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Spontaneously formed phonon frequency
combs in van der Waals solid CrGeTe3 and
CrSiTe3

Lebing Chen 1,2,11 , Gaihua Ye3,11, Cynthia Nnokwe3, Xing-Chen Pan4,
Katsumi Tanigaki4,5, Guanghui Cheng4,6,7, Yong P. Chen 4,6,7,8,
Jiaqiang Yan 9,10, David G. Mandrus 9,10, Andres E. Llacsahuanga Allcca6,
Nathan Giles-Donovan1,2, Robert J. Birgeneau 1,2 & Rui He 3

Optical phonon engineering through nonlinear effects has been utilized in
ultrafast control of material properties. However, nonlinear optical phonons
typically exhibit rapid decay due to strong mode-mode couplings, limiting
their effectiveness in temperature or frequency sensitive applications. Herewe
report the observation of long-lived nonlinear optical phonons through the
spontaneous formation of phonon frequency combs in the van der Waals
material CrXTe3 (X=Ge, Si) using high-resolution Raman scattering. Unlike
conventional optical phonons, the highest Ag mode in CrGeTe3 splits into
equidistant, sharp peaks forming a frequency comb that persists for hundreds
of oscillations and survives up to 200K. These modes correspond to localized
oscillations of Ge2Te6 clusters, isolated from Cr hexagons, behaving as inde-
pendent quantum oscillators. Introducing a cubic nonlinear term to the har-
monic oscillator model, we simulate the phonon time evolution and
successfully replicate the observed comb structure. Similar frequency comb
behavior is observed in CrSiTe3, demonstrating the generalizability of this
phenomenon. Our findings demonstrate that Raman scattering effectively
probes high-frequency nonlinear phonon modes, offering insight into the
generation of long-lived, tunable phonon frequency combs with potential
applications in ultrafast material control and phonon-based technologies.

Optical phonon engineering with nonlinearity is extensively used to
control material properties in an ultrafast manner. For instance,
ultrafast light pulses can be used to achieve rapid control over mag-
netism, superconductivity, and ferroelectricity1–3. Typically, in these

processes, a femtosecond light pulse is used to excite a coherent
optical phonon to a large amplitude that dynamically changes the
properties of the material4. However, nonlinear optical phonons tend
to decay rapidly due to strong mode-mode couplings, especially at
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higher amplitudes5. As a result, the tuning duration is often limited to
fewer than 100oscillation periods before the energydissipates entirely
as heat. This rapid decay presents challenges such as unwanted sample
heating, which accelerates dissipation, and introduces measurement
uncertainties in the frequency domain. Moreover, the availability of
strong-field THz sources within the 5–15 THz (170–500 cm−1) fre-
quency range has been limited, restricting their capacity to fully cover
the optical phonon spectrum for certain materials6,7. In contrast,
frequency-resolved techniques such as Raman scattering and infrared
spectroscopy can access phonon energies bothwithin and beyond this
range, with weaker driving amplitudes. Therefore, probing phonon
nonlinearities with these techniques allow for optical phonon engi-
neering with larger bandwidth, finer frequency resolution and greater
stability against thermalization.

The decay of nonlinear optical phonons is due to anharmonic
interactions in the crystal lattice, where multiple vibrational modes
interact within the anharmonic atomic potential, creating numerous
decay pathways that increase the likelihood of energy dissipation8. In
the frequency domain, it will be reflected as the increased linewidth of
the decaying phononmode, as observed in bulk Bi2Te3

9,10. Conversely,
if an optical phonon is predominantly associated with a unique atomic
bond and has fewer coupling pathways with other modes, it will be
more difficult for thismode todecay evenwith anharmonicity. Instead,
it may sustain parametric oscillations, leading to the formation of
phonon frequency combs, while the phonon linewidth remains nearly
resolution-limited.

The concept of frequency comb originates from optical metrol-
ogy, where it is characterized by a spectrum with uniformly spaced,
narrow peaks across a range of frequencies11. Generated from mode-
locked lasers12,13 and Kerr resonators14, optical frequency combs are
widely employed in various applications, including optical clocks15 and
frequency comb spectroscopy16. As similar bosonic excitations, pho-
non frequency combs were first described in the context of the Fermi-
Pasta-Ulam-Tsingou chain, where interatomic interactions include
cubic or quartic terms in addition to the quadratic Hamiltonian17. In
this model, the population of states will oscillate for an extended
period before eventually settling into thermal equilibrium18. Extensive
research has been dedicated to generating phonon frequency combs
using acoustic phonons in microresonators19–21 or Fabry-Pérot
cavities22, where few decay paths are available. However, there are
few reports on the spontaneous formation of phonon frequency
combs within the optical phonon branches of crystalline solids, as
most optical phonon modes typically decay.

In this study,wepresent theobservationof spontaneously formed
frequency combs in the van der Waals solid CrXTe3 (X =Ge,Si) using
high-resolution Raman scattering. The Raman spectrum of CrGeTe3
reveals that its highest energy Ag optical phonon mode splits into
several equidistant, sharp peaks which persists for hundreds of oscil-
lations and survives up to 200K. Analysis of the phonon dispersion
relations and vibrations indicates that these modes exhibit flat dis-
persions, involving localized oscillations of Ge2Te6 clusters separated
by Cr hexagons. These can effectively be regarded as independent
quantum oscillators. By introducing a cubic nonlinear term into the
harmonic oscillator Hamiltonian as a small perturbation, we simulate
the time evolution of the phonon oscillation using both analytical and
numerical tools, and successfully reproduce the comb features in the
frequencydomain. Similar frequency combs areobserved inCrSiTe3 as
well, which canbedescribedby the samemodel butwith a different set
of parameters.

Results
Raman spectrum of CrGeTe3
The overall phonon spectrum of CrGeTe3 from Raman scattering is
relatively well-established. CrGeTe3 belongs to the rhombohedral R�3
space group, where hexagonal Cr layers stack with ABC-stacking
configuration, with Ge2Te6 clusters located in the center of the Cr
hexagons (Fig. 1a)23. The primitive rhombohedral cell contains a che-
mical formula of Cr2Ge2Te6 (Fig. 1b), giving rise to a total of 30 phonon
modes. Among thesephononmodes, there are 10Raman activemodes
from E1

g to E5
g and A1

g to A5
g
24. Figure 1c shows the Raman spectra of

these modes, where the incident and scattered lights are polarized in
the left-hand(L) and right-hand(R) circular polarization. All 10 Raman
active modes have been observed in this spectrum, with energies
consistent with previous reports and ab initio calculations24–26. It can
be shown from Raman tensor calculations that the Eg modes are only
visible in the cross-polarization (LR/RL) channels and the Agmodes are
only visible in the parallel-polarization channels (LL/RR) (see Supple-
mentary Information Section II)24.

The most prominent feature of the parallel-polarization Raman
spectrum is the occurrence of frequency combs in the A5

g mode. As
shown in detail in Fig. 2a–c, at a low temperature of 12K, the A5

g mode
shows six sharp peaks instead of one broad peak as previously
reported, with an equidistant spacing of 2 cm−1 24. To eliminate the
possibility of this being a measurement artifact, we conduct a sup-
plementary Raman scattering experiment using a 532nm laser (Fig. 2b)
as a complement to the originally used 633 nm laser. These two
experiments yield nearly identical outcomes, confirming the same
positions and distances between the peaks. For both experiments, we
fit the energy of the comb peaks En as a function of their indices n:
En = E0 −An, with E0 = 305.38 ± 0.06 cm−1, A = 1.995 ±0.015 cm−1 for the
633 nmdata, and E0 = 305.67 ±0.08 cm−1, A = 2.017 ± 0.021 cm−1 for the
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532nm data. Both datasets show excellent linearity (Fig. 2d), which is
one of the defining qualities of a frequency comb. Noticeably, the
linewidth of these peaks are mostly resolution-limited, with minimal
broadening indicating a very small amount of phonon decay.

Field and temperature dependence
In bulk, CrGeTe3 is a ferromagnet below its Curie temperature
TC ~65K23,27, and it has been observed to exhibit significant magnon-
phonon coupling24–26. This makes it crucial to investigate the potential
links between the frequency combs and the spin degree of freedom,
such as whether the observed splitting might be attributable to mag-
non scatterings in addition to phonon excitations. Two specific
experiments are performed to explore the connections between
magnetic order and phonon frequency combs. The first involves
Raman scattering with a magnetic field applied along the c-axis.
Figure 2e displays the field dependence of the phonon frequency
comb, and there is no discernible impact on the comb’s energy and
spacing for magnetic fields up to 7T, suggesting that magnon excita-
tions are not responsible for the emergence of frequency combs (also
see Supplementary Fig. 1 for more details). This conclusion is sup-
ported by the fact that a 7T field would result in a 9.8 cm−1 energy shift
for magnons in this spin-3/2 system28.

The second experiment examines how the energies of the fre-
quency comb vary with temperature. Should magnon-phonon cou-
pling influence this phonon mode, the temperature dependence
would deviate from the expected behavior of the standard phonon-
phonon scattering model, as reported in some Eg modes in
CrGeTe3

24,29. Figure 3 (and Supplementary Figs. 2 and 3) shows the
detailed temperature dependence of the A5

g mode. From the color plot
in Fig. 3a, b, we can see that the comb feature persists above TC, with
visible comb features up to temperatures higher than 150K for the
532nm experiment. To systematically investigate the temperature
dependence, we first fit the 532 nm Raman spectrum with a series of
Voigt peaks with the same full width at half maximum (FWHM), and
track their changes as a function of temperature (Fig. 3c). At least five
peaks can be resolved in the fits below 150K, and four peaks can be

resolved above, although at above 200 K the peaks are significantly
broadened and overlap together,making it less practical to distinguish
them, which is consistent with the single broad peak observed in
previous experiments in the literature24,29. Nevertheless, a temperature
dependence of the peak energy and FWHMs can be extracted as
plotted in Fig. 3d. Overall, the comb peaks soften and broaden with
increasing temperature, which is consistent with the 3-phononmodel.
This result indicates that the phonon-phonon couplingwill destroy the
frequency comb by broadening the individual peaks.

To examine the potential influence of magnetic order on the A5
g

phonon energy, we fit the phonon FWHMs with the 3-phonon scat-
tering model:

Γ ðTÞ= Γ ð0Þ+ b

e
Eð0Þ
2kBT � 1

, ð1Þ

where Γ(0) is the phonon FWHM at zero temperature, and b is related
to the scattering strength of the anharmonic decay9,30,31. From the fit-
ted FWHM from Eq. (1), we can estimate the phonon frequency change

ΔEðTÞ= Eð0Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eð0Þ2 � Γ ðTÞ2

q
from thedampedoscillatormodel. The

calculated ΔE(T) is around 0.03 cm−1 at 300K, which is significantly
lower than the observed value of ~2.7 cm−1. Therefore the softening of
the phonon mode is not due to the anharmonic scattering. An alter-
native origin of the phonon softening is from thermal expansions,
where the phonon energy is inversely proportional to the lattice unit
volume in the first-order approximation. Since the temperature
dependence of the cell volume has been determined23, a fit can be

made from equation EðTÞ= Eð0Þ½1� γ V ðTÞ�V ð0Þ
V ð0Þ � which connects the

phonon frequency and thermal expansion. The mode-specific Grünei-

sen parameter γ for the A5
g mode is obtained from this fit32. To obtain a

meaningful estimate of the phonon energies and widths for the
frequency comb, we compute a “weighted average” energy, Eavg, by
summing the energy values of a given scan weighted by the
corresponding Raman intensity subtracted by a linear background.
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observed in the A5
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Weperform the fittingwithin the temperature ranges of [11, 300]K and
[65, 300]K, yielding E0 = 297.68 cm−1 and 297.65 cm−1, with γ = 1.65 and
1.62, respectively. These values are consistent with the macroscopic
Grüneisen parameter (see Supplementary Information Section III),
indicating that thermal expansion alone can account for the observed
phonon softening. Additionally, both fits also yield identical
Γ0 = 0.86 cm−1 and b = 2.31 cm−1 (Fig. 3e), indicating that the tempera-
ture dependence of the anharmonic decay rate is not affected by
magnetic order. These results suggest that the magnon-phonon
coupling in this mode is not significant.

Potential origin of phonon frequency combs
To understand the occurrence of the phonon frequency comb speci-
fically at the A5

g mode of CrGeTe3 and not in other modes or materials,
we propose a phenomenological model after a careful analysis of this
phonon mode. From previous ab initio calculations on the eigen-
modes, this mode is characterized by the head-to-head motion of Ge
dimers located at the center of the Cr hexagons, accompanied by the
movement of Te atoms, while the Cr atoms surrounding these move-
ments remain mostly stationary (Fig. 4a)33; Additionally, it can be
revealed fromthephonon energy calculations that thisphononbranch
has a very narrow, almost flat dispersion25,26. This indicates that the A5

g

phononmode is extremely localized, i.e., the oscillation of one Ge2Te6
cluster has minimal correlation effect on another. Since one phonon
mode corresponds to only one degree of freedom,we can simplify this
phonon mode into a collection of isolated quantum oscillators char-
acterized by one variable x which is the Ge-Ge distance relative to its
equilibrium value (Fig. 4a). From the fact that typical optical and

phonon frequency comb generation requires nonlinearity, we assume
a small, cubic nonlinear term in the harmonic oscillator Hamiltonian:

H =
p2

2μ
+
1
2
μω2x2 + λx3, ð2Þ

where p is the momentum of the mode, μ is an effective mass of the
oscillator, and λ is the cubic anharmonicity. Using second-order
perturbation theory, we can calculate the energy difference between
adjacent eigenstates jni and jn + 1i as:

En + 1 � En =ℏω� ℏAðn+ 1Þ, ð3Þ

where A is positive and is proportional to λ2 (Fig. 4b). The subsequent
step to generate frequency combs is to achieve a proper superposition
of these states. To do this, we apply a semi-classical approach to the
Raman scattering process. Specifically, we treat the oscillations within
the phonon mode as purely quantum mechanical, whereas the
interaction between atomic oscillations and the laser is regarded as
classical. A suitable start for the analysis is to assume the laser can
excite a coherent state of the oscillator, which is a classical analog in
quantum oscillators34,35:

jα0i= e�
jα0 j2

2

X1

n=0

αn
0ffiffiffiffiffi
n!

p jni ð4Þ

where α0 is a complex eigenvalue for the coherent state, whose
absolute value ∣α0∣ is analogous to the amplitude for the coherent
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state. In the oscillation process, every eigenstate jni in the coherent
state receives a phase factor e�iEnt=ℏ, and the time evolution of the
expectation values can be calculated with the coherent state. Here we
are interested in the expectation value of x:

hxit = hay +ait = e�jα0j2
X1

n=0

jα0j2nα0

n!
e�iðEn+ 1�EnÞt=ℏ + c:c: ð5Þ

where a† and a are the creation and annihilation operators respec-
tively, and c. c. stands for “complex conjugate”. Putting
En+1 − En = ℏω − ℏA(n + 1) into the equation, we get:

hxit =α0 exp½�iðω� AÞt + jα0j2ðeiAt � 1Þ�+ c:c: ð6Þ

Equation (6) describes the “classical” motion of atoms within the
phonon mode, and a sample plot of this equation is illustrated in
Fig. 4f. The Fourier transformation of Eq. (6), as shown in Fig. 4c,
transforms the classical atomicmovement of the phononmode into its
frequency domain, enabling a detailed analysis of the spectrum. In this
spectrum, the parameter ω indicates the bare frequency of the oscil-
lation, and the parameter A is equal to the distance between adjacent
spikes in the frequency comb. Meanwhile, α0 acts as a “window” that
determines which part of the frequency comb is selected to appear in
the spectrum. For small α0, the spectral weight ismainly located on the
frequency ω −A which is the upper limit of the comb frequency. As α0
increases, the spectrum goes through a widening and a decrease in
energy, indicating the nonlinear terms taking effect.

Consequently, the Raman intensity can be derived in a classical
setting if only the expectation value of x contributes to the Raman
intensity36. TheRamanprocess is basedon the change in polarizability of
the system as a function of the atomic displacement, which to the first
order reads β=β0 + ð∂β∂xÞ0hxi where β is the polarizability and β0 is its
value at the equilibrium position. This connects the Raman intensity
IR(ω) with the atomic displacement (see Supplementary Information
Section I) by IRðωÞ / ðhxiωÞ2, where 〈x〉ω is the Fourier transform of 〈x〉t
into the frequency space. To fit the observed spectrum in CrGeTe3, we
utilize thismodel with the inter-spike distanceA= 1.995 cm−1 determined
fromprior analysis. From the simulation shown in Fig. 4c, the upper limit
of the frequency comb is ω−A, which may or may not be the #1 mode
denoted in Fig. 2a. Therefore, we adjust both α0 and ω and apply the

Fourier transformation of Eq. (6) to simulate the spectrum. We fit the
theoretical predictions with the observed data by convolving the spec-
trum with a Lorentzian. The optimal fitting parameters and the com-
parison between the calculated and experimental spectra are presented
in Fig. 4d, e for the 633nm and 532nm scattering data respectively,
showing that our model can well reproduce the observed frequency
comb features. The fitting parameters suggest that the #1 mode is one
spike below the upper limit of ω−A, which is equal to the E0 in the
linearity fit shown in Fig. 2d. Furthermore, to compare the real space
oscillation pattern between the theory and experiment, we calculate the
inverse Fourier transformof the Lorentzian fits in Fig. 2a, and plot it with
the calculation directly from Eq. (6) as shown in Fig. 4f. These two
patterns closely resemble each other, suggesting that our model cor-
rectly captures the temporal evolution of the oscillations. Notably, the
small linewidth of the observed frequency combs allows the signals to
revive after more than 300 oscillations. When accounting for instru-
mental resolution, the lifetime of these oscillations extends to over 500
periods. This indicates that the anharmonicity parameter A contributes
minimally to phonon decay and primarily drives the parametric
oscillations.

Phonon frequency combs in CrSiTe3
With the theory in mind, we conducted the same Raman scattering
experiment on CrSiTe3 which shares the same structure as CrGeTe3,
only with the Ge atoms replaced by Si37. This replacement has two
effects: (1) it changes the atomic potential as well as anharmonicity,
and (2) it alters the electron-phonon coupling in the A5

g mode, giving
rise to a different driving amplitude. Figure 5 (and Supplementary
Fig. 4) summarizes the Raman scattering results on the A5

g mode in
CrSiTe3

38,39. Similar to CrGeTe3, the A5
g mode in CrSiTe3 has a flat dis-

persion at ~500 cm−140, which is consistent with our observation of the
main phonon peak at 518.4 cm−1(Fig. 5a). Notably, two satellite peaks
with weaker intensity are observed at 514.2 cm−1 and 509.9 cm−1,
aligning with the model’s prediction, as the frequency comb feature
occurs only below the bare phonon frequency. A further simulation of
the data with a smaller α0, and a larger A can well reproduce the
spectrum (Fig. 5a), indicating that themodel fromEq. (6) has the ability
to describe the frequency comb in both compounds, only with dif-
ferent parameters. Temperature dependence of the excitation is per-
formed as well, revealing the survival of frequency comb up to 100K
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d, e Fitting of the frequency comb with the Fourier transform of Eq. (6) for the
633nm and 532nm data, respectively. f Simulation of the atomic movement in the
real space for the frequency comb in (d), compared with inverse Fourier transform
from the Lorentzian part of the fit in Fig. 2a. The insets highlight the first revival of
the oscillation.
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(Fig. 5b). The temporal evolution of the frequency combs in CrSiTe3
features a weaker revival of the signal, consistent with the fact that
smaller α0 represents less reveal of anharmonicity. Nevertheless, the
signal still survives long time as reflected by the small linewidth
observed in the Raman spectrum (Fig. 5c).

Discussion
In this study, we have demonstrated the spontaneous formation of
phonon frequency combs in the van der Waals materials CrGeTe3 and
CrSiTe3 using high-resolution Raman scattering. Our simplified analy-
sis, which includes anharmonic interactions within the atomic poten-
tial between Si/Ge dimers, matches the experimental results well. This
suggests that the anharmonicity in these systems is not strongly linked
to rapid phonon decay, a finding that raises interesting experimental
and theoretical questions.

For example, the assumptions underlying our phenomenological
model require further discussion. First, the origin of the coherent
mode is not typically observed in spontaneous Raman scattering
experiments, as higher-order excitations are significantly less probable
due to the small coupling constant. A plausible explanation is that
CrGeTe3 is a narrow-gap semiconductor with a band gap of approxi-
mately 300meV41. In this scenario, a Raman photon can excite an
electron to a real state within the conduction band, with subsequent
relaxation occurring via a cascade of phonon emissions, similar to
processes observed in resonant Raman scattering42. This interpreta-
tion aligns with the fact that resonant excitation can enhance multi-
phonon processes, even when the individual phonon-photon coupling
constants are weak. Moreover, the characteristic time scale of a typical
Raman process is on the order of 10 fs. Based on the energy-time
uncertainty relation, this corresponds to an energy uncertainty of
approximately 500 cm−1 (Fig. 4b). This energy uncertainty is consistent
with the uncertainty associated with the coherent state in both
CrGeTe3 and CrSiTe3, given by α0ℏω.

The second issue concerning the assumption is that our model
specifically requires that decoherence, as reflected in the

expectation value calculation, occurs during the phonon vibration
process, instead of other Raman processes such as the absorption of
the photon by the electrons and the detection of scattered light
waves. This is a complex problem that demands both theoretical and
experimental investigations beyond this work. On the theoretical
side, a more detailed quantum model incorporating phonon, elec-
tron, and photon states is necessary to rigorously describe the
interplay between these degrees of freedom and their role in
decoherence. Experimentally, further studies could involve stimu-
lated Raman scattering, which allows better control over the phonon
oscillation amplitude43.

Nevertheless, regardless of the theory details, we have shown
experimentally that frequency-based technologies such as Raman
scattering and infrared spectroscopy serves as a powerful probe for
investigating high-frequency nonlinear phonon modes, particularly in
the 5–15 THz range, where temporal techniques such as ultrafast
pulsed lasers often face limitations in pulse bandwidth. Specifically,
our work highlights Raman scattering as an effective tool for studying
the dynamics of these modes and provides a route to explore fre-
quency comb generation in optical phonon branches of crystalline
solids, with implicit phonon coherence. To confirm this coherence, the
development of new technologies that enable ultrafast phonon exci-
tation in the 5–15 THz range will be necessary44. These findings offer
insight into the generation and control of long-lived, tunable nonlinear
phonons, with potential applications in ultrafast material control and
phonon-based technologies.

Methods
Single crystals of CrGeTe3 were grown using a self-flux method.
Cr, Ge, and Te powders in a mass ratio of 1:2:20 were mixed and
sealed in a quartz tube under vacuum. The mixture was heated to
1050 °C and then cooled down to 475 °C. The crystals were har-
vested after removing the Ge-Te flux. CrGeTe3 crystals were
mounted in a closed-cycle helium cryostat (from Cryo Industries
of America, Inc.) with a window for optical access. Surface layers
of the crystals were exfoliated using adhesive tapes to obtain
fresh sample surfaces. Single crystals of CrSiTe3 were grown with
a self-flux method using high-purity Cr, Si, and Te in a 1:2:6 molar
ratio, loaded into a 5 ml alumina crucible. A catch crucible with
quartz wool was placed above and the assembly sealed in a quartz
tube under ~1/3 atm of argon. The ampoule was heated to 1150 °C
over 8 h, held for 16 h, then cooled to 700 °C at 3 °C/h, at which
point the flux was decanted40. Raman measurements were con-
ducted using both 532 nm and 633 nm lasers with 0.3 mW power.
The laser beam was focused to a spot size of 2–3 μm on the
probed sample using a 40x objective lens. Raman spectra were
acquired using a Horiba LabRAM HR Evolution Raman microscope
that is equipped with an 1800 grooves/mm grating and 100 μm
slit width (with instrumental resolution of 0.4 cm−1) and a
thermoelectric-cooled CCD. A superconducting magnet (also
from Cryo Industries of America, Inc.) was interfaced with the
variable-temperature helium cryostat to apply an out-of-plane
magnetic field. All measurements were performed at base pres-
sure lower than 7 × 10−7 torr.

Data availability
The data supporting the findings of this study, including those used to
generate the plots, are available on the Harvard Dataverse at https://
doi.org/10.7910/DVN/HAT1SC. Part of the data in Fig. 3e and Supple-
mentary Fig. S4b is adapted from refs. 23, 45–47, respectively.

Code availability
The code used for plotting, fitting, andmodeling the Raman spectra is
available on the Harvard Dataverse at https://doi.org/10.7910/DVN/
HAT1SC.
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