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Cavity quantum electrodynamics (CQED) effects, such as Rabi splitting, Rabi oscillations, and
superradiance, have been demonstrated with nitrogen vacancy (NV) center spins in diamond coupled
to microwave resonators at cryogenic temperature. In this Letter, we explore the possibility to realize strong
collective coupling and CQED effects with ensembles of NV spins at room temperature. Our calculations
show that thermal excitation of the individual NV spins leads to population of collective Dicke states with
low symmetry and a reduced collective coupling to the microwave resonators. Optical pumping can be
applied to counteract the thermal excitation of the NV centers and to prepare the spin ensemble in Dicke
states with high symmetry. The resulting strong coupling with high-quality resonators enables the study of
intriguing CQED effects across the weak-to-strong coupling regime, and may have applications in quantum
sensing and quantum information processing.
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Introduction.—Cavity quantum electrodynamics (CQED)
studies the interaction between quantum emitters and cavity
photonmodes, and is used for studies of quantummechanics
foundations [1], quantum information processing [2], and
quantummetrology [3]. CQEDeffects, such asRabi splitting
[4–6], Rabi oscillations [7], and superradiance [8], have
been realized with negatively charged nitrogen vacancy
(NV−) center spins in diamond inside microwave resonators
at cryogenic temperature. Although the NV− spins have
a spin-1 degree of freedom, normally only two of the
spin states, say those with projections m ¼ 0 and
m ¼ þ1, are coupled resonantly to the resonator, and thus
the spins can be treated effectively as two-level systems. As
illustrated in Fig. 1(a), at low temperature the spin ensemble
can be highly polarized, and can thus couple strongly and
collectively with lumped-element microwave resonators
with high Q factor.
The low temperature restricts the application of the

CQED effects in quantum sensing and quantum informa-
tion processing, and it would be desirable if the collective
coupling could be achieved at room temperature. In this
Letter, we show theoretically that the CQED effects can be
achieved at room temperature if the NV− spin ensemble is
coupled to a high-quality dielectric resonator and contin-
uously cooled by optical pumping, see Fig. 1(b). In our
analysis, we use the Dicke state picture to analyze the
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FIG. 1. CQED systems with a NV center spin ensemble. Panel
(a) shows a 3D lumped element resonator at 25 mK (left), as used
in [8], where the spin-ensemble is in equilibrium with the cooled
environment (right). Panel (b) shows a sapphire dielectric
resonator operating at room temperature, as used in [9], and a
diamond illuminated by 532 nm laser (left), which counteracts the
heating of the spins by the hot environment (right), leading to a
higher population in the lower 0 spin state. The dashed and solid
arrows represent the spin-lattice relaxation and the optical spin-
cooling, modeled effectively by a decay rate ηs from the upper to
lower spin state. Incident square microwave field pulses and
outgoing modulated signal pulses are indicated by the blue
curves.
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influence of the hot environment on the spin ensemble, and
the ability of the optical spin cooling to actively control the
collective coupling with the resonator. We demonstrate that
this control permits the exploration of intriguing CQED
effects across different regimes of weak and strong cou-
pling in the same physical system. Note that the collective
coupling may have been present in the recent room-
temperature experiments on continuous-wave maser [9],
dispersive readout of NV− spins [10,11], and CQED
effects with the lowest triplet spin states of pentacene
molecules [12].
Nitrogen vacancy center spin ensemble.—Nitrogen

vacancy centers are formed by replacing two adjacent
carbon atoms with a nitrogen atom and a vacancy in the
diamond lattice. Negatively charged NV− centers have a
triplet electronic ground state with three spin states of
projection m ¼ þ1; 0;−1 along the nitrogen-vacancy axis.
The �1 spin states have higher energy than the 0 state, and
can be split and shifted by a static magnetic field. In this
way, the transition between one of the shifted states and the
0 state can be tuned into resonance with a microwave
resonator. Furthermore, the magnetic field can be aligned
along one of four possible nitrogen-vacancy orientations to
ensure that only the associated 0;þ1 or 0;−1 spin states
couple resonantly with the microwave resonator. In this
case, these spin states can be viewed as the eigenstates of a
pseudo 1=2-spin, and N NV− centers can be viewed as an
ensemble of N pseudo spins.
Dicke representation of spin collective states.—The

collective coupling of the 1=2-spin ensemble with the
resonator is conventionally described by the so-called
Dicke states jJ;Mi [13]. The half-integer or integer number
J ≤ J0 ¼ N=2 refers to the eigenvalues JðJ þ 1Þ of the
collective spin operator J⃗2, and the number M within the
range −J ≤ M ≤ J describes the degree of spin excitation.
For each J, the Dicke states of different M form a vertical
ladder, and the horizontally shifted ladders with different J
form a triangular domain [Fig. 2(a)].
The uniform coupling to the microwave resonator and

the individual (but identical) incoherent excitation and
decay processes can be consistently and effectively treated
as transitions among the Dicke states [16–18]. In Fig. 2(a),
we show how the spin-lattice relaxation, which deexcites
and excites the individual spin with the rates γ−s and γþs ,
causes quantum jumps that changeM by�1 and J by 0;�1
(blue and red arrows), while the optical spin-cooling adds a
term ηs to the rate γ−s of downward jumps (blue arrows).
A pure single-spin dephasing rate χs is incorporated to
effectively describe the phase noise and inhomogeneous
broadening of the transition frequencies, and leads to
quantum jumps to states with unchanged M and different
J (black arrows), while the coherent collective coupling
with the resonator (with gs as the single-spin coupling
strength) causes transitions between states of different M
and same J (orange arrow). The actual rates also depend on

the J and M quantum numbers, and for combinatorial
reasons the jump probability is larger toward the Dicke
states with reduced J (and decreased coupling) as reflected
by the thickness of the arrows, see Appendix A in [16] for
precise expressions.
In the presence of the spin-lattice relaxation and the

optical spin cooling, each spin is in amixed steady statewith
the upper state population, p ¼ γþs =ðηs þ γþs þ γ−s Þ. This is
equivalent to a distribution on the Dicke states [19], with
average values M, J of the Dicke states quantum numbers
M ¼ J0ð2p − 1Þ, and JðJ þ 1Þ ¼ ð2p − 1Þ2J0ðJ0 þ 1Þþ
6pðp − 1ÞJ0. For many spins, the relative fluctuations of
these quantities are small, and we may thus depict the
location of the Dicke states populated by the spin ensemble
as a point in the diagram as in Fig. 2(b).
Without the optical spin cooling ηs ¼ 0, the spin

ensemble occupies Dicke states with smaller J for temper-
ature above T > 10 K, and occupies the states with larger J
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FIG. 2. Panel (a) shows the Dicke states of the NV− spin
ensemble with transition frequency ωs, and the quantum jumps
associated with downward spin-lattice relaxation γ−s and optical
spin cooling ηs (blue arrows), upward spin-lattice relaxation γþs
(red arrows), spin dephasing χs (horizontal black arrows), and
collective coupling to the resonator (orange double arrow). The
transition rates have further dependencies on the Dicke state
quantum numbers J and M, and the thickness of the arrows
represents their relative variation. Panel (b) shows the steady-state
Dicke state population for different temperatures T in the absence
of the optical spin cooling ηs ¼ 0 (left), and for different ηs at
room temperature T ¼ 293 K (right, shifted horizontally for
clarity) for parameters compatible with the Rabi-splitting experi-
ment at cryogenic temperature [7], see Sec. S4 of [14].
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(lower-right corner) only for T < 0.01 K, see the dots
along the lower boundary of the left triangle in Fig. 2(b). As
the collective spin-resonator coupling scales with

ffiffiffi

J
p

, the
spin-ensemble has to be held at very low temperature to
ensure the strong collective coupling. In contrast, with
sufficient optical spin cooling ηs (values up to 1 MHz
should be achievable [20]) to compensate the spin-lattice
relaxation, the spin ensemble can be prepared in Dicke
states with larger J and strong collective coupling to the
microwave resonator, cf., the dots along the rightmost
triangle in Fig. 2(b). In Sec. S1 of [14], we provide extra
results to estimate quantitatively the cooling of the spin-
ensemble and the coupled microwave resonator mode [21].
In the calculations presented below, we shall employ a
mean-field approach as in [12,20,22,23], and use the Dicke
state representation for visualization and interpretation of
the results. Note that the spin-ensemble cooling at room
temperature discussed here is fundamentally different from
the rapid dephasing-induced and Purcell-enhanced spin
cooling via a cavity mode coupled to a cold environment, as
proposed in Ref. [24].
Quantum master equation.—To assess the CQED effects

with the NV− spin ensemble-microwave resonator system
at room temperature, we employ a two-level description of
the spins and solve the quantum master equation for the
density operator ρ̂,

∂

∂t
ρ̂ ¼ −

i
ℏ
½Ĥc þ Ĥd þ Ĥs þ Ĥs−c; ρ̂�

− κc½ð1þ nthc ÞD½â�ρ̂þ nthc D½â†�ρ̂�
− γ−s

X

j

D½σ̂12j �ρ̂ − γþs
X

j

D½σ̂21j �ρ̂

− ηs
X

j

D½σ̂12j �ρ̂ − 2χs
X

j

D½σ̂22j �ρ̂; ð1Þ

where Ĥc ¼ ℏωcâ†â describes the microwave resonator
with frequency ωc, photon creation â† and annihilation
operator â, Ĥd ¼ ℏΩ ffiffiffiffiffi

κ1
p

âeiωdt þ H:c: describes the driv-
ing of the resonator by a microwave probe field with
amplitude Ω, frequency ωd and the coupling coefficient
ffiffiffiffiffi

κ1
p

(κ1 is the resonator loss rate due to the same coupling).
The spin Hamiltonian Ĥs ¼ ℏωs

P

N
j¼1 σ̂

22
j involves the

transition frequency ωs and the projection operator σ̂22j on
the upper level of the jth spin. The spin-resonator inter-
action Hamiltonian Ĥs−c ¼ ℏgsðâ†

P

j σ̂
12
j þP

j σ̂
21
j âÞ

depends on the lowering σ̂12j and raising operators σ̂21j of
the spin transitions.
The second line of Eq. (1) describes the thermal emission

and excitation of the resonator with a rate κc and a thermal
equilibrium photon number nthc ¼ ½eℏωc=kBT − 1�−1 at tem-
perature T (with Boltzmann constant kB). Here, the
Lindblad superoperator for any operator ô is defined as
D½ô�ρ̂ ¼ 1

2
ðô†ô ρ̂þρ̂ô†ôÞ − ô ρ̂ ô†. The third line describes

the spin-lattice relaxation with rates γþs , γ−s , which are
dominated by the single phonon process at extremely low
temperature [25], and the second-order Raman scattering
and Orbach-type process at high temperature [26]. In the
fourth line, the rates ηs, χs describe the optical pumping-
induced spin cooling involving higher excited states [21],
and the total dephasing due to the interaction with the spin
bath and the inhomogeneous broadening of spin transition
frequencies. We have verified that the results are qualita-
tively preserved, when the optical spin cooling and the spin
dephasing are described more precisely with a multi-level
[27] and multiensemble [28] interaction model.
To solve Eq. (1), we apply a mean-field approach

[22,23] (also known as the cluster-expansion method
[29]) and apply the equation ð∂=∂tÞhôi ¼ trf½ð∂=∂tÞρ̂�ôg
for the mean value hôi ¼ trfρ̂ ôg of any operator ô,
and truncate the resulting equation hierarchy by
approximating the mean values of products of many
operators with those of fewer operators. To simulate
system with trillions of spins, we assume same parameters
ωs, γþs , γ−s , ηs, χs for all the NV− spins and, hence, mean
quantities and correlations are the same for all spins and
pairs of spins, respectively. To automatically derive and
solve the mean-field equations to second order, we
make use of the QUANTUMCUMULANT.JL package [30],
and present our code and the resulting equations in
Secs. S2 and S3 of [14]. We obtain the average of the
Dicke state quantum numbers from the first and second
order mean values [20,22,23] as, M ¼ Nðhσ̂221 i − 1

2
Þ and

J ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3
4
N þ NðN − 1Þðhσ̂211 σ̂122 i þ hσ̂221 σ̂222 i − hσ̂221 i þ 1

4
Þ

q

,

where hσ̂221 i is the population of the upper spin level and
hσ̂211 σ̂122 i; hσ̂221 σ̂222 i are correlations between different spins.
The mean-field quantities and the Dicke state quantum
numbers are different descriptions of the spin collective
dynamics, but the latter provides more intuitive information
on the spin-resonator collective coupling, cf. Figs. 2, 3,
and 4.
Rabi oscillations and splitting at room temperature.—To

observe collective Rabi oscillations, we drive the optically
cooled spin ensemble with a resonant square microwave
pulse of 1 μs duration, as in the experiment [7], and
calculate the photon number inside the resonator, see
Fig. 3(a). We observe that the photon number increases
and decays with an oscillatory amplitude when the driving
field switches on and off. Without the optical spin cooling
ηs ¼ 0we observe no Rabi oscillations (black curve), while
already for a weak cooling rate ηs ¼ 30 Hz (blue dashed
line), oscillations appear and become faster for higher rates
ηs ¼ 102; 104 Hz (red dash-dotted and green solid line),
which confirms the increased coupling of the Dicke states
with larger J [inset of Fig. 3(a)]. Note that the oscillations
also end earlier for larger values of ηs. Rabi oscillations
have been observed in room temperature experiments with
pentacene molecules [12], but by a different mechanism,
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where thermally unoccupied triplet excited states were
populated by optical pumping, and their subsequent col-
lective coupling to a microwave resonator showed damped
Rabi oscillations.
To observe the coherent splitting of the resonator trans-

mission spectrum, we evaluate the steady-state photon
number inside the resonator, as a function of the driving
field frequency [Fig. 3(b)]. For no optical spin cooling
ηs ¼ 0, the resonator shows a conventional single peak,
while a dip, known as the Fano effect in the weak coupling
regime, appears already for a weak rate ηs ¼ 10 Hz (blue
dashed line). The dip evolves into two peaks, known as
Rabi splitting in the strong coupling regime, for larger rates
ηs ¼ 102; 103 Hz (red dash-dotted and green solid line).
This shows that by increasing ηs we make the spin
ensemble occupy Dicke states with higher J values [inset
of Fig. 3(b)], and thus explore CQED phenomena across
the weak and strong coupling regimes.
Since the spin ensemble occupies states near the lower

boundary of the Dicke state space, see the insets of
Figs. 3(a) and 3(b), we may approximate these states as
occupation number states of quantized harmonic oscillators
(Holstein-Primakoff approximation [20,31,32]), and treat
the spin-resonator system as two quantized harmonic
oscillators coupled with strength

ffiffiffiffiffi

2J
p

gs. Furthermore,
we can diagonalize the Hamiltonians for given J to yield
two hybrid modes, see Sec. S5 of [14], which explains the

two peaks split by 2
ffiffiffiffiffi

2J
p

gs under the resonant condition
ωs ¼ ωc in Fig. 3(b). Since the value of J does not change
much due to the driving of the resonator, we can determine
the Rabi peak positions by our analytical expression for the
mean value of J, as a function of the spin-lattice relaxation
and optical spin-cooling rates. In Sec. S6 of [14], we show
that by measuring the positions and heights of the Rabi
peaks in the strong coupling regime, as in Fig. 3(b), we can
sense the spin transition frequency. This permits sensing of
related quantities, such as a magnetic field, in a regime
different from the experiments [10,11], which applied the
dispersive spin-resonator coupling in the weak coupling
regime.
Stimulated superradiance pulses at room temperature.—

We now study the transient excitation and subsequent
collective decay of the spin ensemble at room temperature
(Fig. 4). In our simulations, we drive the resonator with a
strong microwave field to excite the spin ensemble [“(1)”],
which is initially optically cooled to Dicke states with large
J. Then, we switch off the microwave driving, and the spin
ensemble dephases and decays toward lower excitation
states with reduced J [inset of Fig. 4(b)], leading to the
radiation pulse [“(2)”]. Finally, the optical spin-cooling and
dephasing re-initialize the spin-ensemble into states with
larger J [“(3)”]. The simulated photon number dynamics
[Fig. 4(a)] is similar to the results observed in experiments
at cryogenic temperature [8], but it occurs here with the
optically cooled spin ensemble in an apparatus maintained

(a) (b)

FIG. 3. Rabi oscillations and mode splitting at room temper-
ature. Panel (a) shows the transient evolution of the photon number
hâ†âi inside the resonator subject to a short classical pulse for
increasing spin-cooling rates ηs ¼ 0; 30; 102; 104 Hz. The results
are shifted vertically for clarity. Panel (b) shows the steady-
state hâ†âi as a function of detuning of the continuous micro-
wave driving field around the resonator frequency for
ηs ¼ 0; 10; 102; 103 Hz. The inset panels show the Dicke states
of the spin ensemble with increasing ηs. Here, we assume
parameters compatible with the Rabi oscillation experiment at
cryogenic temperature [7], e.g., the dephasing rate 2π × 2.6 MHz,
see Sec. S4 of [14], and consider a dielectric resonator of same Q
factor at room temperature (see Refs. [9–12]).
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FIG. 4. Stimulated superradiance pulse of NV− spins at room
temperature. Panels (a) and (b) show the evolution of the
intraresonator photon number (a), and the population of the
upper spin state (b) (the inset shows the corresponding evolution
of the Dicke state mean quantum numbers) during driving (1),
stimulated superradiance (2), and spin recooling (3), for the
optical spin-cooling rate ηs ¼ 103; 2 × 103; 106 Hz. The red stars
mark the end of the superradiant phase. Here, we assume
parameters compatible with the stimulated superradiance pulse
experiment at cryogenic temperature [8], e.g., the dephasing rate
2π × 4.7 MHz, see Sec. S4 of [14], and consider a dielectric
resonator of same Q factor at room temperature (see
Refs. [9–12]).
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at room temperature. We note that due to the strong spin
dephasing, right after the emission the population of the
upper spin state decays first to some finite value around 0.5,
equivalent to Dicke states with small J [Fig. 4(b)]. Our
results also show that the radiation pulses become stronger
and shorter for larger values of ηs. Because of the
involvement of the stimulated emission by the large number
of photons and the exploration of collective Dicke states,
the radiation is qualified as stimulated superradiance.
Conclusions.—In summary, we have demonstrated theo-

retically that optical pumping can counteract thermalization
of spin states in a room temperature environment, andprepare
and maintain a NV− spin-ensemble in Dicke states with high
symmetry and strong collective coupling to a microwave
resonator. Using parameters compatible with existing exper-
imental setups, we show that CQED effects, such as Rabi
oscillations,Rabi splitting, and stimulated superradiance, can
be realized at room temperature. Themechanisms as revealed
may enable further applications and studies of quantum
dynamics such as quantum memories [33] and self-stimu-
lated spin echoes [34] in ambient environments.
In our calculations, we modeled the spins as two-level

systems to represent the main physical properties and to
reach qualitative conclusions for the spin system. More
elaborate and advanced theory is required to describe
quantitatively the influence of subtle details, such as the
multilevel structure and the resulting presence of different
transitions, on the optical spin cooling [21]. Such analysis
could also address the possible transitions between the upper
spin levels [35] and the effects of the optical heating of the
diamond.However, our preliminary attempts in this direction
indicate no qualitative differences from the conclusions
achieved here [27]. We note that, after the reprint of our
work was reported and during its review for publication, an
experimental work appeared as a reprint [36], and reported
independently the observation of laser power-controlled
Rabi splittings, confirming our theoretical prediction.
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