the use of two-dimensional

terahertz-terahertz-Raman (2D-TTR) spectroscopy to char-
acterize the potential energy surface (PES) of E-symmetry
phonon modes in x-cut congruent LiNbO3. The excitation
mechanism, nonlinear phonon-phonon couplings, and the
primary source of anharmonicity for theE-symmetryphonon
modes are directly determined from the third-order nonlinear
response.
2D-TTR spectroscopy.—While time intensive, multidi-

mensional spectroscopy is a powerful tool for disentangling
overlapping spectral features, determining the timescales
of the underlying processes, and revealing couplings
between spectral modes [21–24]. Hybrid THz-Raman
third-order spectroscopies have been suggested as ideal tools
for characterizing solid state PESs [6,21]. We employ 2D-
TTR spectroscopy, a multidimensional extension of THz
Kerr effect (TKE) spectroscopy in which an additional time
delay t1 is introduced between twoTHzpumppulses [22,25],
to study LiNbO3.
The third-order nonlinear polarization induced by the

2D-TTR pulse sequence [Fig. 1(b)] is given as

Pð3ÞðtÞ ¼ EprobeðtÞ
ZZ

dt1dt2Rð3Þðt1; t2Þ

× ETHz
A ðt − t2ÞETHz

B ðt − t1 − t2Þ: ð1Þ
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The third-order response function Rð3Þðt1; t2Þ contains both
resonant one-photon absorption (1PA)

trhαðt1 þ t2Þfμðt1Þ; ½μð0Þ; ρ�gi;
and sum-frequency two-photon absorption (2PA)

trhαðt1 þ t2Þ½αð0Þ; ρ�i;
THz excitation pathways, where μ and α are the transition
dipole and polarizability operators, respectively, and ρ is
the equilibrium density matrix [22]. Both E- and A1-
symmetry phonons in LiNbO3 (R3c space group) are
Raman- and IR-active and can be simultaneously excited
with broadband THz pulses. However, the cross-polarized
Raman probe setup is selectively sensitive to E-symmetry
phonons [see Supplemental Material (SM) [26] for details].
The wave vector matching condition for the E-symmetry
PHPs and the available THz pump bandwidths are shown in
Fig. 1(c), highlighting that the broadband pump pulses used
have sufficient bandwidth to induce either 1PA or 2PA
excitations up to the EðTO3Þ mode.
While the optical excitation mechanism of PHPs in

LiNbO3 is quite well-understood [16,19,27], the excitation
mechanism of PHPs with THz frequency pulses remains
unclear. The forward-propagating EðTO1Þ PHP has been
studied with TKE spectroscopy [17] and 2D-TTR spec-
troscopy with two parallel-polarization THz pulses [6].

In this 2D-TTR setup, the single-pump, lower-order signals
are also recorded, which are significantly more intense than
the double-pump signals that strongly depend on excitation
mechanism, phonon-phonon couplings, and anharmonicity.
While these data are well suited for coupled equations of
motion models for the phonon modes, the nonlinear
signatures of interest can be obstructed in 2D frequency
space and may require significant THz field strengths to be
observable. This is the case in LiNbO3, where 2D spectra
modeling do not conclusively determine whether the
excitation of the EðTO1Þ PHP proceeds through a 2PA
or anharmonic 1PA mechanism [6]. Higher frequency
PHPs that are observed with optical Raman excitations
[19] also remained unexplored with THz excitations due to
the limited THz bandwidth available in previous TKE and
2D-TTR experimental studies of LiNbO3.
In contrast to earlier 2D-TTR experiments on LiNbO3

[6,21], we utilized orthogonal THz pump pulses and careful
differential chopping to rigorously remove single-pump
and second-order contributions, which are difficult to
remove in 1D-TKE spectroscopy and do not provide
definitive information on excitation mechanism and anhar-
monic phonon-phonon couplings. This is crucial for study-
ing phonon modes that are both Raman- and IR-active,
where the large number of possible 1D excitation pathways
can easily overwhelm weaker nonlinear features of the PES
and overcrowd the 2D spectra. Two separate THz emitters
are used for THz generation to prevent emitter dynamics
from contaminating the 2D-TTR spectra. Further, by
varying the crystal orientation and the time ordering of
the THz pump pulses, four independent elements of Rð3Þ
are measured with 2D-TTR.
LiNbO3 has also been studied by 2D-THz spectroscopy,

the direct analog of 2D-IR in the THz frequency range [28].
The emitted signal in 2D-THz is attributed to THz field-
induced interband-tunneling of electrons into the conduc-
tion band. Because of the moderate THz frequency
(<2 THz) used in the 2D-THz experiment, near dc non-
linear effects are dominant, and anharmonic phonon
dynamics remain unexplored. Our experiments employ
higher field strength (>1 MV=cm) and bandwidth, which
enables exploration of PHP modes up to ∼9 THz to
characterize the excitation pathways and nonlinearities.
Resonant excitation of EðTO1Þ and EðTO3Þ.—The time

domain 2D-TTR spectra of 0.5 mm thick x-cut LiNbO3

measured at Eprobekz and Eprobeky are provided in the SM
[26]. Note that the coordinates fx; y; zg refer to the crystal
axes of x-cut LiNbO3 throughout this Letter. The response
exhibits an oscillatory behavior along t1 and a damped
exponential along t2 with oscillatory features near t2 ¼ 0.
A prolonged t1 response extending far outside the THz
field-overlap region (roughly −0.5 ≤ t1 ≤ 0.5 ps) pro-
vides clear evidence of long-lived dynamics after the first
THz pulse, indicating that the 1PA contribution to Rð3Þ is
dominant compared to that from 2PA pathways. The 2PA

FIG. 1. (a) LiNbO3 crystal structure in the hexagonal unit cell
[33,34]. (b) Schematic of the 2D-TTR experiment, pulse se-
quence, and time definitions. The polarization of each pulse is
indicated in the circles. Coordinates fx; y; zg refer to the crystal
axes of x-cut LiNbO3, where x and z coincide with unit cell
vectors a and c, and y is orthogonal to x and z. (c) Red: PHP
dispersion curve for E-symmetry phonon modes [35]. Black:
wave vector matching condition of the 800 nm probe for forward
(kþ, solid) and backward (k−, dashed) propagating PHPs [19].
The shaded regions show the THz bandwidth of ETHz

A and ETHz
B .
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contribution to 2D-TTR only exists in the THz field overlap
region near t1 ¼ 0 (see SM [26] for details); whereas, the
extent of the 1PA pathway is determined by the dephasing
time of the coherent state, which typically extends several
picoseconds outside the field overlap region.
The different nonlinear contributions to the time domain

signal can be separated in 2D frequency space through a 2D
fast Fourier transform (2D-FFT). To extract the nuclear
components of Rð3Þ, the region −0.75 ≤ t1 ≤ 0.75 ps is
removed prior to 2D-FFT to avoid coherent artifacts present
in the field-overlap region. After 2D-FFT, the spectrum is
deconvolved by the instrument response function (IRF)
[22,29]. As described in Eq. (1), the measured spectra are a
convolution of Rð3Þ with the structured THz pulses in the
time domain. The IRF is experimentally measured using
the third-order electronic response of 100 μm GaP [22].
Applying the convolution theorem, the deconvolution
process becomes a simple division of the 2D-FFT spectra
of LiNbO3 by the IRF spectra in the frequency domain.
The deconvolved 2D-FFT results for all four polarization
configurations are shown in Fig. 2(a). The regions of low
deconvolution confidence (less than 5% IRF amplitude) are

marked with solid blue. Tensor notation Rð3Þ
ijkl is used to

denote the pump-probe polarizations, in which ijkl corre-
sponds to the polarization of the first and second THz pulse,
the probe pulse, and the detected third-order polarization,
respectively.
Four main 2D spectral features, labeled I to IV, are

observed. The pairs of spectra with identical THz polari-

zation (Rð3Þ
yzzy and Rð3Þ

yzyz; Rð3Þ
zyzy and Rð3Þ

zyyz) show strong
similarities in peak positions and intensity. This is due
to selection rules for y and z polarized THz pulses and will
be discussed in detail below. A dominant peak (I,I’) at
ðf1; f2Þ ¼ ð3.85; 0Þ THz is apparent in the spectra, corre-
sponding to the main features along t1 [EðTO1Þ damped
harmonic oscillation] and t2 (exponential decay). Two
weaker peaks (II and III) are observed at ðf1; f2Þ ¼
ð3.85;∼ − 3.25Þ and ð∼7.1;∼3.25Þ. An additional peak
(IV) can be observed near peak III at ð∼7.1;∼3.85Þ for

Rð3Þ
zyzy and Rð3Þ

zyyz.
The ∼ 7.1 THz features correspond to the EðTO3Þ PHP.

Energy conservation and momentum considerations sug-
gest that the forward-propagating PHP is excited by the
THz pump pulses. This feature has not been observed in
previous TKE studies of LiNbO3 [6,17] likely due to THz
bandwidth limitations (<5 THz). While the EðTO2Þ

FIG. 2. (a) 2D-TTR spectra in the frequency domain for four pump-probe polarization configurations, taken from the combination of
two crystal orientations and two THz polarization orderings (positive and negative t1 quadrants). The spectra have been deconvolved by
the IRF to reveal true intensity and frequency positions. Guiding lines are provided at f1 ¼ 3.85 THz (violet), f1 ¼ 7.1 THz (teal),

f2 ¼ �3.25 THz (violet) and f2 ¼ �3.85 THz (teal). (b) Close-up of peaks II to IV for polarization Rð3Þ
zyzy. (c) Select Feynman pathways

for the observed nonlinear peaks (I, I’) and III. Depending on the THz polarizations, III (yz) or III (zy) is selectively observed. See SM
[26] for full assignment. (d) THz polarization dependence of the fourier transform (FT) amplitude of peaks III and IV. (e) THz field
strength dependence of the EðTO1Þ (A3.85) and EðTO3Þ (A7.1) features along f1. Best linear fits are shown as dashed lines.
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phonon is within the THz bandwidth, due to the order of
magnitude lower transition dipole strength compared to
EðTO1Þ and EðTO3Þ [35], no associated dynamics are
observed. With f1 ¼ 7.1 assigned to EðTO3Þ PHP, it is
natural to assign f2 ¼ �3.25 to the difference frequency of
EðTO1Þ and EðTO3Þ PHPs. The field strength dependence
of the f1 ¼ 3.85 THz and f1 ¼ 7.1 THz features are
measured [Fig. 2(e)], and both peaks show linear depend-
ence with respect to the field strength of THz pumps A
and B, i.e., S3.85; S7.1 ∝ ETHz

A · ETHz
B , confirming that the

observed signals are third-order in nature. Thus, the linear
power scaling and the extended dynamics along t1 provide
direct evidence that both EðTO1Þ and EðTO3Þ PHPs
originate from resonant 1PA THz excitations.
Polarization dependence of nonlinear transitions.—To

analyze the intensity changes observed with different THz
polarizations, we perform a Feynman pathway analysis to
examine the quantum state of the system after each field
interaction. Unlike 2D-IR spectroscopy, whose pathways
only involve one-quanta transitions, 2D-TTR pathways
must include a nonlinear transition due to its three-pulse
sequence. The lowest-order pathways consist of two one-
quanta transitions and one zero- or two-quanta transition
[23]. Consequently, the peak positions can not only arise at
resonant frequencies of the vibrational modes, but also at
zero, second-harmonic, sum- and difference-frequencies.
Feynman pathway assignments for peaks I and III are
provided in Fig. 2(c) (full assignment in the SM
[26,36,37]). The double-sided Feynman diagram notation
jn1n3ihn1n3j is used to denote the density matrix of the
system,wheren1 and n3 are the number of quanta inEðTO1Þ
and EðTO3Þ, respectively. Field-induced excitation and
deexcitation are represented by inward and outward arrows.
Further, THz transitions are only allowed if the momentum
of the THz photonmaps onto the PHP dispersion curves.We
confirmed that conservation of momentum is preserved in
the Feynman pathways presented (see SM [26,38–40] for
details onmomentum conservation in nonlinear transitions).
Pathway I involves two one-quanta THz transitions and

a final zero-quanta Raman transition. Symmetry analysis
shows that the j00i→ j10i transition is symmetry-forbidden
for ETHzkz; whereas, the transition j10i→ j20i is sym-
metry-allowed for both ETHzkz and ETHzky. Thus, the

proposed Feynman pathway I starts from the j10ih10j
population state and is symmetry-allowed for both THz
polarization ordering ij ¼ yz and zy. The low energy of the
phonon modes compared to thermal energy kT ¼ 6.2 THz
at room temperature makes the excited population state
available.
Next, we examine peaks II–IV, whose intensities are

strongly dependent on THz polarization. For example, the
FT amplitude is larger in THz polarization yz than zy for
peaks III and IV [Fig. 2(d)]. Because of selection rules for
E-symmetry phonons, the two THz polarizations yz and zy
result in distinct symmetry-allowed Feynman pathways
[Fig. 2(c) for peak III]. Notably, the starting state is
different for the two polarizations. Considering only
thermodynamic effects on the starting state population,
the Boltzmann factor e−ðω1−ω2Þ=kT predicts for peaks III and
IV a 1.7-fold and 1.9-fold increase in amplitude for
polarization yz over zy, which is consistent with the
experiment for both probe polarizations. Follow-up mea-
surements of low temperature LiNbO3 2D-TTR spectra
would be highly informative for the Feynman pathway
assignments.
Origin of anharmonicity.—A third-order 2D-TTR signal

must involve a nonlinear transition in the resonant 1PA
pathway. Consequently, 2D-TTR spectroscopy is highly
sensitive to the anharmonicities present in the system,
because the allowed nonlinear zero- or two-quanta tran-
sitions depend on the type of anharmonicity. We implement
the anharmonic coupling model proposed by Sidler and
coworkers [23], which considers resonant 1PA pathways
induced via electronic and mechanical anharmonicities.
Electronic anharmonicity refers to the nonlinear contribu-
tions to the transition dipole and polarizability operators of
the vibrational mode [24]. For two normal modes EðTO1Þ
and EðTO3Þ with coordinates q̂E1

and q̂E3
, the lowest order

nonlinear dipole operator can be written as

μ̂ ≈ μð0Þq̂E1
þ μð1Þq̂E1

q̂E3
:

Alternatively, mechanical anharmonicity refers to pertur-
bations to the Hamiltonian of the system, which includes

both PES anharmonicity of the individual modes (Ĥð1Þ
E1

and

FIG. 3. Third-order models based on different excitation mechanisms and sources of anharmonicity. Identical guiding lines are added.
For reference, the overlayed contours depict the Rð3Þ

zyzy experimental spectra.
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Ĥð1Þ
E3
) as well as cross-coupling terms between modes

(Ĥð1Þ
E1E3

). Here, we considered an anharmonic cross-cou-
pling term of the form

Ĥð1Þ
AB ¼ λAABq̂2Aq̂B;

with sum over all modes A;B ¼ fEðTO1Þ; EðTO3Þg.
For completeness, a model that considers the 2PA

excitation pathway is also implemented [details in the
SM [26] ]. As a first approximation, we assign equal
intensity to all possible transitions. After applying con-
volution with the experimental IRF, the results are shown in
Fig. 3. Critically, these models are constructed to include
only third-order signals that involve both pump electric
fields to account for the experimental differential chopping
of 2D-TTR spectroscopy. One major benefit of selectively
measuring the third-order 2D-TTR signal is the distinctness
between signals from 2PA and 1PA pathways. The 2PA
excitation pathway produces characteristic “streaking”
patterns along f1 [22], while 1PA pathways produce peaks
at unique frequency positions [23]. Consistent with the
Feynman pathway analysis presented above, the 2D-TTR
spectra resemble the 1PA anharmonic coupling model
much more closely. By examining the individual sources
of anharmonicity, it is clear that peaks I, III, IV can only be
induced by mechanical anharmonicity, while peak II can be
induced by both mechanical and electronic anharmonicity.
These models strongly suggest that the observed 2D
features are primarily induced via mechanical anharmo-
nicity. A few additional peaks predicted by the mechanical
anharmonicity model are not observed experimentally,
possibly due to limited THz power at the frequencies
required for the nonlinear transition. For instance, the peaks
at ð3.85;�3.85Þ involve nonlinear zero- or two-quanta THz
transitions of the EðTO1Þ mode, which require significant
power at near dc or ∼8 THz.
Conclusion.—We demonstrate that 2D-TTR spectros-

copy can provide detailed information on the excitation
mechanism, nonlinear phonon-phonon couplings, and
sources of anharmonicity in phonon-polariton dynamics
of x-cut LiNbO3. The wider bandwidths employed in this
Letter allow investigation of both EðTO1Þ and EðTO3Þ
PHPs. The selective measurement of the third-order
response removes the single-pump contributions that domi-
nate the 1D-TKE response and focuses on 2D signatures
that are highly sensitive to the anharmonicity of the
potential energy landscape. Feynman pathway analysis
reveals THz and Raman nonlinear transitions between
the EðTO1Þ and EðTO3Þ PHPs. We further determined
that the EðTO1Þ and EðTO3Þ phonon-polaritons are excited
through resonant 1PA THz excitations. Distinct Feynman
coherent pathways are observed for different THz polar-
izations due to THz selection rules. 2PA excitation and
1PA anharmonic coupling models are constructed for

third-order double-pumped pathways. The measured 2D-
TTR spectrum is most consistent with the 1PA anharmonic
coupling model induced via mechanical anharmonicity as
opposed to electronic anharmonicity. These findings pro-
vide an important foundation for future coherent control
applications. A key demonstration of coherent control of
vibrational states is the selective transfer of population
[30–32]. The j01i → j10i nonlinear transition revealed in
this Letter could be exploited with two THz pulses with
tailored phase and bandwidth to achieve efficient popula-
tion transfer between EðTO1Þ and EðTO3Þ.
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[11] V. Juvé, G. Vaudel, Z. Ollmann, J. Hebling, V. Temnov,
V. Gusev, and T. Pezeril, Ultrafast tunable modulation of
light polarization at terahertz frequencies, Opt. Lett. 43,
5905 (2018).

[12] C. Vicario, A. Trisorio, S. Allenspach, C. Rüegg, and
F. Giorgianni, Narrow-band and tunable intense terahertz
pulses for mode-selective coherent phonon excitation, Appl.
Phys. Lett. 117, 101101 (2020).

[13] B. Liu, H. Bromberger, A. Cartella, T. Gebert, M. Först, and
A. Cavalleri, Generation of narrowband, high-intensity,
carrierenvelope phase-stable pulses tunable between 4
and 18 THz, Optics Lett. 42, 129 (2017).

[14] S. Sanna, S. Neufeld, M. Rüsing, G. Berth, A. Zrenner, and
W. G. Schmidt, Raman scattering efficiency in LiTaO3 and
LiNbO3 crystals, Phys. Rev. B 91, 224302 (2015).

[15] S. Sanna and W. G. Schmidt, Lithium niobate X-cut, Y-cut,
and Z-cut surfaces from ab initio theory, Phys. Rev. B 81,
214116 (2010).

[16] Y. Ikegaya, H. Sakaibara, Y. Minami, I. Katayama, and
J. Takeda, Real-time observation of phonon-polariton dy-
namics in ferroelectric LiNbO3 in time-frequency space,
Appl. Phys. Lett. 107, 062901 (2015).

[17] B. S. Dastrup, J. R. Hall, and J. A. Johnson, Experimental
determination of the interatomic potential in LiNbO3 via
ultrafast lattice control, Appl. Phys. Lett. 110, 162901 (2017).

[18] B. E. Knighton, B. S. Dastrup, C. L. Johnson, and J. A.
Johnson, Measurement of a phonon-polariton dispersion
curve by varying the excitation wavelength, Phys. Rev. B
97, 214307 (2018).

[19] T. Kuribayashi, T. Motoyama, Y. Arashida, I. Katayama,
and J. Takeda, Anharmonic phonon-polariton dynamics in
ferroelectric LiNbO3 studied with single-shot pump-probe
imaging spectroscopy, J. Appl. Phys. 123, 174103 (2018).

[20] S. Kojima, Broadband terahertz spectroscopy of phonon-
polariton dispersion in ferroelectrics, Photonics 5, 1 (2018).

[21] C. L. Johnson, B. E. Knighton, and J. A. Johnson, Distin-
guishing Nonlinear Terahertz Excitation Pathways with
Two-Dimensional Spectroscopy, Phys. Rev. Lett. 122,
073901 (2019).

[22] G. Mead, H. W. Lin, I. B. Magdău, T. F. Miller, and G. A.
Blake, Sum-frequency signals in 2D-terahertz-terahertz-
Raman spectroscopy, J. Phys. Chem. B 124, 8904 (2020).

[23] D. Sidler and P. Hamm, A Feynman diagram description of
the 2D-Raman-THz response of amorphous ice, J. Chem.
Phys. 153, 044502 (2020).

[24] D. Sidler and P. Hamm, Feynman diagram description of
2D-Raman-THz spectroscopy applied to water, J. Chem.
Phys. 150, 044202 (2019).

[25] I. A. Finneran, R. Welsch, M. A. Allodi, T. F. Miller, and
G. A. Blake, Coherent two-dimensional terahertz-terahertz-
Raman spectroscopy, Proc. Natl. Acad. Sci. U.S.A. 113,
6857 (2016).

[26] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.129.207401 for details
on the experimental setup, modeling of the 2D-TTR
signal, and complete Feynman analysis, which includes
Refs. [27–32].

[27] K.Matsumoto andT. Satoh, Selective imagingof the terahertz
electric field of the phonon-polariton inLiNbO3, Phys. Rev. B
102, 094313 (2020).

[28] C. Somma, K. Reimann, C. Flytzanis, T. Elsaesser, and
M. Woerner, High-Field Terahertz Bulk Photovoltaic Ef-
fect in Lithium Niobate, Phys. Rev. Lett. 112, 146602
(2014).

[29] G. Ciardi, A. Berger, P. Hamm, and A. Shalit, Signatures of
intra- and intermolecular vibrational coupling in halogen-
ated liquids revealed by two-dimensional Raman-terahertz
spectroscopy, J. Phys. Chem. Lett. 10, 4463 (2019).

[30] A. Owens, A. Yachmenev, and J. Küpper, Coherent control
of the rotation axis of molecular superrotors, J. Phys. Chem.
Lett. 9, 4206 (2018).

[31] T. G. Park, H. R. Na, S. H. Chun, W. B. Cho, S. Lee, and
F. Rotermund, Coherent control of interlayer vibrations in
Bi2Se3 van der Waals thin-films, Nanoscale 13, 19264
(2021).

[32] J. G. Horstmann, H. Böckmann, B. Wit, F. Kurtz,
G. Storeck, and C. Ropers, Coherent control of a surface
structural phase transition, Nature (London) 583, 232
(2020).

[33] V. Caciuc, A. V. Postnikov, and G. Borstel, Ab initio
structure and zone-center phonons, Phys. Rev. B 61,
8806 (2000).

[34] K. Momma and F. Izumi, Vesta 3 for three-dimensional
visualization of crystal, volumetric and morphology data,
J. Appl. Crystallogr. 44, 1272 (2011).

[35] A. S. Barker and R. Loudon, Dielectric properties and opti-
cal phonons in LiNbO3, Phys. Rev. 158, 433 (1967).

[36] I. B. Magdău, G. J. Mead, G. A. Blake, and T. F. Miller,
Interpretation of the THz-THz-Raman spectrum of bromo-
form, J. Phys. Chem. A 123, 7278 (2019).

[37] P. Hamm and M. Zanni, Concepts and Methods of 2D Infra-
red Spectroscopy (Cambridge University Press, Cambridge,
England, 2011), 10.1017/CBO9780511675935.

[38] S. Kojima, Terahertz polariton dispersion in uniaxial optical
crystals, Prog. Electromagn. Res. Lett. 77, 109 (2018).

[39] A. Cammarata, Phonon-phonon scattering selection rules
and control: An application to nanofriction and thermal
transport, RSC Adv. 9, 37491 (2019).

[40] R. Yang, S. Yue, Y. Quan, and B. Liao, Crystal symmetry
based selection rules for anharmonic phonon-phonon scat-
tering from a group theory formalism, Phys. Rev. B 103,
184302 (2021).

PHYSICAL REVIEW LETTERS 129, 207401 (2022)

207401-6

https://doi.org/10.1103/PhysRevB.103.094407
https://doi.org/10.1103/PhysRevB.103.094407
https://doi.org/10.1103/PhysRevB.97.174302
https://doi.org/10.1364/OL.43.005905
https://doi.org/10.1364/OL.43.005905
https://doi.org/10.1063/5.0015612
https://doi.org/10.1063/5.0015612
https://doi.org/10.1364/OL.42.000129
https://doi.org/10.1103/PhysRevB.91.224302
https://doi.org/10.1103/PhysRevB.81.214116
https://doi.org/10.1103/PhysRevB.81.214116
https://doi.org/10.1063/1.4928480
https://doi.org/10.1063/1.4980112
https://doi.org/10.1103/PhysRevB.97.214307
https://doi.org/10.1103/PhysRevB.97.214307
https://doi.org/10.1063/1.5021379
https://doi.org/10.3390/photonics5040055
https://doi.org/10.1103/PhysRevLett.122.073901
https://doi.org/10.1103/PhysRevLett.122.073901
https://doi.org/10.1021/acs.jpcb.0c07935
https://doi.org/10.1063/5.0018485
https://doi.org/10.1063/5.0018485
https://doi.org/10.1063/1.5079497
https://doi.org/10.1063/1.5079497
https://doi.org/10.1073/pnas.1605631113
https://doi.org/10.1073/pnas.1605631113
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.207401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.207401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.207401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.207401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.207401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.207401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.207401
https://doi.org/10.1103/PhysRevB.102.094313
https://doi.org/10.1103/PhysRevB.102.094313
https://doi.org/10.1103/PhysRevLett.112.146602
https://doi.org/10.1103/PhysRevLett.112.146602
https://doi.org/10.1021/acs.jpclett.9b01528
https://doi.org/10.1021/acs.jpclett.8b01689
https://doi.org/10.1021/acs.jpclett.8b01689
https://doi.org/10.1039/D1NR05075C
https://doi.org/10.1039/D1NR05075C
https://doi.org/10.1038/s41586-020-2440-4
https://doi.org/10.1038/s41586-020-2440-4
https://doi.org/10.1103/PhysRevB.61.8806
https://doi.org/10.1103/PhysRevB.61.8806
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1103/PhysRev.158.433
https://doi.org/10.1021/acs.jpca.9b05165
https://doi.org/10.1017/CBO9780511675935
https://doi.org/10.2528/PIERL18050505
https://doi.org/10.1039/C9RA08294H
https://doi.org/10.1103/PhysRevB.103.184302
https://doi.org/10.1103/PhysRevB.103.184302

