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Laser cooling of solids currently has a temperature floor of 50-100 K. We propose a method that could
overcome this using defects, such as diamond color centers, with narrow electronic manifolds and bright
optical transitions. It exploits the dressed states formed in strong fields which extend the set of phonon
transitions and have tunable energies. This allows an enhancement of the cooling power and diminishes the
effect of inhomogeneous broadening. We demonstrate these effects theoretically for the silicon vacancy and
the germanium vacancy, and discuss the role of background absorption, phonon-assisted emission, and

nonradiative decay.
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The optical cooling of solids to low temperatures is an
important open challenge. The current method [1-3] is anti-
Stokes fluorescence in rare-earth doped glasses [4]. In this
process a rare-earth ion absorbs light, creating an excited
electronic state which then absorbs phonons before reemit-
ting the light at a higher frequency. Despite the competing
heating by nonradiative decay and background absorption,
temperatures as low as 91 K have been reached [3]. This is,
however, reaching the fundamental limit of 50-100 K [4]
set by the phonon energy that can be absorbed effectively.
The same issue of a characteristic phonon energy also
limits the possible cooling by absorption of optical phonons
reported in room-temperature semiconductors [5,6]
(see also Ref. [7]), and while various techniques have
been considered to improve performance along with differ-
ent cooling schemes [2,3,6,8—10], they do not address this
problem. One route to reaching lower temperatures exploits
the continuous electronic dispersion in semiconductors
[11-15], but has yet to be achieved [7].

In this Letter, we propose a mechanism by which the
temperature floor of solid-state laser cooling could be
overcome, using quasiresonant excitation of a suitable
defect state. We focus on the group IV color centers in
diamond and in particular the negatively charged silicon-
vacancy defect (SiV). The states of this defect comprise a
ground-state and an excited-state manifold with dipole-
active optical transitions between the two [16-19]. At
sufficiently low temperatures the optical spectrum shows
four lines, two of which could be resonantly driven to
produce a form of anti-Stokes cooling. For weak driving
this process is very sensitive to detuning. However, for
stronger driving the dynamics becomes controlled by laser-
dressed states rather than the original electronic eigenstates.
The formation of these states, via the Autler-Townes effect
[20], leads to a more complex cooling process with many
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phonon transitions occurring within the dressed-state spec-
trum [21]. This process, which we dub dressed state anti-
Stokes cooling (DASC), corresponds to the inelastic
scattering of the driving laser in the strong-driving regime.
Importantly, it can be tuned to optimize the phonon
absorption rates: by controlling the field intensity and
detuning, the energy gaps and phonon matrix elements
are modified in such a way that the coupling to the phonons
is larger for the most occupied states at a given temperature.
For the SiV we predict high gross cooling powers, of 1-100
fW per defect, down to temperatures of a few Kelvin. This
is many orders-of-magnitude greater than could be
achieved using rare-earth ions, even at the higher temper-
atures where they can operate. Furthermore, the cooling
effect occurs over a broad range of detunings (see Fig. 1),
and so survives in the presence of inhomogeneous broad-
ening. While it will compete with various heating proc-
esses, as we discuss later, our results suggest DASC could
enable the optical cooling of solids to temperatures
unachievable with existing methods.

The SiV in diamond [18] is one of a family of group IV
color centers [19] that are candidates for DASC. We focus
on the SiV, although we obtain similar results for the
germanium-vacancy (GeV) [21]. These defects are of
interest for quantum nanophotonics, acting as both opti-
cally addressable spin qubits and effective single-photon
emitters [25]. The electronic and spin states have long
coherence times in the low temperature regime we consider,
producing lifetime-limited spectra without spectral diffu-
sion [18]. The spin coherence time for the SiV is submicro-
second due to phonon scattering within the ground-state
manifold [18]. While this is disadvantageous for use as a
spin qubit, it is beneficial for cooling because it allows
rapid phonon absorption. Conventional anti-Stokes cooling
using the SiV and related nitrogen vacancy (NV) was
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FIG. 1. Calculated cooling power of a single laser-driven SiV at
T =20 K, as a function of laser detuning. Different curves
correspond to the different Rabi frequencies, i.e., driving
strengths, Q =2 x 107992 x 107!, ...,2 x 1073 rad ps_l. Rabi
frequency decreases from the top to the bottom curves on
the left of the plot. All polarizations are driven equally,
Q, =Q, =Q_ = Q. The vertical lines mark the four optical
transitions between the ground-state and excited-state manifolds.
The inset shows the spin-up levels of the SiV, and the anti-Stokes
cooling process which occurs for weak driving on the lowest-
energy transition. The cycle involves phonon transitions (wavy
arrows), absorption of photons from the driving laser (straight
upward arrow), and spontaneous emission (straight downward
arrow).

considered in recent works [26,27], based on the broad
absorption lines observed at room temperature. Here we
consider, instead, high quality materials at low temper-
atures. This opens up the possibility of precision cooling
approaches with tailored excitation of well-characterized
transitions. Methods for cooling micromechanical resona-
tors using the NV and SiV have been proposed [28,29],
however, the goal in that case is to cool a single resonator
mode, whereas we consider cooling of the bulk material.

A disadvantage of our method is that it will require pre-
cooling of the sample, unlike anti-Stokes cooling which
operates from room temperature. Our analysis is restricted
to a low temperature regime where we may use the
Born-Markov approximation including only lowest-order
single-phonon processes [21], and where heating due to
nonradiative decay may not be overwhelming. For the SiV
there is a strong decrease in the emission lifetime [30]
above ~100 K, suggesting significant nonradiative decay
which would preclude cooling. Another disadvantage of
this type of defect is the presence of emission into phonon
sidebands [18,25,31,32]. This will produce a competing
heating effect, which would need to be suppressed using
photonic structures [33-35].

To study optical cooling using an SiV we use an open-
quantum systems description based on the Born-Markov
approximation. As usual, we divide the problem into a
system and baths, with the system Hamiltonian describing

the SiV driven by a laser. It is a one-hole system with eight
levels, four associated with spin-up and four with spin-
down. The levels in each spin sector form an excited () and
ground (g) state manifold, each containing two levels (see
Fig. 1). The states in each manifold, |u.) and |g. ), are split
by the spin-orbit coupling constants 4* = 1.11 and 49 =
0.19 meV [16]. We ignore the small contribution of the
linear vibronic Jahn-Teller interaction, which is around 5%
of the spin-orbit coupling and so would not qualitatively
affect our results. The manifolds are separated by the zero
phonon line (ZPL) energy Ezp;, = 1.68 eV, and coupled by
electric-dipole optical transitions of various polarizations.
We suppose that these transitions are driven by lasers of a
single frequency w;, and use the Floquet representation
obtained after a unitary transformation U = e@(|#)+lu-)),
The Hamiltonian for the spin-up sector is, with A =1,

A Q¢ 0 Q. Q.
o1 0 A= Q. Q. O
) Q Q. A+ 0 ’

Z

Q. Q 0 A-W

z
The basis here is in the order of decreasing energy in the
original frame. In the Floquet basis the energies are shifted
by the laser frequency, and given in terms of the detuning
from the zero-phonon line A = @; — wzp; . L, is the Rabi
frequency quantifying the strength of the driving with
polarization along the z axis, which is the [111] crystal axis,
and Q, are the Rabi frequencies for the two circular
polarizations in the xy plane. The Hamiltonian for the spin-
down sector is identical, except that the two circular
polarizations are swapped. Most of our results refer to
situations where Q, = Q_, so that H describes both spin
sectors.

Acoustic phonons cause transitions between states in
each manifold due to the intramanifold coupling [29]

Hp =Y (Filus)(u | + fllg:)g-| + He) ® (ax + af).

k
(2)

They also affect the energy separation of the manifolds due
to the intermanifold deformation-potential coupling [36,37]

Hp =Y giljuy) (g + |u)(u|
k

= lg:)gsl = lg-Yg-1) ® (ar +ap).  (3)

The bath has a super-Ohmic spectral density, reflecting the
density of states of the acoustic phonons and the frequency
dependence of the electron-phonon coupling. We use
the expression [36,37] J,(w) = 24w 2w e/ with A =
0.0275 and w, = 2zradps~!. We include only the bulk
phonon contribution relevant to our results, neglecting the
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local phonons which have much higher energies. The
intermanifold coupling has been modeled [29] using
the same form of J,(w) but with A = 0.073, reflecting
the difference in matrix elements. We include this differ-
ence in the ratio f%/g, and for simplicity take f% = f7.
An equation of motion for the reduced density matrix of
the SiV can be obtained using the Born-Markov approxi-
mation [38], which is well justified in the parameter
regimes we consider [21]. The general form we use here
is given in [21,39], along with the form for the mean heat
current, from the phonons to the SiV, obtained using the
method of full counting statistics [40]. The contribution to
the heat current from phonon absorption is J,, = > ; iJdijs

Jij ocvin(vi)d p(vji)s (4)

where v;; = E; — E; are transition energies between the

eigenstates of Hg, J,,(@) is the phonon spectral density, and
n(w) = (e’ — 1)~ the occupation. We include the radi-
ative decays using standard Lindblad dissipators [38], one
for each transition from one of the u states to one of the g
states. We neglect differences in the rates of the different
decays, which are factors of order 1, and take them all to
have rate y, = 1 ns™! [41,42]. We drop the Lamb shift
terms, which are negligible, but do not make the secular
approximation.

Figure 1 shows the calculated cooling power as a
function of driving frequency, for a single SiV at a
temperature of 20 K, driven with Q =Q, =Q_.
Different curves correspond to different driving strengths,
i.e., Rabi splittings, similar to those reached in experi-
ments [43]. At weak driving, we see two characteristic
peaks on each side of zero detuning, with those on the red
(blue) side corresponding to net cooling (heating) of the
phonons. The cooling (heating) effect corresponds to weak
resonant driving of the two lowest (highest) of the four lines
in the optical spectrum. As the driving is increased the red-
detuned features first evolve into a broad spectral region
where there is a very high cooling power. Further increases,
beyond the driving strengths shown, then lead to a
reduction in the maximum power.

Figure 2 shows the calculated maximum cooling power,
obtained by maximizing over the detuning, as a function of
temperature. We also show the corresponding values of the
detuning. For weak driving, the optimal detuning is
indistinguishable from that of the lowest-energy transition
lg.) = |u_), —(2* + 29)/2, and is independent of temper-
ature. This is consistent with the anti-Stokes cooling
process illustrated in the inset to Fig. 1. For the lowest
temperatures shown this process involves phonon transi-
tions only in the ground-state manifold, giving a small
cooling power. The cooling power increases as temperature
is increased, allowing phonon absorption in the upper
manifold, but then becomes constant, due to the presence
of a characteristic maximum energy, A“, that can be
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FIG. 2. Maximum cooling power (solid curves, right axis) and
corresponding detuning (dashed curves, left axis) as a function of
temperature for several driving strengths. Results are shown for
Q=0 =0Q_=2x107,2x107",...,2x 10723 radps~!.
The smallest Rabi frequency corresponds to the smallest power on
the right of the plot, and the largest (least negative) detuning. The
detuning curves for the two smallest Rabi frequencies coincide.
The inset illustrates the quasienergies for a three-level model and
the DASC cycle.

absorbed per cycle at weak driving. This saturation is
absent in the strong-driving case, where the cooling power
increases linearly with temperature. The optimal detuning
is lower (more negative) than in the weak-driving case,
corresponding to driving on the red side of the lowest-
energy transition, and is strongly temperature dependent,
becoming more negative as temperature increases.

The enhancement of the cooling power arises because for
strong driving the heat flow to the phonons is controlled by
transitions between the laser-dressed states, whose quasie-
nergies are the eigenvalues of H. As can be seen in Eq. (4),
each pair of states i, j gives rise to a heat flow proportional
to the transition frequency, vj;, and the Bose function and
spectral density at that frequency. Thus, by tuning the
quasienergies through the driving field, we can increase the
heat absorption beyond the maximum achievable with a
fixed level structure.

In the four-level system there are multiple phonon
absorption pathways, leading to a complex cooling cycle
discussed further in the Supplemental Material [21].
However, we obtain similar results for a simplified
three-level model with a single ground state and two
excited states. This allows us to identify the essential
features of the DASC process as those illustrated in the
inset of Fig. 2. The eigenstates of the defect, in the presence
of the periodic driving, are the Floquet states, with quasi-
energies defined up to integer multiples of the driving
frequency. This introduces a periodic replica of the ground
state, near to the excited states. The driving field then mixes
the states together. Referring to Fig. 2 we see that, over the
temperature regime shown, the driving strength is a fraction
of the detuning, so the mixing produces only small energy
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shifts. However, it gives rise to the two additional cooling
processes, in which a photon and phonon are simulta-
neously absorbed. In terms of the original (undressed)
states, these are Raman transitions from the ground to the
excited states via a virtual intermediate state. The energy of
the absorbed phonon in the two cases is approximately
(Ex —E,;) —hw;, and can be tuned to maximize the
cooling power. The increase in cooling power in Fig. 2
over the weak-driving case in the regime k7 2 A" arises
because the larger transition energies increase the heat
absorption. The transition energies can also be smaller than
those in the bare spectrum, allowing cooling at temper-
atures below the limit set by the bare level splitting. Indeed,
as can be inferred from the illustration, DASC can occur in
a two-level system.

There is a maximum in the cooling power as a function
of driving strength because the relaxation processes, and
therefore the heat flows, depend on the dressed-state
energies and compositions [44]. At large Q the phonon
heat current changes sign, and the cycle operates as a
heater. For a two-level model one can define an effective
temperature for the photons, whose relation to temperature
of the phonon bath determines the direction of heat
flow [45].

The cooling will compete with heating due to back-
ground absorption in the host material. The Rabi frequency
hQ = dE,, where d is the transition dipole moment
and E, the electric field amplitude, and the intensity is
I = ceOnE(z) /2. The heating rate due to background absorp-
tion, per SiV, is then ceynh’Q?ay/(2d?p), where ay, is the
background absorption coefficient and p the SiV density.
Considering the strongest field used in Fig. 1, we have a
heating power ~10%(a,/p) fWm™2, against a cooling
power of ~100 fW. Taking a conservative background
absorption coefficient @, = 0.1 cm™! [46],and d = 14.3 D
[18] we then predict net cooling for p = 10** m~3, or about
one SiV per 10° carbon atoms. Thus background heating is
unlikely to be a limitation.

A second competing heating effect arises from radiative
decay accompanied by the emission of phonons. In general,
only a fraction a of the radiative decay is into the ZPL, with
the remainder into the phonon sideband. For DASC, the
maximum cooling power is limited by the radiative
decay rate into the ZPL, and so is ~kTayqp,, where p,
is the probability of occupying the upper manifold. The
heating rate by sideband emission, with mean phonon
energy Eg, is ~(1 — a)yop,Es,, s0 net cooling requires
a> E,/(Ey, + kT). For the SiV, there is a strong effect of
a local phonon with energy ~60 meV [37], so at 30 K net
cooling occurs if a > 0.95. Many works [19,30,31,47,48]
suggest a = 0.7, however, a~0.9 has been reported
[18,25]. Furthermore, a can be increased by using photonic
structures [33-35].

A third competing heating effect is nonradiative decay
from the u to the g manifold. The impact of this will be
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FIG. 3. Computed spectrum of the light from an SiV at 20 K

driven with Q, =Q_=Q_ =2x 107! radps~!'. This corre-
sponds to the second-highest driving shown in Fig. 1. The laser
is detuned to the maximum in the cooling power at
f1— fzp. = —400 GHz. All polarization components have been
combined to show the total power.

similar to that in conventional laser cooling [4]. A non-
radiative decay with rate yng implies heating Ezp; YN Pu-
Net cooling at 10 K then requires (yy+ ynr)/7NR >
Ezp1 /KT Z 1000, or a quantum efficiency (QE) of at least
99.9%. Experimental results for the QE in the low-temper-
ature regime relevant here are scarce, although a lower
bound on the QE of 30% has been found [18] from the
measured lifetime and dipole moment. However, signifi-
cantly longer lifetimes have been measured [41], which
would imply much higher QEs, as would the rates from fits
to second-order coherence data [17]. A value of 67% was
found in room-temperature experiments [34], again imply-
ing a high QE at low temperatures, where the activated
nonradiative processes disappear. Given these results we
suggest that the QE required for cooling is achievable, with
the low values in the literature perhaps due to extrinsic
effects such as strain. We note also recent measurements of
the Germanium vacancy [49-51] which suggest a high QE.
We have investigated cooling in this defect and obtain
results similar to those for the SiV [21].

The DASC process could be observed via the scattering
of the driving laser. Figure 3 shows the spectrum of the light
from an SiV driven in the cooling regime. It contains two
sidebands around the laser frequency, forming a Mollow
triplet [52], and four broader peaks near to the original
emission lines. The scattered intensity at frequencies above
the driving, at f; = —400 GHz, is greater than that below it,
so on average the scattering increases the energy of the
photons. The energy they gain corresponds, by energy
conservation, to that lost by the phonons, and this blue-
shifting of the scattering demonstrates that heat is being
removed from the crystal.

In conclusion, we have proposed and analyzed an
approach to the optical cooling of solids using quasireso-
nant excitation of optically active defect states in a low-
temperature regime. Our approach could overcome the
temperature limitations inherent in optical cooling using
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rare-earths, set by the gaps within the electronic manifolds,
by using laser dressing to control the frequencies of the
phonon transitions. This allows the process to take advan-
tage of the maximum in the phonon heat absorption rate for
transition energies ~k7 and so produce a large cooling
power. This could allow systems such as the group-1V color
centers in diamond to cool effectively. The dressed-state
enhancement, along with the fast radiative rates, leads to
predicted cooling powers many orders of magnitude greater
than could be obtained using rare-earths, down to temper-
atures of a few Kelvin. An interesting question is the
maximum temperature at which these processes could be
effective. While the Born-Markov theory will eventually
break down, it is likely that the upper limit in practice will
be set by the breakdown of the four-level model and the
absorption and decay arising from other states [21].
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