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Driving materials using light with more than one frequency component is an emerging technique,
enabled by advanced pulse-shaping capabilities in recent years. Here, we translate this technique to lattice
vibrations by exciting multicolor phonons using terahertz cavities. In contrast to light, phonon frequencies
are determined by the crystal structure and cannot readily be changed. We overcome this problem by tuning
the frequencies of phonon polaritons in terahertz cavities to achieve the desired frequency ratios necessary
for phononic Lissajous figures. This methodology enables dynamical crystallographic symmetry breaking
and the creation of staggered phonon angular momentum and magnetic moment patterns.
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Exciting lattice vibrations with light provides a unique
tool for controlling the properties of materials by inducing
changes in their crystal structure. This technique has
enabled ultrafast control of various electronic phases in
recent years, including ferroelectricity [1–4], magnetism
[5–8], and superconductivity [9,10], mediated by inter-
actions between different vibrational modes (phonons) in
the crystal. When driven with circularly polarized light,
chiral phonons carrying angular momentum that produce
effective magnetic fields on the atomic scale can further be
generated [11–18]. The vibrational motion of the atoms in
the crystal hereby acts as a periodic drive for the electronic
system that can be captured within Floquet theory [19–21],
analogous to the well-established Floquet driving of elec-
tronic bands with light [22–24].
At the same time, Floquet engineering of materials has

evolved beyond simple periodic drives and more complex
excitation schemes involving light with more than one
frequency component, also called “multicolor” or “two-
tone” drives, promising advanced control over materials
properties [25–35]. While the frequencies of light are
tunable with modern techniques, the frequencies of pho-
nons are determined by the structure and atomic compo-
sition of the crystal and cannot arbitrarily be changed.
Accordingly, multicolor phonon driving has remained
elusive as a useful tool for dynamical materials control.

Here, we theoretically demonstrate a methodology to
achieve multicolor phonon excitation by tuning the vibra-
tional frequencies through the formation of cavity phonon
polaritons in terahertz cavities. We show that steady-state
phononic Lissajous figures can be generated when two-
tone drives are tuned into a ω∶2ω frequency ratio. These
phononic Lissajous figures enable dynamical crystallo-
graphic symmetry breaking without requiring nonlinear
phonon interactions and further produce staggered angular
momenta and magnetic fields that can be used to control
spatially varying magnetic ordering, such as in antiferro-
magnets or spin spirals.
Cavity phonon polariton splitting—We begin by intro-

ducing the concept of infrared (IR)-active phonons coupled
to an optical cavity, as illustrated in Fig. 1(a). In this setup, a
slab of a material exhibiting IR-active phonons is placed in
the center of a Fabry-Perot cavity formed by two parallel
mirrors. The interaction between the IR-active phonons and
the cavity leads to the formation of cavity phonon polar-
itons [36–38] which can be excited by resonantly pumping
the cavity with an external terahertz pulse [39]. Because the
phonon and cavity modes are required to couple resonantly,
only the fundamental cavity mode is relevant in this
process. To describe the interaction between the funda-
mental cavity mode, the infrared (IR)-active phonon
modes, and the electric field of the external pulse, we
follow the formalism previously established in Ref. [39].
The coupled equations of motion for the cavity phonon
polariton dynamics are given by

Äi þ κcȦi þ ω2
cAi ¼ BEiðtÞ þDQ̈ν;i; ð1Þ

Q̈ν;i þ κνQ̇ν;i þ Ω2
νQν;i ¼ GAi; ð2Þ

where Ai represents the amplitude of the fundamental
cavity mode along spatial direction i and Qν;i denotes
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the normal mode coordinate (amplitude) of an IR-active
phonon mode ν polarized along i, expressed in units of
pm

ffiffiffi
u

p
, where u is the atomic mass unit. Spatial directions

i ¼ a; b are defined with respect to the crystal axes of
the sample. Ων is the phonon eigenfrequency, and κν is
the phonon linewidth. Respectively, ωc ¼ cπ=L is the
frequency of the fundamental cavity mode, where L is
the length of the cavity and κc is its linewidth. EiðtÞ is the
electric field of the external terahertz pulse. The interaction
between the cavity mode and the IR-active phonon is
described by two terms. The first term describes the
coupling of the phonon to the cavity electric field via its
mode effective charge, Zν, through the coupling coefficient
G ¼ sinðkz0ÞZν, where z0 denotes the sample position at
the center of the Fabry-Perot cavity and k is the wave vector
of the fundamental cavity mode. The second term accounts
for the phonon back action on the cavity mode, charac-
terized by D ¼ −2ZνΔz sinðkz0Þ=ðVcε0LÞ, where ε0 is the
vacuum permittivity and Vc is the unit-cell volume.
Interaction of the cavity with the external field is given
by B ¼ 2ωc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωcκc=π

p
.

As illustrated schematically in Fig. 1(b), the cavity
interacts with the electric dipole moment of the IR-active
phonon, resulting in the formation of two cavity phonon
polariton branches, where the frequencies of the upper and
lower branches are determined by the cavity frequency.
Accordingly, the cavity phonon polariton splitting can be
controlled by the length of the cavity. We can exploit this
tuning capability to modify the frequencies of the cavity
phonon polariton branches in order to achieve a ω∶2ω
frequency ratio required to form the phononic Lissajous
figures. If the ω and 2ω phonon-polariton branches arise
from degenerate phonon modes, exciting them with varying
degrees of polarity is possible. Specifically, both phonons
can be excited with linear, circular, or mixed circular-linear

polarizations, resulting in the prototypical Lissajous curves
illustrated in Fig. 1(c).
We demonstrate this methodology at the example of

barium titanate (BaTiO3) in its low-temperature rhombo-
hedral phase with point groupC3v. BaTiO3 is a ferroelectric
insulator with a band gap of more than 3 eV [40], exhibiting
IR-active phonon modes with large electric dipole
moments, which makes it suitable for phonon driving.
We are interested in the doubly degenerate phonon modes
with E irreducible representations and polarizations in the
a-b plane of the crystal. The 6.5 and 14.1 THz phonon
modes, whose ω∶2ω ratio is off by 8%, are appropriate
candidates for demonstrating the mechanism.
We calculated the phonon eigenfrequencies, eigenvec-

tors, and Born effective charge tensors using the density
functional theory formalism as implemented in VASP

[41,42] and the frozen-phonon method as implemented
in phonopy [43]. We used the default projector augmented
wave pseudopotentials for each atom and converged the
Hellmann-Feynman forces to 50 μeV=Å. We used a plane-
wave energy cutoff of 700 eV and an 8 × 8 × 8 k-point
gamma-centered Monkhorst-Pack mesh to sample the
Brillouin zone [44]. For the exchange-correlation func-
tional, we chose the PBEsol form of the generalized
gradient approximation [45]. We find the mode effective
charges to be Zν ¼ 2.23 e=

ffiffiffi
u

p
for the Eð14.1Þ mode and

Zν ¼ 0.82 e=
ffiffiffi
u

p
for the Eð6.5Þ mode. We further use

phenomenological values for the linewidths of the phonon
modes and the fundamental cavity mode of 5% of the
respective eigenfrequencies, which is in reasonable agree-
ment with available experimental data [46].
In Fig. 2, we show the formation of cavity phonon

polariton branches in BaTiO3. We visualize the phonon
displacement patterns in Fig. 2(a), which primarily involve
displacements of the oxygen ions. The frequencies of the
cavity phonon polariton branches are obtained by solving

FIG. 1. Cavity-induced multicolor phonons. (a) A multicolor
terahertz pulse drives an optical cavity, which in turn drives
multicolor phonons in a material. (b) The cavity phonon polariton
splitting of two infrared-active modes, Ω1 and Ω2, can be tuned
by the cavity. Here, the two upper polariton branches are tuned
into an ω∶2ω ratio and excited by the pulse. (c) Lissajous figures
created by different combinations of linearly and circularly
polarized phonons: eight curve, arrowhead, and cloverleaf.

FIG. 2. Cavity phonon polaritons. (a) Atomic displacements in
BaTiO3 corresponding to the doubly degenerate Eð6.5Þ and
Eð14.1Þ modes. (b) Polariton dispersion as a function of
fundamental cavity frequency, showing upper and lower branches
for the Eð14.1Þ mode in red and those for the Eð6.5Þ mode in
blue. Crosses and dashed lines mark the cavity frequency and
polariton branches at which an ω∶2ω frequency ratio is achieved;
ωc ¼ 3.66 THz for branches 2 and 3 and ωc ¼ 2.97 THz for
branches 3 and 4.
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Eqs. (1) and (2) without an external field, EiðtÞ ¼ 0, in
Fourier space (see Supplemental Material for details [47]).
In Fig. 2(b), we show the polariton frequencies as a
function of the fundamental cavity frequency. The four
phonon polariton branches correspond to the coupling of
the cavity mode to the Eð6.5Þ mode (red curves) and to the
coupling to the Eð14.1Þ mode (blue curves). An extended
plot with higher cavity frequencies can be found in
Supplemental Material [47], which also shows the avoided
crossing of the Eð14.1Þ phonon polariton.
Multicolor phonon dynamics—We now demonstrate the

generation of the basic phononic Lissajous figures outlined in
Fig. 1(c), by driving the cavity phonon polariton branches at
theω∶2ω frequency ratio.We choose the upper branch of the
Eð6.5Þ polariton (no. 3) at 7.29 THz and the lower branch of
the Eð14.1Þ polariton (no. 2) at 3.65 THz, as shown in
Fig. 2(b). The corresponding dynamics for branches 4 and 3
are shown in Supplemental Material [47]. We solve Eqs. (1)
and (2) numerically for varying cavity frequencies around
3.66 THz to illustrate how the phononic Lissajous figures can

be generated by tuning into and out of the ω∶2ω frequency
ratio. We model the electric field of the multicolor terahertz
pulse as

EiðtÞ ¼ e
−t2

2ðτ= ffiffiffiffiffiffi8 ln 2
p Þ2

X

α¼2;3

Eα;i cosðΩα − ϕα;iÞ; ð3Þ

where the pulse contains two center frequency components,
Ωα, tuned into resonance with the frequencies of the respec-
tive polariton branches, Ω2 and Ω3. Eα;i is the peak electric
field, which we adjust for each of the branches and spatial
directions individually. The carrier envelope phase, ϕα;i,
controls the polarization configuration (linear, circular, or
mixed circular-linear). τ is the full width at half maximum
(FWHM) pulse duration.
In Fig. 3 we show the phonon dynamics induced by an

ultrashort terahertz pulse with a FWHM duration of 1 ps
and peak electric fields of 0.95 and 5 MV=cm for branches
2 and 3, respectively. We present the Lissajous figures

FIG. 3. Phononic Lissajous figures. Time evolution of the phonon trajectories in the a-b plane of the crystal for the time interval of 1 to
2 ps after excitation. We show the dynamics for five different cavity frequencies, tuning the cavity phonon polariton frequencies into and
out of the ω∶2ω frequency ratio, reached at ωc ¼ 3.66 THz and yielding polariton frequencies of Ω3 ¼ 7.29 THz and Ω2 ¼ 3.65 THz.
When the cavity frequency satisfies the ω∶2ω ratio, the Lissajous figures exhibit closed trajectories, leading to stable crystallographic
symmetry breaking. As the cavity frequency is detuned, the phononic trajectories progressively deviate from closed orbits, disrupting the
symmetry-breaking mechanism. (a1)–(a5) Dynamics for linear excitations of the polariton branches, creating an eight curve when
reaching the ideal frequency ratio. (b1)–(b5) Dynamics for mixed circular-linear excitations, creating an arrowhead when reaching the
ideal frequency ratio. (c1)–(c5) Dynamics for circular excitations, creating a cloverleaf curve when reaching the ideal frequency ratio.
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created by the phonon trajectories in the a-b plane of the
crystal for the interval between 1 ps to 2 ps after the
excitation. The trajectories are shown for varying cavity
frequencies presented from left to right and for each one of
the three pulse polarizations (linear, mixed circular-linear,
and circular) presented from top to bottom. Each of the
cavity frequencies is associated with a detuning fraction
defined as δ ¼ 1–2Ω2=Ω3. When the cavity frequency is
tuned precisely to obtain the ω∶2ω frequency ratio (δ ¼ 0,
Ω2 ¼ 3.65 THz, Ω3 ¼ 7.29 THz), the generated Lissajous
figures exhibit closed trajectories that enable steady-state
crystallographic symmetry breaking. Detuning the cavity
frequency in turn leads away from the ω∶2ω frequency
ratio and quickly dephases the Lissajous figures, no longer
preserving their characteristic shapes and indicating that
precise frequency control is critical for maintaining the
desired phononic trajectories. In Supplemental Material
[47], we further present the Lissajous trajectories in
polarization space, as well as the real-space ion trajectories
of oxygen and titanium for varying relative amplitudes of
the driving pulses.
Having established a way to generate well-defined

phononic Lissajous figures, we now turn to manipulating
them in real space. The polarization configuration can be
controlled through the carrier envelope phase, which allows
us to reorient the phononic trajectories in real space. To
demonstrate this, we introduce an additional phase ψ added
to the carrier envelope phase of the b component of the
laser pulse, ϕα;b → ϕα;b þ ψ and solve the equations of

motion Eqs. (1) and (2) for ψ ¼ 0; π. Figure 4(a) shows the
phonon trajectories for the linear, mixed circular-linear, and
circular polarizations (left to right, determined by the
parameters shown in Table I) at the ideal ω∶2ω frequency
ratio. When the additional π phase is introduced, we
observe an inversion of the Lissajous figures, allowing
us to control the spatial symmetry breaking. Figure 4(b)
shows the phonon angular momentum corresponding to the
trajectories in (a), which is given by LðtÞ ¼ QaðtÞQ̇bðtÞ −
QbðtÞQ̇aðtÞ [12,13,17], with the total displacements in the
x-y plane given by QaðtÞ ¼ Q2;aðtÞ þQ3;aðtÞ and QbðtÞ ¼
Q2;bðtÞ þQ3;bðtÞ. The angular momentum reverses its sign
under the π phase shift. For the linearly excited Lissajous
figures, the phonon angular momentum oscillates and
averages to zero in time. For the circularly linearly and
circularly excited Lissajous figures, by contrast, nonzero
net angular momentum is produced even after time aver-
aging, similar to the case of purely circular motion of the
atoms. Intriguingly, the banana-shaped trajectories under
linear excitation and the cloverleaf trajectories under
circular excitation produce angular momentum resembling
a rectangular pulse train. This may enable new ways of
angular momentum coupling in solids, for example, by
generating alternating and unidirectional torque trains act-
ing on the spins in a magnetic material or heterostructure.

FIG. 4. Switching phononic Lissajous figures through phase
control. Adding a π phase shift to the carrier envelope phase of
the b component of the electric field reorients the direction of the
resulting Lissajous figure. For each polarization, both (a)–(c) the
Lissajous figure and (d)–(f) the corresponding phonon angular
momentum are displayed for the time period of 1 to 2 ps after
excitation. In the linearly polarized excitation, the eight-curve
trajectory further deforms into a banana shape, which can be
reversed.

TABLE I. Values of Eα;iðMV=cmÞ and ϕα;i for the three
polarization configurations, linear (LL), mixed circular-linear
(CL), and circular (CC), used in Figs. 3 and 4.

Parameters

Figure 3 Figure 4

LL CL CC LL CL CC

E2;a;ϕ2;a 5, 0 5, 0 5, ðπ=2Þ 5, 0 5, 0 5, ðπ=2Þ
E2;b;ϕ2;b 0, 0 5, ðπ=2Þ 5,0 0, 0 5, ðπ=2Þ 5, 0
E3;a;ϕ3;a 0, 0 0, 0 0.95, ðπ=2Þ 0, 0 0, 0 0.95, ðπ=2Þ
E3;b;ϕ3;b 0.95, ðπ=2Þ 0.95, 0 0.95, 0 0.95, 0 0.95, 0 0.95, 0

Selective symmetry breaking

S1 S2B(r2)B(r1)

(b)(a)
A

B

A A

B

B

Staggered magnetic fields

FIG. 5. Floquet-driving applications. (a) A phononic eight-
curve trajectory leads to a staggered angular momentum and
therefore effective magnetic field, BðrÞ, which can potentially be
used to couple to and switch antiferromagnetically ordered spins,
S1 and S2. (b) A phononic cloverleaf trajectory can selectively
change the bonding to neighboring atoms, as shown here for a
triangular lattice in which nearest neighbors are split into two
subsets, A and B.
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Finally, we discuss frequency ratios other than ω∶2ω
within BaTiO3. The cavity phonon polariton branches of
the Eð5.1Þ and Eð14.1Þ modes provide a frequency ratio of
ω∶3ω, whereas those of the Eð6.5Þ and Eð14.1Þ modes
further provide a 2ω∶3ω ratio. Circularly excited Lissajous
figures for these ratios lead to four-leaf and five-leaf
clovers, respectively; see Supplemental Material [47].
Other rational frequency ratios can produce higher-order
n-leaf clovers, however with a reducing number of closed-
loop cycles during the phonon lifetime. Irrational frequency
ratios form aperiodic Lissajous figures that do not close, as
can be seen from the detuning in Fig. 3.
Discussion—Our method of generating multicolor pho-

nons in terahertz cavities enables phonon angular momen-
tum shaping and at the same time opens a route toward
advanced phononic Floquet driving to engineer the proper-
ties of quantum materials. We provide two examples of
how our technique could be used in Fig. 5. First, the
generation of spatially separated angular momentum, as in
the eight-curve and cloverleaf trajectories, will produce
staggered effective magnetic fields that could be used to
control and switch antiferromagnetically aligned spins
[Fig. 5(a)], which is not possible with uniform phonomag-
netic fields produced by conventional circularly polarized
phonons [16–18]. The magnitude of the phonon magnetic
moment is strongly material dependent and ranges from
fractions of a nuclear magneton to several Bohr magnetons
[13–15,48–56]. Second, the spatial symmetry breaking
induced by the phononic Lissajous trajectories allows for
bond-selective changes of interactions in the solid. We
schematically illustrate the example of a triangular lattice in
Fig. 5(b), where the cloverleaf trajectory breaks the nearest
neighbors into two subsets, A and B, possibly enabling the
engineering of magnetic frustration. These and other
applications will be studied in future work.
While previous studies of optical phonons in cavities

focused on nonlinear effects [39,57,58], all mechanisms
discussed in this Letter occur even in the harmonic
approximation of phonons. We anticipate that develop-
ments in the field will accelerate in the next years, as
terahertz cavities are becoming more widely applied and
new cavity designs are developed [59,60].
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S. Lebègue, J. Paier, O. A. Vydrov, and J. G. Ángyán,
Assessing the performance of recent density functionals for
bulk solids, Phys. Rev. B 79, 155107 (2009).

[46] I. B. Ouni, D. Chapron, H. Aroui, and M. D. Fontana,
Thermal behavior of high-frequency optical phonons in
tetragonal BaTiO3 single crystal, Appl. Phys. A 122, 480
(2016).

[47] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/fwr7-6jj6 for a view of the phonon
eigenvectors along the c axis; a derivation of the cavity
phonon polariton branches; extended polariton dispersion;
Lissajous figures in phonon amplitude, polarization, and
real space; discussion of multicolor phonons from branches
3 and 4; and Lissajous figures of other frequency ratios.

[48] Y. Ren, C. Xiao, D. Saparov, and Q. Niu, Phonon magnetic
moment from electronic topological magnetization, Phys.
Rev. Lett. 127, 186403 (2021).

[49] D. Saparov, B. Xiong, Y. Ren, and Q. Niu, Lattice dynamics
with molecular Berry curvature: Chiral optical phonons,
Phys. Rev. B 105, 064303 (2022).

[50] R. M. Geilhufe and W. Hergert, Electron magnetic moment
of transient chiral phonons in KTaO3, Phys. Rev. B 107,
L020406 (2023).

[51] X.-W. Zhang, Y. Ren, C. Wang, T. Cao, and D. Xiao, Gate-
tunable phonon magnetic moment in bilayer graphene,
Phys. Rev. Lett. 130, 226302 (2023).

[52] J. Bonini, S. Ren, D. Vanderbilt, M. Stengel, C. E. Dreyer,
and S. Coh, Frequency splitting of chiral phonons from
broken time-reversal symmetry in CrI3, Phys. Rev. Lett.
130, 086701 (2023).

PHYSICAL REVIEW LETTERS 135, 246901 (2025)

246901-6

https://doi.org/10.1038/s41586-024-07200-x
https://doi.org/10.1038/s41467-018-02918-5
https://doi.org/10.1021/acs.nanolett.7b05391
https://doi.org/10.1103/PhysRevResearch.2.043431
https://doi.org/10.1103/PhysRevB.79.081406
https://doi.org/10.1126/science.1239834
https://doi.org/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1038/s41467-018-07935-y
https://doi.org/10.1103/PhysRevLett.127.126601
https://doi.org/10.1103/PhysRevLett.127.126601
https://doi.org/10.1103/PhysRevResearch.4.013056
https://doi.org/10.1103/PhysRevResearch.4.013056
https://doi.org/10.1103/PhysRevResearch.4.033213
https://doi.org/10.1103/PhysRevResearch.4.033213
https://doi.org/10.1103/PhysRevA.107.043309
https://doi.org/10.1103/PhysRevB.108.035132
https://doi.org/10.1103/PhysRevB.108.035132
https://doi.org/10.1103/PhysRevB.108.035151
https://doi.org/10.1103/PhysRevB.108.035151
https://arXiv.org/abs/2410.12308
https://doi.org/10.1103/cm49-smhr
https://doi.org/10.1103/cm49-smhr
https://doi.org/10.1088/1402-4896/ad9d85
https://doi.org/10.1021/acsphotonics.4c02611
https://doi.org/10.1126/sciadv.aau6969
https://doi.org/10.1103/PhysRevX.10.041027
https://doi.org/10.1103/PhysRevX.10.041027
https://doi.org/10.1063/5.0080045
https://doi.org/10.1063/5.0080045
https://doi.org/10.1103/PhysRevResearch.3.L032046
https://doi.org/10.1103/PhysRevResearch.3.L032046
https://doi.org/10.1002/jcc.22942
https://doi.org/10.1002/jcc.22942
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.91.094306
https://doi.org/10.1103/PhysRevB.91.094306
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.79.155107
https://doi.org/10.1007/s00339-016-0013-z
https://doi.org/10.1007/s00339-016-0013-z
http://link.aps.org/supplemental/10.1103/fwr7-6jj6
http://link.aps.org/supplemental/10.1103/fwr7-6jj6
http://link.aps.org/supplemental/10.1103/fwr7-6jj6
http://link.aps.org/supplemental/10.1103/fwr7-6jj6
http://link.aps.org/supplemental/10.1103/fwr7-6jj6
https://doi.org/10.1103/PhysRevLett.127.186403
https://doi.org/10.1103/PhysRevLett.127.186403
https://doi.org/10.1103/PhysRevB.105.064303
https://doi.org/10.1103/PhysRevB.107.L020406
https://doi.org/10.1103/PhysRevB.107.L020406
https://doi.org/10.1103/PhysRevLett.130.226302
https://doi.org/10.1103/PhysRevLett.130.086701
https://doi.org/10.1103/PhysRevLett.130.086701


[53] N. Shabala and R. M. Geilhufe, Phonon inverse Faraday
effect from electron-phonon coupling, Phys. Rev. Lett. 133,
266702 (2024).

[54] L. Klebl, A. Schobert, M. Eckstein, G. Sangiovanni, A. V.
Balatsky, and T. O. Wehling, Ultrafast pseudomagnetic
fields from electron-nuclear quantum geometry, Phys.
Rev. Lett. 134, 016705 (2025).

[55] S. Chaudhary, D. M. Juraschek, M. Rodriguez-Vega, and
G. A. Fiete, Giant effective magnetic moments of chiral
phonons from orbit-lattice coupling, Phys. Rev. B 110,
094401 (2024).

[56] W. Chen, X.-W. Zhang, Y. Su, T. Cao, D. Xiao, and S.-Z.
Lin, Gauge theory of giant phonon magnetic moment
in doped Dirac semimetals, Phys. Rev. B 111, 035126
(2025).

[57] H. P. Ojeda Collado, M. H. Michael, J. Skulte, A. Rubio,
and L. Mathey, Equilibrium parametric amplification in
Raman-cavity hybrids, Phys. Rev. Lett. 133, 116901 (2024).

[58] E. V. Boström, M. H. Michael, C. Eckhardt, and A. Rubio,
Equilibrium non-linear phononics by electric field fluctua-
tions of terahertz cavities, arXiv:2409.19063.

[59] H. Hübener, U. D. Giovannini, C. Schäfer, J. Andberger, M.
Ruggenthaler, J. Faist, and A. Rubio, Engineering quantum
materials with chiral optical cavities, Nat. Mater. 20, 438
(2021).

[60] F. Schlawin, D. M. Kennes, and M. A. Sentef, Cavity
quantum materials, Appl. Phys. Rev. 9, 011312 (2022).

[61] O. Yaniv and D.M. Juraschek, Multicolor phonon excitation
in terahertz cavities, Zenodo, 10.5281/zenodo.17571335
(2025).

PHYSICAL REVIEW LETTERS 135, 246901 (2025)

246901-7

https://doi.org/10.1103/PhysRevLett.133.266702
https://doi.org/10.1103/PhysRevLett.133.266702
https://doi.org/10.1103/PhysRevLett.134.016705
https://doi.org/10.1103/PhysRevLett.134.016705
https://doi.org/10.1103/PhysRevB.110.094401
https://doi.org/10.1103/PhysRevB.110.094401
https://doi.org/10.1103/PhysRevB.111.035126
https://doi.org/10.1103/PhysRevB.111.035126
https://doi.org/10.1103/PhysRevLett.133.116901
https://arXiv.org/abs/2409.19063
https://doi.org/10.1038/s41563-020-00801-7
https://doi.org/10.1038/s41563-020-00801-7
https://doi.org/10.1063/5.0083825
https://doi.org/10.5281/zenodo.17571335
https://doi.org/10.5281/zenodo.17571335

	Multicolor Phonon Excitation in Terahertz Cavities
	Cavity phonon polariton splitting
	Multicolor phonon dynamics
	Discussion
	Acknowledgments
	Data availability
	References


