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Parametric resonances and amplification have led to extraordinary photoinduced phenomena in pump-
probe experiments. While these phenomena manifest themselves in out-of-equilibrium settings, here, we
present the striking result of parametric amplification in equilibrium. We demonstrate that quantum and
thermal fluctuations of a Raman-active mode amplifies light inside a cavity, at equilibrium, when the
Raman mode frequency is twice the cavity mode frequency. This noise-driven amplification leads to the
creation of an unusual parametric Raman polariton, intertwining the Raman mode with cavity squeezing
fluctuations, with smoking gun signatures in Raman spectroscopy. In the resonant regime, we show the
emergence of not only quantum light amplification but also localization and static shift of the Raman mode.
Apart from the fundamental interest of equilibrium parametric amplification, our Letter suggests a resonant
mechanism for controlling Raman modes and thus matter properties by cavity fluctuations. We conclude by
outlining how to compute the Raman-cavity coupling, and suggest possible experimental realizations.
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Introduction—Driving condensed matter with light
provides a methodology of controlling its properties in a
dynamic fashion, in contrast to the established, static
methods, as reflected in recent scientific studies [1–4].
In this effort, driving matter with laser light has proved to
be a remarkably versatile tool in engineering properties of
quantum materials such as controlling ferro-electricity [5],
magnetism [6–9], superconductivity [10–15], topological
features [16], and charge ordering [17,18]. Even more
interestingly, driving with light has provided the possibility
to create novel nonequilibrium states. A notable example
includes photonic time crystals [19–23], materials that can
function as parametric amplifiers for light. Another exam-
ple is time crystals, denoting a robust, collective dynamical
many-body state, in which the response of observables
oscillates subharmonically [24–32].
The conceptual approach of dynamical control with light

can be extended to the equilibrium domain through cavity-
matter hybrids, see, e.g., [33–35]. This advancement of
control via light involves replacing laser driving by quantum
light fluctuations which are strongly coupled to matter
through cavities [36], plasmonic resonators [37], surfaces
hosting surface phonon polaritons [38,39], and photonic
crystals [40]. The feasibility of this approach has been
demonstrated experimentally, with examples including
manipulation of transport [41], control of superconducting

properties [42], magnetism [43], topological features [37],
cavity control of chemical reactivity [44–46], and cavity-
enhanced spectroscopy [47–50].
In this Letter, we demonstrate that quantum and thermal

noise of a Raman-active mode, can amplify cavity fluctua-
tions in equilibrium. We emphasize that parametric ampli-
fication generally occurs in driven systems while here we
present it in the context of an equilibrium amplification
process. This amplification can in turn be used to reso-
nantly control properties of matter and constitutes a novel
method of light control, for Raman-cavity systems.
Our starting point is the nonlinear coupling between

Raman active collective modes and light. Here Raman-
active modes could be Raman phonons [51–53], molecular
vibrations [13], Higgs modes in superconductors [54–56],
and amplitude modes in charge density waves [18] that
are even under inversion symmetry, and the electric field
of a local cavity mode [57]. Therefore, at leading order,
the Raman-light Hamiltonian reads HRaman light ¼ λQE2

cav

where Ecav is the electric field in the cavity, Q is the
coordinate of the Raman mode and λ is the light-matter
coupling. This quadratic coupling includes parametrically
resonant processes of the type â†â†b̂þ â â b̂†, where â
and b̂ are the photon and Raman annihilation operators,
respectively. In the presence of coherent Raman oscilla-
tions, hbðtÞi ¼ A0eiωRt, at the Raman frequency ωR, the
above coupling leads to exponential growth of the light
field when the cavity frequency ωc satisfies the parametric
resonant condition, 2ωc ¼ ωR. This observation naturally
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leads to the question: can a randomly fluctuating field
coming from Raman quantum fluctuations also amplify
light? We find that the answer is yes which we demon-
strate below.
To study this phenomenon, we use an open truncated-

Wigner approximation method (open TWA) [58–60] to
simulate the semiclassical dynamics of the Raman-cavity
hybrids in the quantum fluctuation regime. We also
determine the signatures of equilibrium parametric ampli-
fication using Raman spectroscopy [Fig. 1(a)]. We find that
a prominent feature of parametric resonance and equilib-
rium light amplification is the appearance of two Raman
polariton branches as shown in Fig. 1(b). We call this
polariton parametric Raman polariton and its formation is
attributed to the nonlinear process of mixing squeezed
photon fluctuations with the Raman coordinate. This is
substantially different to the existent polariton panorama
where polaritons typically arise from a linear coupling
between matter degrees of freedom and light [61]. To
quantify the coupling between the Raman mode and the
cavity, we compute the resonance splitting between the
upper and lower parametric Raman polariton. This is a
nonlinear extension of the usual Rabi splitting in the case of
infrared active phonon polaritons [36]. We use a Gaussian
theory to provide an analytical expression for this splitting

as a function of the coupling strength which agrees well
with the simulations.
The key features of the parametric Raman polariton are as

follows: (i) The vacuum fluctuations of the cavity mode are
amplified. (ii) The fluctuations of the Raman are reduced, in
response to the amplification of the cavity fluctuations. This
corresponds to a localization of the Raman mode. (iii) The
average position of the Raman mode is statically shifted due
to the cavity fluctuations as shown schematically in Fig. 1(c).
These observations suggest that this mechanism can be used
to resonantly modify and control both the Raman mode and
the cavity in equilibrium. Furthermore, we conclude by
proposing realistic experimental set-ups where this phe-
nomenon can be observed.
Raman-cavity model and Raman spectroscopy—We

consider a model, in which cavity field fluctuations are
locally coupled to a Raman coordinate. The Hamiltonian
for this system is given by

H
ℏ
¼ ωcâ†âþ ωRb̂

†b̂þ g
�
b̂† þ b̂

��
â† þ â

�
2

þ g4
4

�
â† þ â

�
4: ð1Þ

The cavity creation (annihilation) operator is â† (â) and ωc

is the cavity frequency. b̂† and b̂ are the creation and
annihilation operators for the Raman mode of frequency ωR
and g is the coupling strength between the cavity and
Raman mode. To connect these operators to the electric
field in the cavity we require that Ê2

cav ¼ E2
0ðâþ â†Þ2,

where E2
0 is the nonzero quantum noise of the electric field

in the cavity that can be measured experimentally [37],
while the cavity itself is in equilibrium, hÊcavi ¼ 0 and the
Raman coordinate is given by Q̂ ¼ ½ðb̂† þ b̂Þ= ffiffiffiffiffiffiffiffiffi

2ωR
p �. The

last term of strength g4 is an Ê4
cav type of nonlinearity

necessary to make the system stable for finite coupling
g <

ffiffiffiffiffiffiffiffiffiffi
g4ωR

p
=2, a condition that is found analytically

in Ref. [62].
We propose Raman spectroscopy as a natural probe

for Raman polaritons. The spectroscopic protocol consists
of an incoming probe laser of frequency ωp that can be
scattered to free space as outgoing photons with frequency
ωs after interacting with the Raman medium through a
stimulated Raman scattering (SRS) [see Fig. 1(a)].
The probe is assumed to be a coherent light-source with

an associated electric field EpðtÞ ¼ E0
p sinðωptÞ whereas

the scattered photons are described by the Hamiltonian
Hs=ℏ ¼ ωsâ

†
s âs. The SRS Hamiltonian can be written as

Hp

ℏ
¼ gsEpðtÞ

�
b̂† þ b̂

��
â†s þ âs

�
; ð2Þ

where â†s (âs) is the creation (annihilation) operator for
scattered photons and gs the coupling between the Raman

FIG. 1. Parametric Raman polaritons. (a) Sketch of a Raman
medium (blue) coupled to a single cavity mode of frequency ωc
(light-red shading) with a constant coupling g. Light can leak out
of the cavity at a total decay rate κ while γ represents the damping
associated with the Raman mode ωR. The wavy lines at the top
and bottom represent a Raman spectroscopy scheme in which a
probe field EpðtÞ of frequency ωp is sent into the sample, and a
detector (in green) collects the scattered photons at different
frequencies ωs giving information about the hybrid Raman-cavity
system. (b) Representative Raman spectrum (in purple) in which
an avoided crossing appears at the resonant condition ωR ¼ 2ωc
indicating the existence of two branches, the upper (URP) and
lower (LRP) Raman polaritons. (c) Sketch of how Raman (blue)
and cavity (red) properties are modified due to the coupling g.
Full circles represent the equilibrium position and shaded regions
indicate fluctuations. In the resonant regime the cavity fluctua-
tions are amplified while the Raman mode is statically shifted and
localized, i.e., its fluctuations decrease.
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mode and photons being scattered. The requirement for
weak probing is that gsE0

p is much smaller than g, as wewill
choose in the following.
Considering the total Hamiltonian Ht ¼ H þHp þHs

we derive the corresponding Heisenberg-Langevin equa-
tions of motion and use the open TWA method to solve the
dynamics. This semiclassical phase-space method captures
the lowest order quantum effects beyond mean-field treat-
ment as demonstrated in different contexts [58–60,67] and
consists of sampling the initial states from the correspond-
ing Wigner distribution to take into account the quantum
uncertainty. The equations of motion for the complex fields
a, b, and as associated with cavity, Raman motion and
scattered photons operators are given by

i∂ta ¼ ωcaþ 2gðaþ a�Þðbþ b�Þ þ g4ðaþ a�Þ3
− iκaþ iξa; ð3Þ

i∂tb ¼ ωRbþ gðaþ a�Þ2 þ gsEpðtÞðas þ a�sÞ
− iγðb − b�Þ=2 − ξb; ð4Þ

i∂tas ¼ ωsas þ gsEpðtÞðbþ b�Þ − iκsas þ iξs: ð5Þ

Here κ, γ and κs are the decay rates associated with the
cavity, Raman and scattered photon field while ξa, ξb, and
ξs are sources of Gaussian noise obeying the autocorrela-
tion relations hξ�aðt1Þξaðt2Þi¼ κδðt1− t2Þ, hξbðt1Þξbðt2Þi ¼
γδðt1 − t2Þ, and hξ�sðt1Þξsðt2Þi ¼ κsδðt1 − t2Þ. ξa and ξs are
complex valued whereas ξb is real-valued and, along with
the damping term, enters only in the equation of motion for
the imaginary part of the Raman field which is associated
with the momentum of the Raman mode. The choice for the
Raman mode is motivated by the Brownian motion in
which the frictional force is proportional to the velocity.
We simulate the quantum Langevin Eqs. (3)–(5) using a

stochastic ordinary differential equation solver and com-
pute relevant observables in the steady state. To initiate the
dynamics we ramp out g from zero to a finite value and wait
for the steady state before turning on the probe field EpðtÞ.
In particular, we define the Raman spectrum as the number
of scattered photons ns ¼ jasj2 as a function of their
frequencies which is computed after a certain time of
exposure to the probe field [62].
Parametric Raman polaritons—In Fig. 2(a) we show the

Raman spectra nsðωÞ for different cavity frequencies and a
fixed g where ω ¼ ωp − ωs is the Raman shift. Away from
resonance we see only one peak at ω ≈ ωR, which corre-
sponds to the Stokes peak [68,69] of the Raman mode [70].
Near the resonance at ωc ¼ ωR=2 a second peak appears
showing an avoided crossing, which signals the existence
of a Raman polariton. To gain insight into the two polariton
branches found numerically using the TWA method,
we employ a Gaussian approximation [62]. Within this
method, we find that the two polariton branches arise from

resonant coupling between the Raman mode oscillating at
ωR and Gaussian squeezing oscillations of the photon,
oscillating at 2ωc leading to a new Raman polariton.
We have computed analytically the dispersion of the lower
and upper Raman polariton branches which are plotted
with black dashed lines in Fig. 2(a), showing good agree-
ment with the two numerical peaks in the Raman spectrum
(indicated by ϵLRP and ϵURP). The exact position of the
avoided crossing is shifted to the left compared to the
condition ωc ¼ ωR=2, due to the renormalization of
the cavity frequency by nonlinear interactions. Within
the Gaussian approximation the effective cavity frequency
is found to be ω̄c ¼ ωc − 12g2=ωR þ 3g4 so the improved
estimate of the resonance condition is ω̄c ¼ ωR=2.
To quantify the strength of the Raman-cavity coupling,

we define the Raman Rabi splitting as the difference
between the upper and lower Raman polaritons on reso-
nance, 2δ ¼ ϵURPðω̄c ¼ ωR=2Þ − ϵLRPðω̄c ¼ ωR=2Þ. In
Fig. 2(b) we plot the dependence of the Raman polariton
branches on resonance ϵrURP ¼ ϵURPðω̄c ¼ ωR=2Þ and
ϵrLRP ¼ ϵLRPðω̄c ¼ ωR=2Þ on the coupling strength g, and
overlay the analytical prediction. The Rabi splitting grows
linearly with g and is given by the expression

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hx̂2iωR

q
ð1 − 27g4hx̂2i3=2ÞgþOðg3Þ: ð6Þ

Interestingly, the Gaussian theory suggests that the Rabi
splitting could be parametrically enhanced by the cavity
quantum fluctuations hx̂2i, where x̂ ¼ ½ðaþ a†Þ= ffiffiffiffiffiffiffiffi

2ωc
p �.

Perturbatively, hx̂2i ¼ ð1=2ωcÞ þOðg2Þ, which is the value
we use in Eq. (6) to plot the dashed lines in Fig. 2(b).
Equilibrium parametric amplification—While Raman

spectroscopy provides experimental evidence for strong
Raman-cavity coupling, we now expand the discussion to
the equilibrium properties of the Raman polariton which
exhibit equilibrium parametric amplification. This phenom-
enology corresponds to the amplification of photon fluc-
tuations accompanied by a localization of Raman mode
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FIG. 2. (a) Raman spectra nsðωÞ for different cavity frequencies
ωc. We consider a probe laser of strength gsE0

p ¼ 0.04ωR and
frequency ωp¼5ωR with g¼0.04ωR, g4¼ κ¼ γ¼ κs¼0.01ωR.
(b) Raman polariton branches at resonance (ω̄c ¼ ωR=2) as a
function of the coupling g. In both panels, the dashed black lines
correspond to an analytical solution using a Gaussian approxi-
mation theory.
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fluctuations, i.e., suppression of fluctuations, depicted
schematically in Fig. 1(c).
To illustrate the modification of each subsystem due to

the coupling, we determine the deviation of the Raman and
cavity fluctuations δQ2 and δx2 from the uncoupled case as

δQ2 ¼ hQ̂2i − hQ̂2i0
hQ̂2i0

; δx2 ¼ hx̂2i − hx̂2i0
hx̂2i0

; ð7Þ

where h…i denotes the expectation value for a finite
coupling g and h…i0 the expectation value in the absence
of coupling and cavity nonlinearities (g ¼ g4 ¼ 0). As in
the previous section, x̂ is the cavity coordinate which is
related to the electric field, Êcav ¼

ffiffiffiffiffiffiffiffi
2ωc

p
E0x̂, where E0 is

the electric field amplitude of the noise of the cavity mode.
Note that also δx2 ¼ ½ðhÊ2

cavi − hÊ2
cavi0Þ=hÊ2

cavi0� is the
variation of the quantum fluctuations in the electric field.
To compute these Raman and cavity fluctuations we set the
probe field EpðtÞ in Eqs. (3)–(5) to zero and average over
steady states of the Langevin equations of motion [62].
In Fig. 3 we show δQ2 and δx2 as well as the Raman

coordinate Q ¼ hQ̂i for different cavity frequencies and
coupling strengths g. In all cases, a clear resonance can be
seen around ωc ≈ ωR=2 indicating a resonant regime in
which both the Raman mode and cavity fluctuations are
strongly modified. In this regime, the Raman fluctuations
are suppressed by the cavity, δQ2 < 0, so the Raman mode
is localized while the cavity fluctuations are amplified by
the Raman mode δx2 > 0. Outside this resonant region the
Raman fluctuations are unaffected and remain the same as
in free space (δQ2 ≈ 0). In a similar way, for off-resonant
cavity frequencies, quantum vacuum fluctuations remain
practically unchanged [71] meaning that the Raman
medium barely perturbs the photon field (δx2 ≈ 0). This

observation justifies our choice to consider the coupling of
a single cavity mode with a single Raman mode: due to the
resonant character of the interaction, we expect that other
off-resonant modes do not contribute.
For the parameters used in Fig. 3, on resonance and close

to the instability g ≈ ffiffiffiffiffiffiffiffiffiffi
g4ωR

p
=2, the Raman mode is strongly

localized by ∼40% compared to the case of Raman
fluctuations in free space while the photon field increases
by the same amount with respect to the empty cavity case,
even though the coupling is only g ∼ 4%ωR. We emphasize
that the values g used here are of the same order of
magnitude as the decay rates γ and κ. Therefore the system
is between the weak and strong coupling regime but not in
the ultrastrong coupling situation (g > ωc), where these
resonant effects may be more pronounced [72].
In Fig. 3(c) the expectation value of the Raman coor-

dinate Q is shown as a function of coupling strength g and
cavity frequency ωc. A clear shift of the Raman coordinate
is observed for large values of g which represents another
form of control of the Raman mode by the cavity field.
This is reminiscent of displacive excitation of coherent
phonons [73–75]. However in the scenario considered
here, the phonon shift occurs in equilibrium. Thus, the
Raman mode is not only localized but also its coordinate is
shifted by the vacuum fluctuations. This shift is an off-
resonant process and therefore depends only weakly on
the parametric resonance compared to the fluctuations in
Figs. 3(a) and 3(b).
We have checked that these parametric resonances in

δQ2, δx2 and shift in Q also occur for thermal states
and survive for stronger nonlinearties g4 and larger decay
rates [62]. Interestingly, thermal fluctuations are less
effective in localizing the Raman mode and amplifying
cavity fluctuations, but create a larger shift in the Raman
coordinate.
Experimental platforms—Our mechanism can be realized

in materials hosting Raman modes, coupled resonantly with
a cavity in the THz range. Interestingly, the strong coupling
regime between infrared phonons and a tunable THz cavity
has been experimentally demonstrated [36] opening the door
to the study of Raman-active materials in cavities using
Raman spectroscopy [Fig. 1(a)]. Possible material candi-
dates might be functionalized graphene nanoribbons with
Raman activity around 6 THz [76], twisted bilayer graphene
with low Raman modes ≲3 THz [77] or transition metal
dichalcogenides (TMDs) with ultralow modes below 1 THz.
All these examples lie in the experimental frequency range
of up to ∼8 THz in different types of cavities [36,37,78,79].
The Raman-cavity coupling between the cavity mode

and the zero-momentum Raman mode can be computed
from first principles through the Raman tensor [62] and is
given by

g
ωR

¼
ffiffiffiffi
N

p

2

ϵ0E2
0Vcell

ωR
R̃; ð8Þ
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FIG. 3. (a),(b) Variation of Raman and cavity fluctuations
compared to the uncoupled case g ¼ 0 (see text) for different
cavity frequencies and coupling strengths g. (c) Raman displace-
ment in units of the quantum oscillator length associated to the
Raman mode Q0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=MωR

p
. The dashed lines represent the

parametric resonant condition ωR ¼ 2ω̄c. On resonance, the main
features of parametric Raman polaritons appear: localization (a)
and shift (c) of the Raman mode in favor of cavity field
amplification (b). The decay rates and nonlinear interaction g4
are the same as in Fig. 2.
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where ϵ0 is the vacuum permittivity, Vcell is the volume of
the unit cell of the material hosting the phonon mode and
N ¼ ðVsamp=VcellÞ is the total number of unit cells in the
sample of volume Vsamp. The dimensionless Raman cou-
pling is given by R̃ ∝ e⃗c · ∂QϵðQÞ · e⃗c, which measures the
change in the electric permittivity ϵ as a function of a shift
of the Raman coordinate Q per unit cell, and e⃗c is the
polarization vector of the cavity. The electric field noise of a
cavity is given by, E0 ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðωc=ϵ0VeffÞ
p

[37] and therefore,
on parametric resonance ωR ¼ 2ωc, we estimate that
ðg=ωRÞ ∼ ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

VsampVcell
p

=VeffÞR̃.
To circumvent the possible limitation of weak g in Fabry-

Pérot cavities, due to the small value of Vcell=Veff , split-ring
resonators (SRRs) cavities could be a solution where large
cavity mode volume compression has been experimentally
demonstrated. Typically, SRRs are build with cavity
frequencies between 0.5–1 THz [78–80] which matches
the range of breathing Raman modes of the order of 1 THz
in twisted-TMDs like MoSe2 or WSe2 [66,81]. Thus the
condition 2ωc ¼ ωR can be satisfied. From the above
expression we may expect that also the coupling strength
will be particularly increased for these twisted bilayer
system of triangular lattices for twist angles around 0° or
60°, where the unit cell becomes very large. Considering
10 × 10 nm for the area of the unit cell, 1 μm2 for the
effective cavity area of SRRs, g=ωR ∼ 0.01 assuming R̃ ∼ 1
as estimated for twisted TMDs using density functional
theory [66]. For this gwe estimate that in the quantum noise
limit 2δ ∼ 0.03 THz, Q ∼ −0.02Q0 (typically below 1
picometer), δQ2 ∼ −0.2 and δx2 ∼ 0.2.
Conclusions—We have presented how parametric reso-

nances in Raman-cavity hybrids can be exploited to
amplify photon quantum noise and localize Raman modes
at equilibrium. Our Letter represents a proof of principle of
how this nonlinear type of hybridization between Raman
modes and photons, at the quantum fluctuation level, gives
rise to equilibrium parametric amplification that can be
leveraged to control quantum materials. In particular, the
cavity control of Raman-active phonons demonstrated here
is a crucial step towards cavity-material engineering in
more complex systems leading to a phase transition as
opposed to similar optomechanical few-body realizations.
Strongly coupled Raman phonons are responsible for
superconductivity in K3C60 [82], and statically shifting
one of these modes was proposed as a mechanism for
photoinduced superconductivity [13,39]. More broadly,
Raman phonons can change lattice symmetries, lift elec-
tronic orbital degeneracies [83], gap out gapless electronic
systems [84] and manipulate spin-spin interactions [85].
Our Letter paves the way to new studies on all of these
topics and the search of similar equilibrium parametric
amplification in different scenarios such as Higgs-
light hybrids in superconducting systems and in the
quantum information realm using the recent three-photon

quantum-optics development [86,87]. We further note
that the process described here represents the opposite
process to the parametric down conversion from one
photon to two phonons [88–90], and analogous conclu-
sions could be extended to these examples. Finally,
extending our analysis to multiple modes is a promising
route to explore sum-frequency excitations of the Raman
mode [91–93] in equilibrium.
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