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We show that spontaneous Raman scattering of incident radiation can be observed in cavity-QED
systems without external enhancement or coupling to any vibrational degree of freedom. Raman scattering
processes can be evidenced as resonances in the emission spectrum, which become clearly visible as the
cavity-QED system approaches the ultrastrong coupling regime. We provide a quantum mechanical
description of the effect, and show that ultrastrong light-matter coupling is a necessary condition for the
observation of Raman scattering. This effect, and its strong sensitivity to the system parameters, opens new
avenues for the characterization of cavity QED setups and the generation of quantum states of light.
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The Raman effect describes the inelastic scattering of
radiation by matter, in which scattered photons are pro-
duced with a frequency which is either lower (Stokes
photons) or larger (anti-Stokes photons) than the frequency
of the incident field [1–4]. In the context of quantum optics
and cavity quantum electrodynamics (cQED), this scatte-
ring is usually controlled and stimulated via a second
resonant drive [5–14] or a cavity [15–19], constituting the
basis of many key techniques of coherent control such as
coherent population trapping [5,6], electromagnetic
induced transparency [8,9] or stimulated Raman adiabatic
passage [11–14]. However, the standard observation of
spontaneous scattering of Raman photons in the absence of
any external stimulation typically arises when the illumi-
nating radiation couples to phonons in a material [1–4].
Since this provides a fingerprint of the molecular vibra-
tional modes of the sample, this effect serves as a valuable
spectroscopic tool for material characterization [20–25].
Thanks to the plasmonic enhancement of the Raman
processes in surface-enhanced Raman spectroscopy
[26–28], state-of-the-art experiments have reached regimes
where the quantum nature of the vibrational and electro-
magnetic modes need to be taken into account [29–31],
which has led to the field of molecular optomechanics,
where a full quantum description of Raman scattering is
provided via optomechanical Hamiltonians [32–38].
Here, we demonstrate the intriguing possibility of

observing spontaneous Raman scattering in coherently
driven cQED systems in which, in stark contrast to
molecular optomechanics, there are no vibrational degrees

of freedom. An important feature of the quantum descrip-
tion of Raman scattering is that the underlying process does
not conserve the total number of particles: for instance, in a
Stokes process, a single laser photon of given energy will
become a single, less energetic photon plus a vibrational
excitation—a phonon. The underlying Hamiltonian
must therefore not conserve the total number of excita-
tions, which is the case in optomechanical interaction
Hamiltonians of the form V̂OM ¼ gOMâ†âðb̂þ b̂†Þ (with
â and b̂ annihilation operators of photon and phonon
modes, respectively).
In contrast, let us consider the Hamiltonian describing

light-matter interaction between a cavity mode and single
dipole, modeled as a two-level system (TLS) with annihi-
lation operator σ̂. Their coupling is well described by
the interaction term of the quantum Rabi model (QRM),
V̂ ¼ gðâþ â†Þðσ̂ þ σ̂†Þ. The counterrotating terms in V̂
will play no role when the coupling rate is much smaller
than the natural frequency of the modes g ≪ ωc;ωq, in
which case the interaction is well described by the Jaynes-
Cummings term V̂ ≈ gðâσ̂† þ â†σ̂Þ [39,40]. This interac-
tion term conserves the total number of excitations, and
consequently—as we will show—most Raman scattering
processes will be forbidden in this regime. The situation
changes in the ultrastrong coupling (USC) regime, i.e., the
limit where g becomes comparable to ωc and ωq and the
counterrotating terms gðâ σ̂þâ†σ̂†Þ play an important role
in the dynamics [41,42]. Similarly to the optomechanical
case, the full QRM that describes the dynamics in the USC
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does not conserve the total number of excitations, and, as a
result, this regime features a wealth of exotic nonlinear
processes and applications [41–49]. We demonstrate that
the observation of spontaneous Raman scattering of pho-
tons from an coherent incident field is another characteristic
process of the USC regime. In particular, we show
unambiguous signatures of these processes in the emission
spectra of coherently driven cQED system in the USC
regime [50,51]. This result establishes USC cQED as a
novel scenario where Raman Stokes and anti-Stokes
photons are produced spontaneously without any vibra-
tional degree of freedom involved. Beyond exact numerical
calculations demonstrating the effect, we support these
results with predictions from a full quantum description of
the process of Raman scattering.
Model.—We consider the cavity QED system sketched in

Fig. 1(a), consisting of a single cavity mode of frequency
ωc, driven by a continuous classical field of frequency ωL,
and coupled to a point dipole described in the TLS
approximation, with a transition frequency ωq. Since we
will be mostly interested in describing the emission
spectrum of such a system, we will resort to the sensor
method developed in [52], adding an ancillary sensor qubit
of frequency ωs weakly coupled to the cavity, which has
been shown to also produce equivalent results to the
quantum-regression theorem in the USC limit [50,51,53].
The spectrum of emission at frequency ωs will thus be
proportional to the rate of emission from the sensor qubit.
The Hamiltonian of this system has the form Ĥ ¼

Ĥfree þ ĤI þ Ĥdrive. Setting henceforth ℏ ¼ 1, the first

term is simply the free Hamiltonian Ĥfree ≡ ωcâ†âþ
ωqσ̂z=2þ ωsσ̂

s
z=2, where â is the bosonic annihilation

operator of the photon field, and σ̂i (σ̂si ) are standard
Pauli operators defined on the TLS (sensor) Hilbert space.
The second term, ĤI , describes light-matter interaction.
In order to write it, we define the polarization ope-
rator associated to the TLS and the sensor as P̂ ¼
ðμσ̂p þ μsσ̂sxÞδðr − r0Þ, where the TLS operator σ̂p is given
by σ̂p ≡ cos θσ̂x þ sin θσ̂z, and μ and μs are the respective
dipole moments of the TLS and sensor. This definition
includes the possibility of a TLS with a permanent dipole
moment, parametrized through the angle θ, which breaks
the conservation of parity Π̂ ¼ exp½iπðâ†âþ σ̂zÞ� and
could be induced, e.g., by the flux offset in a flux qubit
[43]. In the dipole gauge, the interaction Hamiltonian thus
takes the form [54]:

ĤI ¼ iηωcðâ† − âÞσ̂p þ ωcηs½iðâ† − âÞ þ 2ησ̂p�σ̂sx; ð1Þ

where η and ηs are the dimensionless coupling parameters
between cavity and TLS and sensor, respectively. This
Hamiltonian is obtained following the approach in
[50,55,56], which implements consistently the gauge prin-
ciple and provides gauge-invariant results even in the pre-
sence of approximation such as the truncation of the Hilbert
space of the matter system. Finally, the drive Hamiltonian
reads ĤdriveðtÞ ¼ Ω½iðâ − â†Þ − 2ησ̂x� cosðωLtÞ [50,51].
Further details on the derivation of this Hamiltonian are
provided in Supplemental Material [57].
Since the setup under consideration is an open quantum

system, dissipation must be accounted for by describing the
dynamics in terms of a quantum master equation. In the
USC regime, the treatment of dissipation, input-output
relationships, correlations, driving, and photodetection
rates requires a proper description of the system-bath
interaction in terms of the light-matter eigenstates [71–
74]. Following the approach in Refs. [51,75], we write a
generalized master equation, which is valid at any light-
matter coupling strength (details are given in [57]). In the
limit of zero temperature, the master equation reduces
to the simple form _̂ρ ¼ −i½Ĥ; ρ̂� þ κLX̂þ½ρ̂� þ γLΣ̂þ½ρ̂�þ
ΓLΣ̂þ

s
½ρ̂�, where LÔ½ρ̂�≡ Ô ρ̂ Ô† − fÔ†Ô; ρ̂g=2 denotes

the standard Lindblad terms. Defining jii as the ith
eigenstate of the full QRM, including the sensor, the decay
operators are given by X̂þ ¼ P

j¼1

P
k>jhjj½iðâ − â†Þ −

2ησ̂x�jkijjihkj for the cavity, Σ̂þ ¼ Σ̂þðσ̂;ωqÞ for the TLS,
and Σ̂þ

s ¼ Σ̂þðσ̂s;ωsÞ for the sensor, where Σ̂þðx̂;ωxÞ≡
i
P

j¼1

P
k>jhjjx̂jkijjihkjωkj=ωx [57], and κ, γ, and Γ are

the decay rates of the cavity, TLS, and sensor, respectively.
Since counterrotating terms in Ĥdrive cannot be straight-

forwardly eliminated in the USC regime, the dynamics at
long times will yield a time-dependent density matrix
oscillating around an average steady state ρ̂ss þ δρ̂ðtÞ.
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FIG. 1. (a) Scheme of the cavity QED system considered in this
Letter: a quantum emitter interacting with a single cavity mode in
the ultrastrong-coupling regime and spontaneously scatters a
Raman photon from an incident exciting field. (b) Top: transition
energies between the first two excited eigenstates of the light-
matter system and the ground state, versus the normalized
coupling parameter η. Bottom: spectrum of emission for
η ¼ 0.3. ωL ¼ 1.1ωc. The red line indicates the frequency at
which Stokes photons are emitted, originating from the process
sketched in (c).
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Here, we consider the limit of a very small drive Ω ≪ ηωc,
so that these oscillations become negligible, and thus we
focus on the average steady state ρ̂ss [57]. We consider that
the stationary rate of emission from the sensor is propor-
tional to the spectrum of emission at the sensor’s frequency,
i.e., SðωsÞ ∝ Tr½ρ̂ssΣ̂−

s Σ̂þ
s �, with the sensor’s decay rate Γ

corresponding to the filter linewidth.
Scattering of Raman photons.—Figure 1(b) depicts an

example of the emission spectrum. Here and in the
following we fix, unless stated otherwise, ωq ¼ ωc,
θ ¼ π=6, η ¼ 0.3, ηs ¼ 10−5, Ω ¼ 5 × 10−3ωc, κ ¼
γ ¼ Γ ¼ 10−3ωc, and ωL ¼ 1.1ωc. At first glance, one
can observe the presence of a resonance peak at the cavity
frequency, and further peaks that match transition energies
between the light-matter eigenstates, displayed in the top
panel of Fig. 1(b). In addition to these, one can observe an
additional peak that corresponds to the spontaneous scat-
tering of a Stokes photon. The corresponding Raman
process that gives rise to this peak is sketched in Fig. 1(c).
Via a second-order process, an input laser photon of
frequency ωL is converted into a lower-energy Raman
photon of energy ωR and a light-matter excitation of energy
ω1. Since energy must be conserved in the whole process,
the energy of the Stokes photon is expected to be
ωR ¼ ωL − ω1, and thus it depends linearly with the laser
excitation. We note that, in the different context of
scattering of propagating single photons in waveguide
QED in the USC, evidences of Stokes scattering have also
been observed [76].
In order to understand the emergence of Raman peaks

and its dependence on system parameters such as g or θ, we
develop here a full quantum description of the Raman
scattering process. To do this, we consider that the cavity is
coupled to a broad quasicontinuum of modes with
Ĥb ¼

P
q ωqb̂

†
qb̂q, which will contain the incident radia-

tion field and the scattered Raman photons. The total
system Hamiltonian is Ĥtotal ¼ ĤR þ Ĥb þ V̂b, where ĤR

is the quantum Rabi Hamiltonian (Ĥ above, without the
sensor and the drive terms) and V̂b ¼

P
q gqðb̂q þ b̂†qÞX̂,

with X̂ ≡ âþ â†. Notice that, in the USC regime, one
cannot straightforwardly drop in V̂b the counterrotating
terms of the form b̂qâ. A rotating wave approximation can
only be done with respect to the positive and negative-
frequency parts of X̂ in the eigenbasis of the QRM;
however, for our current analysis, this approximation is
not necessary, and we do not carry it out. In the follow-
ing, we consider ĤR þ Ĥb as the unperturbed, bare
Hamiltonian, and we express ĤR in diagonal form as
ĤR ¼ P

j ωjjjihjj, where we chose the labeling of the
states such that ωk > ωj for k > j. The Raman scattering
process can be described by second-order perturbation
theory under the constant perturbation V̂b. Let us consider
an initial state jIii ¼ ji; nL; nRi, where the first entry labels

the eigenstates of ĤR, nL labels the photon number in the
input mode—the laser drive—with frequency ωL, and nR
indicates the photon number in the output mode of
frequency ωR, where Raman photons are being emitted.
We are considering here only the two modes involved in the
scattering process; all the other modes of the quasicontin-
uum are assumed to be in the zero-photon states throughout
the process. The energy of the initial state is ωI;i ¼
ωi þ ωLnL þ ωRnR. Then, we consider a final state jFfi ¼
jf; nL − 1; nR þ 1i, with energy ωF;f¼ωfþωLðnL−1Þþ
ωRðnRþ1Þ. Energy conservation implies ωF;f ¼ ωI;i, and,
therefore, for a particular choice of initial and final states i
and f, the energy of the corresponding Raman photons is

ωR ¼ ωðf;iÞ
R ≡ ωL − ðωf − ωiÞ: ð2Þ

We stress that this dependence of ωR with the eigenvalues
of the QRM allows us to unambiguously identify the origin
of these Raman peaks as a pure cQED effect, in contrast to
the case of Raman scattering due to coupling to phonons, in
which the position of the peaks would be defined by the
phonon energy, and therefore would depend on parameters
external to the QRM [32], as we discuss further in [57]. In
this process, jFfi is connected to the initial state jIii by a
second-order process involving an intermediate virtual
state. It is possible to identify two kinds of intermediate
states, jT1i and jT2i, describing, respectively, the process
(i) where a photon is first absorbed from the input state:
jT1i¼ jj;nL−1;nRi, with energy ωT1

¼ωjþωLðnL−1Þþ
ωRnR; and the process (ii) where a photon is first emitted
into the output mode: jT2i ¼ jj; nL; nR þ 1i, with energy
ωT2

¼ ωj þ ωLnL þ ωRðnR þ 1Þ.
The rate of the process jIii → jFfi given by the Fermi

golden rule, for a given ωL, i, and f, is

Wf;iðωL;ωRÞ ¼
2π

ℏ
g2Rg

2
LnLðnR þ 1ÞjMf;ij2δðωR − ωðf;iÞ

R Þ;
ð3Þ

where ωf;i ¼ ωf − ωi and

Mf;iðωL;ωRÞ ¼
X
j

�
Xf;jXj;i

ωT1
− ωIi

þ Xf;jXj;i

ωT2
− ωIi

�
; ð4Þ

with Xf;j ≡ hfjðâþ â†Þjji. Notice that ωT1
− ωI;i ¼ ωj;i −

ωL and ωT2
− ωI;i ¼ ωj;i þ ωðf;iÞ

R . The total scattering rate
for the process is obtained by summing over all possible
initial and final states, which will be constrained by the
energy-conservation condition in Eq. (3), giving

WðωL;ωRÞ ¼
X
f;i

Wf;iðωL;ωRÞρssi ð1 − ρssf Þ; ð5Þ

where ρssk is the steady-state occupation probability of the
eigenstate jki of ĤR. For a system at very low temperatures
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and low driving which is mostly in the ground state, so that
ρss0 ≈ 1, we obtainWðωL;ωRÞ ¼

P
f Wf;0ðωL;ωRÞ. There-

fore, if Raman spectroscopy is performed by probing cQED
systems that are close to the ground state, only the family of
Raman processes that start from j0i are expected to be
observed.
Visibility of Raman processes.—The quantum scattering

process outlined above manifests as resonances in the
spectrum of emission, centered at the frequencies ωðf;iÞ

R ,
and they are clearly identified when this spectrum is
represented versus the excitation frequency in the form
of an excitation-emission spectrum. Numerical calculations
of excitation-emission spectra at two different temperatures
are shown in Figs. 2(a) and 2(b). Raman peaks have a
characteristic feature that distinguishes them from peaks
arising from standard radiative transitions: their central

frequency ωðf;iÞ
R depends linearly on the laser frequency ωL,

manifesting as diagonal lines in the excitation-emission
spectrum. The Raman peaks that are most clearly identified
in Figs. 2(a) and 2(b) are labeled in Fig. 2(c). At low
temperatures, the most visible ones are Stokes processes
that start at the ground state of the light-matter system and
end at some excited state jfi (we label these Stokes

processes as ωðf0Þ
S ). In agreement to what is expected from

Eq. (5), at small temperatures, Stokes processes that start in
an excited state are hardly visible or not visible at all; in

Fig. 2(c) we highlight the process ωð21Þ
S —starting in j1i and

finishing in j2i—which is the one that can be recognized in
certain regions of the spectra shown. Likewise, the emis-
sion of anti-Stokes photons with frequencies larger than the
drive frequency is only clearly visible at finite temper-
atures: these processes require the energy of the final state
of the cQED system to be lower than the initial one, and
therefore, the initial state needs to be an excited state with a

non-negligible stationary occupation probability. These
calculations also show that higher-order, hyper-Raman
processes are faintly visible as well in the excitation
emission spectra. These processes scatter two incident
laser photons into a Raman photon, and therefore con-
servation of energy establishes that the frequency of the

hyper-Raman photons must be ωðfiÞ
R ¼ 2ωL − ðωf − ωiÞ.

Such processes are then identified in the excitation-
emission spectra as straight lines with twice the slope of
standard Raman processes.
All the features just outlined are clearer when one

approaches the ultrastrong coupling regime of light-matter
interaction, η ∼ 0.1, so that the matrix elements Xk;j in
Eq. (3) acquire sizable values. Indeed, Fig. 3(a) shows the
calculation of the scattering rate W versus η computed
through Eq. (5) for the Stokes process j0i → j1i, which is
the most visible one in a system close to the ground state,
compared to the intensity of the corresponding Raman peak
computed in the excitation emission spectra. Beyond the
good agreement between both results, which supports our
description of the underlying quantum process, we high-
light the exponential increase of the intensity of the peak
with η. Way below the USC regime, the small values of
the scattering rate would make observing Raman processes
in cavity QED systems very challenging, as shown in
Fig. 3(c), where for η ¼ 0.01 the first Stokes peak is
extremely hard to notice.
It is illustrative to consider the possibility of Raman

processes in a cQED system with η ≪ 1, therefore well
described by a Jaynes-Cummings Hamiltonian. The eigen-
states of this system are organized in doublets jj�i that are
also eigenstates of the total number of excitations
N̂ ¼ â†âþ σ̂†σ̂, i.e., N̂jj�i ¼ jjj�i. This means that the
only Raman processes allowed are those that conserve the
total number of excitations, i.e., those whose initial and
final states are within the same doublet. Since processes

Stokes

Anti-Stokes 

Hyper-Raman 

(a) (b) (c) (d)

FIG. 2. Emission of Raman photons evidenced through excitation-emission spectra. (a) Excitation-emission spectrum at zero
temperature. Raman photons are revealed as diagonal lines (i.e., peaks with frequencies that depend on the laser frequency).
(b) Excitation-emission spectrum at nonzero temperature kBT ¼ 0.15ℏωc. Anti-Stokes peaks, which rely on the nonzero population of
exited states, are enhanced in this case. (c) Identification of some of the processes seen in panels (a) and (b), which include Stokes
(solid,red), anti-Stokes (dashed, blue) and hyper-Raman (dotted, green) photons. Parameters: ωq ¼ ωc, θ ¼ π=6, η ¼ 0.3, ηs ¼ 10−5,
Ω ¼ 5 × 10−3ωc, and κ ¼ γ ¼ Γ ¼ 10−3ωc.
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that start and end in the ground state yield ωR ¼ ωL and
therefore do not produce energy-shifted photons, the
observation of the most relevant Raman processes
that involve the ground state is not possible in the
Jaynes-Cummings system. Peaks that may be observed
in this limit, such as ω21

S and ω21
AS, are only vaguely visible

even in the ultrastrong-coupling regime, as can be seen in
Figs. 2(a) and 2(b), and would require a stationary
population of excited states, whose origin can imply extra
sources of dephasing. We therefore conclude that emission
of Raman photons from coherently driven cavity QED
systems is essentially a characteristic effect of the USC
coupling limit.
The presence or absence of certain Raman peaks also

provides information about microscopic parameters, such
as the static dipole moment parametrized by θ. Each peak
exhibits a characteristic dependence on θ, as we illustrate
in Fig. 3(b) with two particular examples, the Stokes peaks
ωð10Þ
S and ωð30Þ

S , showing that this dependence is well
captured by our quantum description of the process based
on perturbation theory. This example highlights that, in
some cases—such as for ωð10Þ

R —the breaking of parity
symmetry (θ ≠ 0) is necessary to observe the correspond-
ing Raman peak. For θ ¼ 0, eigenstates of the QRM are
also parity eigenstates, and thus only Raman processes that
conserve parity, such as j0i → j3i, will have a nonzero
scattering rate.
Finally, Fig. 3(d) shows that our quantum model pro-

vides a good qualitative prediction for the different
dependence of Stokes and anti-Stokes peaks on temper-
ature, showing that the intensity Stokes peaks is just

slightly reduced, while the intensity of anti-Stokes peaks
can be increased by orders of magnitude, explained by the
corresponding increase of the stationary population of
excited states.
Conclusions.—We have demonstrated that spontaneous

scattering of Raman photons from coherently driven cQED
systems can be visible in the USC regime without involving
any vibrational degree of freedom. This result introduces
new fingerprints of strong light-matter interaction that will
allow us to leverage the potential of Raman spectroscopy
for system characterization in the field of cQED. The
findings that we describe should be readily observable in
superconducting circuits platforms, where couplings
between single qubits and microwave resonators exceeding
η > 0.1 have been reported [77–80]. The study of quantum
correlations in Raman photons can also offer new routes for
the generation of nonclassical light [71,81–84].
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