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We report coherent coupling between two macroscopically separated nitrogen-vacancy electron spin
ensembles in a cavity quantum electrodynamics system. The coherent interaction between the distant
ensembles is directly detected in the cavity transmission spectrum by observing bright and dark collective
multiensemble states and an increase of the coupling strength to the cavity mode. Additionally, in the
dispersive limit we show transverse ensemble-ensemble coupling via virtual photons.
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The negatively charged nitrogen-vacancy (NV) center in
diamond [1] has attracted significant attention as it has long
coherence times even at room temperature [2] and has the
possibility to act as transducer between the microwave and
optical photon domain [3,4]. Single NV centers have been
successfully coupled over microscopic and macroscopic
distances, using either direct dipole-dipole coupling [5] or
spin-photon entanglement [6,7]. In hybrid quantum sys-
tems [8], strong coupling of different spin ensembles to a
single mode cavity has been shown [9–15].
In this Letter we present an experiment that demonstrates

coherent coupling between two spatially separated macro-
scopically distinct NV spin ensembles via a superconduct-
ing transmission line resonator. For each of our ensembles
we observe strong coupling to the cavity mode. Tuning the
ensembles simultaneously into resonance we find collective
bright and dark multi-ensemble dressed states and measure
the discrete

ffiffiffiffi
N

p
scaling of the dipolar coupling to the cavity

mode. In the dispersive [16] cavity quantum electrody-
namics [17] regime we demonstrate transverse direct
ensemble-ensemble coupling [18,19] via virtual photons
in the cavity. This opens the opportunity for the coherent
quantum information transfer between remote solid-state
spin ensembles.
Our experimental setup is composed of two spatially

separated diamond crystals containing NV defect centers,
bonded individually onto a superconducting resonator (the
distance between the crystals is approximately 5 mm). The
sample is surrounded by a 3D Helmholtz coil providing dc
magnetic fields in arbitrary directions. The λ coplanar
waveguide transmission line resonator used for read out
and coupling of the two distant ensembles is made out of a

niobium thin film on a sapphire substrate using optical
lithography. In contrast to previous experiments [12],
we use the second resonance, i.e., the first harmonic λ
resonance, which is found at ωc=2π ¼ 2.7491 GHz with a
quality factor of Q ≈ 4300 (limited by the surface losses of
the crystals). This λ resonance has two antinodes of the
magnetic field at positions λ=4 and 3λ=4, where the two
crystals are positioned. The transmission line resonator
depicted in Fig. 1(a) is structured with several turns in order
to maximize the coupling of the individual diamond
crystals to the cavity mode.
We use two type-Ib high pressure high temperature

(HPHT) diamond samples with a size of 4.5 × 2.25 ×
0.5 mm3 and polished (001) surfaces. The samples have
a natural abundance of 13C nuclear isotopes and an initial
concentration of 200 ppm nitrogen. Sample I(II) was
neutron irradiated with a fluence of 5.4 × 1017 cm−2

(2.7 × 1018 cm−2) for 30 h (150 h) and subsequently
annealed at 900 °C for 3 h. We achieve a concentration
of ≈3 ppm (≈6 ppm) of NV centers. The density and
parameters of both samples were characterized using a
room-temperature confocal microscope [20].
The electronic ground state spin S ¼ 1 triplet can be

described with a Hamiltonian [1] of the form

HNV ¼ ℏDS2z þ ℏEðS2x − S2yÞ þ ℏgμbB0S; ð1Þ

with a zero-field splitting D=2π ≈ 2.87 GHz for the axial
component along the NV axis and a strain field splitting
E=2π ≈ 13 MHz in the transverse direction [21]. The third
term describes the interaction with an external static
magnetic field (B0) for Zeeman tuning of the ms ¼ %1
states. We apply a field in the crystal (001) plane (parallel to
the resonator plane) to lift the ms ¼ %1 degeneracy and
tune the transition energies. In the experiment we only use
one ms ¼ 0 to ms ¼ −1 transition of each crystal, labeled
with I and II in Fig. 1(a).
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FIG. 1. a) Picture of our manufactured cavity with diamond sample glued to the cavity using

vacuum grease. Note that for illustrative purposes the top lid that closes the structure and the

sidewalls are not shown in this picture. b) Schematic cross section of the cavity perpendicular to

the mode direction. Capacitors and inductance of the cavity are labelled as C1, C2 and L, with

the electric and magnetic field generated by this design. The current that generates the focused

magnetic field is drawn as red line. The diamond sample is drawn as shaded red rectangle.

FIG. 2. Illustration of the simulated magnetic field distribution. The plot shows a cross section of

the mode volume parallel to the direction of the magnetic field mode (y-direction in Fig.1a). For

the diamond sample used in this work (shown as dashed area) the deviation for the absolute value

of the coupling strength is at most 7%, with a RMS error of 1.54%. The green contour lines divide

the area in sections wherein the magnetic field strength di↵ers by a certain percentage.
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FIG. 3. Dynamics of the superradiant decay. a, Close to
the region where the inversion hSzi is zero and the spin quan-
tum number is maximum, correlations in the spin system lead
to an enhanced photon emission rate � / N2 (note that we as-
sume a S = 1/2 system here). Uncorrelated emission � / N
governs the decay for the excited spin system. Dephasing
decreases the spin quantum number and evolves the system
out of the purely symmetric subspace. However, superradi-
ance also occurs in these partly dephased inner shells, but
the fully symmetric ground state is not reached anymore af-
ter the decay. Further, the number of photons emitted during
the superradiant decay becomes smaller. b, The red measure-
ment curve shows a detailed view on the trace for the emitted
photon intensity with three NV subensembles in resonance
with the cavity and where the inversion of the spin ensem-
ble is maximum (depicted as black dashed line in Fig. 2).
The shaded area is the time for which the excitation drive is
turned on. Shown in blue is the dynamics of the spin inver-
sion, measured using the optical transition of the NV centre
and the inversion polarization normalized to the number of
spins. The inset shows the measurement sequence with MW
excitation and optical readout pulses. After maximum inver-
sion is reached the spins remain in a metastable state until
fluctuations lead to a stimulated superradiant decay. This
is accompanied by a burst of photons that builds up in the
cavity mode. The blue solid line represents a fit of the fluores-
cence data according to a hyperbolic tangent12,32 as derived
in the Method section.

polarization inversion of the ensemble during this decay.
The NV centre posesses an optical transition which en-
ables a direct measurement of the spin polarization by
optically detected magnetic resonance (ODMR)33,34. We

FIG. 4. Non-linear scaling of the emitted radiation
intensity. a, By bringing either N , 2N , 3N or 4N spins into
resonance with the cavity mode we are able to measure the de-
pendence of the emitted photon intensity with respect to the
number of spins. Depicted here are the traces for each of these
cases where maximum inversion is reached, and a microwave
drive duration of 50 ns. b, By measuring the maximum value
of the emitted intensity we observe a non-linear scaling as
|A|2 / N1.52. The dashed grey lines show N and N2 scaling,
respectively. c, The delay and the width of the superradiant
burst as a function of the number of spins, respectively. The
width of the pulse can be modelled by Eq. (12) in the Method
section, and shows the expected 1/N dependence12 (cf. red
dashed line). The delay of the burst does not closely follow
Eq. (9), since it is very sensitive to small deviations in the in-
clination angle, which is experimentally hard to realise. Fur-
ther, for smaller number of spins the theoretically predicted
delay is much longer (> 5 µs) than other decay mechanisms
driving the spins out of the metastable state earlier.

implement ODMR in our experiment at ultra-low (mK)
temperatures by illuminating parts of the sample using
a 20 ns long optical pulses delivered through an optical
(multimode) fibre and collect the scattered fluorescence
with the same fibre (see Methods for details). The fluo-
rescence level then gives a direct measurement for hSzi.
By varying the time-delay of the laser readout pulse with
respect to the microwave pulse set for maximum inversion
of the spin system, a time resolved measurement of the
inversion is obtained. We measure the microwave cav-
ity output and the scattered fluorescence simultaneously
(details of the measurement are presented in the Meth-
ods section). As can be seen from the blue measurement

Superradiance

  

Superradiance – hard to observe

Burst of photons in short amount of time

Gross, M. & Haroche, S. Superradiance: An 
Essay on the Theory of Collective Spontaneous 
Emission . Phys. Rep. 93, 301–396 (1982)

● V << λ3 → hard for optical systems; special 
geometries solve this problem

● Decoherence / Dephasing kills superradiance  hard →

to observe in inhomogeneously broadened 
ensembles

● Non-linear propagation of light / difraction 

● Need a way to invert spin ensemble
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FIG. 3. Dynamics of the superradiant decay. a, Close to
the region where the inversion hSzi is zero and the spin quan-
tum number is maximum, correlations in the spin system lead
to an enhanced photon emission rate � / N2 (note that we as-
sume a S = 1/2 system here). Uncorrelated emission � / N
governs the decay for the excited spin system. Dephasing
decreases the spin quantum number and evolves the system
out of the purely symmetric subspace. However, superradi-
ance also occurs in these partly dephased inner shells, but
the fully symmetric ground state is not reached anymore af-
ter the decay. Further, the number of photons emitted during
the superradiant decay becomes smaller. b, The red measure-
ment curve shows a detailed view on the trace for the emitted
photon intensity with three NV subensembles in resonance
with the cavity and where the inversion of the spin ensem-
ble is maximum (depicted as black dashed line in Fig. 2).
The shaded area is the time for which the excitation drive is
turned on. Shown in blue is the dynamics of the spin inver-
sion, measured using the optical transition of the NV centre
and the inversion polarization normalized to the number of
spins. The inset shows the measurement sequence with MW
excitation and optical readout pulses. After maximum inver-
sion is reached the spins remain in a metastable state until
fluctuations lead to a stimulated superradiant decay. This
is accompanied by a burst of photons that builds up in the
cavity mode. The blue solid line represents a fit of the fluores-
cence data according to a hyperbolic tangent12,32 as derived
in the Method section.

polarization inversion of the ensemble during this decay.
The NV centre posesses an optical transition which en-
ables a direct measurement of the spin polarization by
optically detected magnetic resonance (ODMR)33,34. We

FIG. 4. Non-linear scaling of the emitted radiation
intensity. a, By bringing either N , 2N , 3N or 4N spins into
resonance with the cavity mode we are able to measure the de-
pendence of the emitted photon intensity with respect to the
number of spins. Depicted here are the traces for each of these
cases where maximum inversion is reached, and a microwave
drive duration of 50 ns. b, By measuring the maximum value
of the emitted intensity we observe a non-linear scaling as
|A|2 / N1.52. The dashed grey lines show N and N2 scaling,
respectively. c, The delay and the width of the superradiant
burst as a function of the number of spins, respectively. The
width of the pulse can be modelled by Eq. (12) in the Method
section, and shows the expected 1/N dependence12 (cf. red
dashed line). The delay of the burst does not closely follow
Eq. (9), since it is very sensitive to small deviations in the in-
clination angle, which is experimentally hard to realise. Fur-
ther, for smaller number of spins the theoretically predicted
delay is much longer (> 5 µs) than other decay mechanisms
driving the spins out of the metastable state earlier.

implement ODMR in our experiment at ultra-low (mK)
temperatures by illuminating parts of the sample using
a 20 ns long optical pulses delivered through an optical
(multimode) fibre and collect the scattered fluorescence
with the same fibre (see Methods for details). The fluo-
rescence level then gives a direct measurement for hSzi.
By varying the time-delay of the laser readout pulse with
respect to the microwave pulse set for maximum inversion
of the spin system, a time resolved measurement of the
inversion is obtained. We measure the microwave cav-
ity output and the scattered fluorescence simultaneously
(details of the measurement are presented in the Meth-
ods section). As can be seen from the blue measurement

  

Non-linear scaling

● 4 sub-ensembles in diamond

● 1N-4N spins in resonance with 
cavity

● Non-linear scaling of cavity 
output 

● Not N2 because of 
experimental imperfections

Number of spins

Andreas Angerer, Kirill Streltsov, Thomas Astner, Stefan 
Putz, Hitoshi Sumiya, Shinobu Onoda, Junichi Isoya, 
William J. Munro, Kae Nemoto, Jörg Schmiedmayer, and 
Johannes Majer, Superradiant emission from colour 
centres in diamond, Nature Physics 14, 1168--1172 (2018)
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FIG. 2. Time dependence of spin inversion of nitrogen vacancy spins in diamond a, Time dependent decay of a
non-equilibrium inversion hn(t)i obtained by monitoring the cavity shift in transmission spectroscopy. To extract the relaxation
rate �1 and the steady state of inversion for a given temperature we fit an exponential decay of the form hn(t)i � hn(T )ist =
(hn(T = 2.7K)i � hn(T )ist)e

��1t. The color encoding of the curves denotes the di↵erent target temperatures. b, Temperature
dependence of the steady state inversion: we initialize the system in the steady state inversion at 2.7K (1). Next we non-
adiabatically switch to the target temperature (2) and let the system relax into its thermal equilibrium state (3). From the
extrapolated steady state inversion hn(t ! 1, T )i we fit Eq. 3 and determine the collective coupling gN of the spin ensemble
to the cavity mode.

.

TABLE I. Sample characteristics. The samples di↵er in irradiation treatment, initial nitrogen concentration and final NV�

density, resulting in a di↵erent collective coupling rate gN to the cavity mode. The measured rate of spontaneous emission
K shows a strong dependence on the method of sample creation. The exact process of sample preparation is depicted in the
methods section.

Sample H1b LD HD U5
Type n e� e� e�

Energy [MeV] 0.1-2.5 2?? 2 6.5
Temperature [�C] 80 800-1000?? 800-1000 750-900

Dose [cm�2] 1.8⇥ 1018 1.1⇥ 1019?? 1.1⇥ 1019 1.0⇥ 1018

N [ppm] 200 200 200 200
NV�[ppm] 40 13 40 20??

gN
C [s�1] 2.1⇥ 10�4 3.7⇥ 10�5?? 3.8⇥ 10�5 8⇥ 10�5??

Volume [mm3] 4.2 ⇥ 3.4 ⇥ 0.92

which the electronic orbital rigidly follows the ion accord-
ing to rij(Qn) = rij(Qn = 0)+Qn⇥(Rcut�

��R0
n � ri

��)�
Qn⇥(Rcut �

��R0
n � rj

��). Since we are looking at small
displacements, the dipolar interaction is expanded to first
order in the ionic positions, resulting in the perturbative
potential (see supplementary materials) which was used
in Fermis golden rule to calculate transition rates. Calcu-
lating the transition rate gives us a common proportion-
ality factor C for all three processes which also incorpo-
rates the phononic density of states. Spontaneous emis-

sion is temperature independent while induced emission
and absorption exhibit a temperature dependence follow-
ing Bose-Einstein statistics which makes them dominant
at higher temperatures. Taking all these processes into
account we end up with di↵erential equation (1) and ob-
tain an expression for the decay rate �1 = C(1 + 3n̄).
From our ab initio calculations we obtain the value of
the constant of proportionality to be C ⇡ 10�5 s�1, in
agreement with our measurements for the electron irra-
diated crystals, which exhibit less crystal defects com-
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FIG. 2. Time dependence of spin inversion of nitrogen vacancy spins in diamond a, Time dependent decay of a
non-equilibrium inversion hn(t)i obtained by monitoring the cavity shift in transmission spectroscopy. To extract the relaxation
rate �1 and the steady state of inversion for a given temperature we fit an exponential decay of the form hn(t)i � hn(T )ist =
(hn(T = 2.7K)i � hn(T )ist)e

��1t. The color encoding of the curves denotes the di↵erent target temperatures. b, Temperature
dependence of the steady state inversion: we initialize the system in the steady state inversion at 2.7K (1). Next we non-
adiabatically switch to the target temperature (2) and let the system relax into its thermal equilibrium state (3). From the
extrapolated steady state inversion hn(t ! 1, T )i we fit Eq. 3 and determine the collective coupling gN of the spin ensemble
to the cavity mode.
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TABLE I. Sample characteristics. The samples di↵er in irradiation treatment, initial nitrogen concentration and final NV�

density, resulting in a di↵erent collective coupling rate gN to the cavity mode. The measured rate of spontaneous emission
K shows a strong dependence on the method of sample creation. The exact process of sample preparation is depicted in the
methods section.

Sample H1b LD HD U5
Type n e� e� e�

Energy [MeV] 0.1-2.5 2?? 2 6.5
Temperature [�C] 80 800-1000?? 800-1000 750-900

Dose [cm�2] 1.8⇥ 1018 1.1⇥ 1019?? 1.1⇥ 1019 1.0⇥ 1018

N [ppm] 200 200 200 200
NV�[ppm] 40 13 40 20??

gN
C [s�1] 2.1⇥ 10�4 3.7⇥ 10�5?? 3.8⇥ 10�5 8⇥ 10�5??

Volume [mm3] 4.2 ⇥ 3.4 ⇥ 0.92

which the electronic orbital rigidly follows the ion accord-
ing to rij(Qn) = rij(Qn = 0)+Qn⇥(Rcut�

��R0
n � ri

��)�
Qn⇥(Rcut �

��R0
n � rj

��). Since we are looking at small
displacements, the dipolar interaction is expanded to first
order in the ionic positions, resulting in the perturbative
potential (see supplementary materials) which was used
in Fermis golden rule to calculate transition rates. Calcu-
lating the transition rate gives us a common proportion-
ality factor C for all three processes which also incorpo-
rates the phononic density of states. Spontaneous emis-

sion is temperature independent while induced emission
and absorption exhibit a temperature dependence follow-
ing Bose-Einstein statistics which makes them dominant
at higher temperatures. Taking all these processes into
account we end up with di↵erential equation (1) and ob-
tain an expression for the decay rate �1 = C(1 + 3n̄).
From our ab initio calculations we obtain the value of
the constant of proportionality to be C ⇡ 10�5 s�1, in
agreement with our measurements for the electron irra-
diated crystals, which exhibit less crystal defects com-
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FIG. 3. Temperature dependence of the spin-lattice relaxation rate. a, The symbols represent the measured spin-
lattice relaxation rates � for di↵erent diamond samples. We fit the theoretically predicted temperature dependence � =
�0(1 + 3n̄) to extract the factor of proportionality �0. We find the lowest relaxation rate for an electron irradiated sample
with �0 = 3.14⇥ 10�5. Note that samples E1 and E2 with di↵erent initial nitrogen and NV� concentration exhibit almost
the same constant �0, but di↵er in more than one order of magnitude compared to the neutron irradiated sample N1. The
dashed black line corresponds to the relaxation rate calculated ab intitio. We identify the energy regime kBT < h̄!s (light blue
background) as the quantum limit where the only remaining decay channel is spontaneous emission of a phonon. In the high
energy regime kBT > h̄!s (light yellow background) the rate � has a linear temperature dependence. This is explained by the
high temperature limit of the Bose-Einstein distribution where phonons with an energy of h̄!s exist in the phonon bath. In the
intermediate regime (kBT ⇡ h̄!s) thermal phonons start to contribute to the relaxation process. b, Illustration of the relevant
processes contributing to the spin-lattice relaxation. c, For illustration purposes we show the unit cell containing a single NV�

centre with the iso-surface of the spin density shown in blue. The supercell used for the calculation of the theoretical prediction
plotted in a, is composed of 64 lattice sites including a single NV� centre.

are looking at small displacements, the dipolar interac-
tion is expanded to first order with respect to the ionic
positions, resulting in a perturbative potential Vs�ph cor-
responding to an e↵ective interaction which is then used
in Fermis golden rule to calculate transition rates be-
tween an initial and a final state �f i (see Methods sec-
tion). The electronic response to the ionic motion is mod-
elled by using the Wigner-Seitz cell as the region around
the ionic equilibrium position in which the electronic or-
bital rigidly follows the ion. Carrying out this procedure,
we end up with three relevant processes that describe the
dynamics of the spin-lattice interaction in our system: A
de-excitation of a spin is accompanied by spontaneous or
induced emission of a phonon, whereas the absorption of
a phonon excites a spin (see Fig. 3b). We perform den-
sity functional theory (DFT) calculations on a supercell
with 64 lattice sites and a single NV� centre. The dia-
mond unit cell with a spin density iso-surface is shown
in Fig. 3c. In the supercell we calculate the ionic equi-
librium positions, the ionic dynamics and the electronic

wavefunctions, necessary to quantify �f i.

Calculating the transition rate gives us a common fac-
tor of proportionality �0 for all three processes which also
incorporates the phononic density of states. Spontaneous
emission is temperature independent while induced emis-
sion and absorption both exhibit a temperature depen-
dence following the Bose-Einstein distribution n̄ making
them dominant at higher temperatures. Taking all these
processes into account we end up with the di↵erential
equation (2) and derive an expression for the decay rate
�(T ) = �0(1 + 3n̄(T )). From our ab initio calculations
we obtain the value �0 = 3.02⇥ 10�5 s�1, in agreement
with our measurements for the electron irradiated crys-
tals. These low rates are a consequence of the low phonon
density of states at the spin transition energy h̄!s in a
diamond crystal.

Induced emission and absorption govern the linear
regime of � which is explained by the high temperature
limit of the Bose-Einstein distribution. The observed
plateau at lowest temperatures stems from the tempera-

T. Astner, J. Gugler, A. Angerer, S. Wald, S. Putz, N. J. Mauser, M. Trupke, 
H. Sumiya, S. Onoda, J. Isoya, J. Schmiedmayer, P. Mohn, and J. Majer, 
Solid-state electron spin lifetime limited by phononic vacuum modes, 
Nature Materials 17, 313--317 (2018)

ab-initio DFT Calculation  
J. Gugler, P. Mohn 

8 hours



J. Gugler, T. Astner, A. Angerer, J. Schmiedmayer, J. Majer, and P. Mohn, Ab initio calculation of the spin lattice 
relaxation time T1 for nitrogen-vacancy centers in diamond, Phys. Rev. B 98, 214442 (2018)
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FIG. 3. Temperature dependence of the spin-lattice relaxation rate. a, The symbols represent the measured spin-
lattice relaxation rates � for di↵erent diamond samples. We fit the theoretically predicted temperature dependence � =
�0(1 + 3n̄) to extract the factor of proportionality �0. We find the lowest relaxation rate for an electron irradiated sample
with �0 = 3.14⇥ 10�5. Note that samples E1 and E2 with di↵erent initial nitrogen and NV� concentration exhibit almost
the same constant �0, but di↵er in more than one order of magnitude compared to the neutron irradiated sample N1. The
dashed black line corresponds to the relaxation rate calculated ab intitio. We identify the energy regime kBT < h̄!s (light blue
background) as the quantum limit where the only remaining decay channel is spontaneous emission of a phonon. In the high
energy regime kBT > h̄!s (light yellow background) the rate � has a linear temperature dependence. This is explained by the
high temperature limit of the Bose-Einstein distribution where phonons with an energy of h̄!s exist in the phonon bath. In the
intermediate regime (kBT ⇡ h̄!s) thermal phonons start to contribute to the relaxation process. b, Illustration of the relevant
processes contributing to the spin-lattice relaxation. c, For illustration purposes we show the unit cell containing a single NV�

centre with the iso-surface of the spin density shown in blue. The supercell used for the calculation of the theoretical prediction
plotted in a, is composed of 64 lattice sites including a single NV� centre.

spin-vector and rij({Qn
}) is the electronic distance vec-

tor, which depends on the positions of the ions. In the
supplementary materials we provide a video which illus-
trates the movements of the ions with the corresponding
isosurfaces of the spin density. Since we are looking at
small displacements, the dipolar interaction is expanded
to first order with respect to the ionic positions, result-
ing in a perturbative potential Vs�ph corresponding to an
e↵ective interaction which is then used in Fermis golden
rule to calculate transition rates between an initial and
a final state �f i (see Methods section). The electronic
response to the ionic motion is modelled by using the
Wigner-Seitz cell as the region around the ionic equi-
librium position in which the electronic orbital rigidly
follows the ion. Carrying out this procedure, we end
up with three relevant processes that describe the dy-
namics of the spin-lattice interaction in our system: A
de-excitation of a spin is accompanied by spontaneous or
induced emission of a phonon, whereas the absorption of
a phonon excites a spin (see Fig. 3b). We perform den-

sity functional theory (DFT) calculations on a supercell
with 64 lattice sites and a single NV� centre. The dia-
mond unit cell with a spin density iso-surface is shown
in Fig. 3c. In the supercell we calculate the ionic equi-
librium positions, the ionic dynamics and the electronic
wavefunctions, necessary to quantify �f i.

Calculating the transition rate gives us a common fac-
tor of proportionality �0 for all three processes which also
incorporates the phononic density of states. Spontaneous
emission is temperature independent while induced emis-
sion and absorption both exhibit a temperature depen-
dence following the Bose-Einstein distribution n̄ making
them dominant at higher temperatures. Taking all these
processes into account we end up with the di↵erential
equation (2) and derive an expression for the decay rate
�(T ) = �0(1 + 3n̄(T )). From our ab initio calculations
we obtain the value �0 = 3.02⇥ 10�5 s�1, in agreement
with our measurements for the electron irradiated crys-
tals. These low rates are a consequence of the low phonon
density of states at the spin transition energy h̄!s in a
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FIG. 3. Dynamics of the superradiant decay. a, Close to
the region where the inversion hSzi is zero and the spin quan-
tum number is maximum, correlations in the spin system lead
to an enhanced photon emission rate � / N2 (note that we as-
sume a S = 1/2 system here). Uncorrelated emission � / N
governs the decay for the excited spin system. Dephasing
decreases the spin quantum number and evolves the system
out of the purely symmetric subspace. However, superradi-
ance also occurs in these partly dephased inner shells, but
the fully symmetric ground state is not reached anymore af-
ter the decay. Further, the number of photons emitted during
the superradiant decay becomes smaller. b, The red measure-
ment curve shows a detailed view on the trace for the emitted
photon intensity with three NV subensembles in resonance
with the cavity and where the inversion of the spin ensem-
ble is maximum (depicted as black dashed line in Fig. 2).
The shaded area is the time for which the excitation drive is
turned on. Shown in blue is the dynamics of the spin inver-
sion, measured using the optical transition of the NV centre
and the inversion polarization normalized to the number of
spins. The inset shows the measurement sequence with MW
excitation and optical readout pulses. After maximum inver-
sion is reached the spins remain in a metastable state until
fluctuations lead to a stimulated superradiant decay. This
is accompanied by a burst of photons that builds up in the
cavity mode. The blue solid line represents a fit of the fluores-
cence data according to a hyperbolic tangent12,32 as derived
in the Method section.

polarization inversion of the ensemble during this decay.
The NV centre posesses an optical transition which en-
ables a direct measurement of the spin polarization by
optically detected magnetic resonance (ODMR)33,34. We

FIG. 4. Non-linear scaling of the emitted radiation
intensity. a, By bringing either N , 2N , 3N or 4N spins into
resonance with the cavity mode we are able to measure the de-
pendence of the emitted photon intensity with respect to the
number of spins. Depicted here are the traces for each of these
cases where maximum inversion is reached, and a microwave
drive duration of 50 ns. b, By measuring the maximum value
of the emitted intensity we observe a non-linear scaling as
|A|2 / N1.52. The dashed grey lines show N and N2 scaling,
respectively. c, The delay and the width of the superradiant
burst as a function of the number of spins, respectively. The
width of the pulse can be modelled by Eq. (12) in the Method
section, and shows the expected 1/N dependence12 (cf. red
dashed line). The delay of the burst does not closely follow
Eq. (9), since it is very sensitive to small deviations in the in-
clination angle, which is experimentally hard to realise. Fur-
ther, for smaller number of spins the theoretically predicted
delay is much longer (> 5 µs) than other decay mechanisms
driving the spins out of the metastable state earlier.

implement ODMR in our experiment at ultra-low (mK)
temperatures by illuminating parts of the sample using
a 20 ns long optical pulses delivered through an optical
(multimode) fibre and collect the scattered fluorescence
with the same fibre (see Methods for details). The fluo-
rescence level then gives a direct measurement for hSzi.
By varying the time-delay of the laser readout pulse with
respect to the microwave pulse set for maximum inversion
of the spin system, a time resolved measurement of the
inversion is obtained. We measure the microwave cav-
ity output and the scattered fluorescence simultaneously
(details of the measurement are presented in the Meth-
ods section). As can be seen from the blue measurement
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