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The T center, a silicon-native spin-photon interface with telecommunication-band optical transitions
and long-lived microwave qubits, offers an appealing new platform for both optical quantum memory
and microwave-to-optical telecommunication-band transduction. A wide range of quantum memory and
transduction schemes could be implemented withT center ensembles with sufficient optical depth, with
advantages and disadvantages that depend sensitively on the ensemble properties. In this work we char-
acterize T center spin ensembles to inform device design. We perform the first T ensemble optical depth
measurement and calculate the improvement in center density or resonant optical enhancement required
for efficient optical quantum memory. We further demonstrate a coherent microwave interface by coher-
ent population trapping and Autler-Townes splitting. We then determine the most promising microwave
and optical quantum memory protocol for such ensembles. By estimating the memory efficiency both in
free space and in the presence of a cavity, we show that efficient optical memory is possible with reason-
able optical density forecasts. Finally, we formulate a transduction proposal and discuss the achievable
efficiency and fidelity.
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I. INTRODUCTION

Quantum memories and transducers are enabling tech-
nologies for the global quantum internet. Optical quan-
tum memories that coherently store and recall unknown
states of a traveling optical field on demand [1] are a
component of quantum repeaters [2–5] to increase the
entanglement distribution range, and therefore the secure
communication range, of quantum networks [6] as well
as a means of synchronizing processes with optical quan-
tum computers. Microwave (MW) quantum memories,
on the other hand, can interface with microwave fre-
quency material qubits, including superconducting circuit
qubits—arguably the most advanced quantum computing
platform at present—to extend circuit depth and reduce
no-operation error rates [7].

Long-coherence spin ensembles have been proposed
as quantum memories for both applications, with
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considerable research into optical quantum memories in
particular. To date, several quantum memory protocols,
including electromagnetically induced transparency (EIT)
[8], atomic frequency comb [9,10], controlled reversible
inhomogeneous broadening [11], and Autler-Townes (AT)
splitting (ATS) [12], based on platforms such as rare-earth
ions [10,13], nitrogen-vacancy centers in diamond [14],
atomic vapors [15,16], and Bose-Einstein condensates
[17,18] have been proposed. However, few of these sys-
tems operate in a telecommunications band. Extending the
quantum internet to a global scale requires optical quan-
tum memories compatible with satellite communications
as well as terrestrial optical fiber networks.

Similarly, efficient and coherent conversion between
gigahertz microwave signals and terahertz optical signals
is essential for networking microwave material qubits [19].
Transduction from microwave to telecom photons could
enable, for example, networking of superconducting quan-
tum processors and spin quantum processors [20,21] via
the global quantum internet. There are several remark-
able experimental demonstrations [22–25] of as well as
theoretical approaches [26–29] for reversible conversion
between microwave and optical fields. In general, quantum
transduction can be achieved through intermediate systems
such as atomic ensembles [22,25,28,30], electro-optical
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systems [24,31], electro-optomechanical systems [23,32],
and other systems including molecules and ferromagnets
[33,34].

Ensembles of atoms or atomlike systems combining
long-coherence microwave spin qubits and optical transi-
tions are therefore a versatile “Swiss-army knife” platform
suitable for microwave and optical memory as well as
microwave-to-optical transduction. Identifying and devel-
oping long-coherence quantum systems combining narrow
and absorptive microwave and telecom optical transitions
is an important milestone for designing a quantum net-
work. However, to date few suitable systems have been
identified. Memory and transduction proposals of this kind
have focused almost exclusively on Er3+, which combines
narrow MW and telecom optical transitions in many crystal
hosts [26,28,30]. Although the optical transition is compar-
atively weak, significant optical depths have been observed
with concentrated Er3+ ensembles in large crystals [35].

The newly rediscovered silicon T center offers native
O-band telecom access and long-lived spins operating
at microwave frequencies [36,37]. Notably, silicon is an
attractive host material for such a system, as it is already
the substrate of choice for a wide variety of quantum
platforms, including ion traps [38], quantum dots [39],
superconducting qubits [40], and, naturally, impurity and
defect spins in silicon [41] and silicon photonics [42].
The T center integrates with silicon photonic devices
on CMOS-compatible wafers as a waveguide and fiber-
networked quantum information platform [37] that could
further mediate between other silicon quantum technolo-
gies packaged on-chip, such as superconducting, trapped
ion, and gate-defined quantum dot qubits, for a complete,
all-silicon hybrid quantum information platform.

In this paper we introduce the prospects of T centers
for microwave quantum memory, optical quantum mem-
ory, and microwave-to-optical quantum transducers. We
first briefly review the known properties of the T center as
revealed by recent studies. Then, we further characterize T
center ensembles experimentally toward the goal of quan-
tum memories and transducers. We report measurements of
T center optical depth (OD) in Sec. III, microwave coher-
ent population trapping (CPT) in Sec. IV, and microwave
ATS in Sec. V. Informed by these measurements, in Sec.
VI, we estimate the efficiency of applicable optical mem-
ory schemes, including EIT and ATS. In Sec. VII we
propose placing the ATS memory in a cavity and present a
model of this configuration to derive the resonator require-
ments for efficient T center microwave quantum memo-
ries. On the basis of these results, we then consider the
potential of combining the optical and microwave ATS
schemes to design a transduction protocol in Sec. VIII.
Finally, we conclude with future directions in Sec. IX. A
notation key is provided (Appendix C) to keep track of
the important properties and variables for each of these
applications.

II. THE T CENTER

The T center is a luminescent silicon defect with a
sharp emission line at 935 meV, in the telecom O band.
Early work [43,44] established that T centers comprise two
nonequivalent carbon atoms and a hydrogen atom. Some
of the T center parameters required to calculate quantum
memory and transduction efficiencies, including the level
structure, optical linewidths and lifetimes, and spin coher-
ence times, were established recently [36,37,45,46]. The
remaining key parameters—optical depth, microwave cou-
pling strengths and two-photon microwave linewidth—are
obtained in this work and used in proof-of-principle quan-
tum memory precursor experiments.

Spectroscopy of T center ensembles [36] established
that the ground state has a tightly bound s = 1/2 electron
coupled to the hydrogen nuclear s = 1/2 spin through an
anisotropic hyperfine interaction. In its optically excited
state, a bound exciton is formed, the electron spins form
a singlet state, and there remains an unpaired s = 3/2
hole. The fourfold degeneracy of free holes in silicon is
lifted in the reduced symmetry of the T center to form two
distinct excited state doublets labeled “TX0” and “TX1”
separated by 1.76 meV. Thermal excitation between these
two states is negligible below approximately 2 K. Studies
of TX0 with ensembles and single centers revealed remark-
able optical linewidths sufficient to resolve the ground state
electron spin splitting at low fields [36,37].

The TX0 lifetime τ is 0.94 µs in bulk silicon [36]. The
radiative efficiency, ηR, of this transition is not precisely
known. To date, measurements with bulk ensembles have
not found evidence of nonradiative relaxation [36]. First-
principles theoretical calculations indicate 0.19 < ηR <

0.72 [47], and single-center photon fluorescence rates
bound ηR ≥ 0.03 [37]. The zero-phonon (ZP) fraction
(ηZP), or Debye-Waller factor, is known to be 0.23 [36].

The schematic level structure in Fig. 1 shows TX0
under an applied magnetic field, with four resolved opti-
cal transitions, A–D, between the ground state electron
and excited state hole states. The T center has 24 possible
orientations, forming 12 inequivalent inversion symme-
try subsets i, each with its own set of optical transi-
tions, Ai–Di, determined by the effective anisotropic hole
Landé factor 0.85 < gHi < 3.5 for a particular magnetic
field orientation. Optically detected magnetic resonances
(ODMRs) reveal ground state hyperfine splitting under
microwave or radio-frequency (rf) excitation. Both the
“allowed” nuclear-spin-preserving microwave transitions,
MW⇑ and MW⇓, and the “forbidden” microwave transi-
tions, Xm and Xp , are observed to be strong. The T center
therefore boasts both optical and microwave � and V tran-
sitions for interfacing between traveling fields and spins.
The nuclear spin states of the hydrogen nucleus become
optically accessible when homogeneous linewidths are
sufficiently narrow [46].
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FIG. 1. Energy level diagram of the T center 935.1-meV TX0
optical transition. Under a magnetic field, the unpaired electron
spin of the paramagnetic ground state T and the unpaired hole
spin of the excitonic excited state TX0 split into doublets. The
anisotropic hole spin determines 12 orientational subsets for a
given magnetic field orientation, with optical transitions Ai–Di
for subset i, that may be optically resolved. The nuclear spin
transitions are resolvable with microwave addressing.

Isotopically purified 28Si improves on both the spin
properties and the optical properties of the T center.
Removal of 29Si atoms (spin-1/2 nuclei) reduces the mag-
netic noise bath and increases native spin coherence times.
Removal of mass variations due to both 29Si and 30Si
dramatically reduces the optical inhomogeneous broad-
ening, �in. Ensemble optical inhomogeneous linewidths
�in/2π as low as 33 MHz have been observed in 28Si
T center ensembles [36]. Hahn echo measurements in
28Si crystals revealed electron and nuclear spin coherence
times (Te

2 and Tn
2) of 2.1 ms and 1.1 s, respectively [36].

Both T center spins offer a memory advantage compared
with superconducting qubits, and the nuclear spin coher-
ence time is sufficient for repeaters in terrestrial quantum
networks. Measurements of spectral diffusion, �SD, have
indicated that the 28Si ensemble optical linewidths may
be close to diffusion limited, �SD/2π = 27(12) MHz, and
that spectral diffusion remains low in natural silicon sam-
ples even as the inhomogeneous linewidth increases to 6
GHz [45]. Measurements of the “instantaneous” homoge-
neous linewidth, �hom, have shown that T emission in 28Si
can be almost lifetime limited (�hom/2π = 690 kHz ∼
4 × 1/2πτ ), and increases to approximately 11 MHz in
silicon-on-insulator (SOI) ensembles measured to date
[46].

In the following sections we extend these studies by
characterizing the optical absorption properties of 28Si T
center ensembles to determine the requirements for T cen-
ter optical quantum memories. We further implement the

first coherent � and V schemes for T centers as a precursor
to quantum memory and transduction protocols.

III. OPTICAL DEPTH

An efficient quantum memory fundamentally requires
signal absorption approaching 100% for the reversible
transfer of information. The precise OD requirement
depends on the choice of memory scheme (which we dis-
cuss in Sec. VI), but an OD d > 5 is a starting point for
practical memories. Here we report the first optical absorp-
tion measurements of T centers and extrapolate what ODs
are feasible in the near term for T center quantum mem-
ories. An approximately-5-mm-thick 28Si sample is elec-
tron irradiated and annealed according to the procedure
in Appendix B to produce a significant concentration of
T centers. We measure the complete photoluminescence
(PL) spectrum under above-band excitation by Fourier
transform infrared (FTIR) spectroscopy; see Fig. 2(a).
Details regarding the prominent TX0 zero-phonon line
(ZPL) are shown in Fig. 2(b). In addition to the PL spec-
trum (blue), we resolve the ZPL by photoluminescence
excitation (PLE) spectroscopy, resonantly exciting TX0
with a scanning laser and detecting fluorescence from the
phonon sideband to determine an ensemble ZPL linewidth
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FIG. 2. (a) PL spectrum of a T center ensemble in 28Si. (b)
High-resolution PL spectrum about the TX0 zero-phonon peak
(blue) and PLE spectrum of the same sample (orange). The cor-
responding absorption spectrum (black) is instrument resolution
limited. We calculate an area-preserving corrected absorption
spectrum (dashed black line) with linewidth and shape matched
to the PLE spectrum.
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�in/2π of 56 MHz (orange). This linewidth is an inhomo-
geneous factor of 331 times the lifetime-limited linewidth,
and is slightly larger than the smallest linewidth measured
[36]. The corresponding FTIR optical transmission spec-
trum (black), taken with a continuum light source and a
sample temperature of 1.4 K, is presented on a separate
axis in Fig. 2(b). Absorption at the T center ZPL is evident
with peak absorption of 0.27(1)%, limited by the instru-
ment resolution. Assuming the true absorption linewidth
is identical to the PL linewidth, we infer a corrected
peak absorption of 0.93(3)%, corresponding to peak reso-
nant OD dcorr = 0.009 and resonant absorption coefficient
αcorr = 0.017/cm.

This first absorption measurement allows us to assess
the feasibility of T center ensembles in the OD regime
required for optical quantum memories. A considerable
increase in optical depth over the sample measured here
is required to operate an efficient quantum memory, but
recent measurements indicate that orders of magnitude
improvements are possible. First, we can compare the con-
centration of this sample with theoretical limits and con-
centrations observed in other work. The T center concen-
tration cT can be determined from the integrated absorption
line area

∫
αdV shown in Fig. 2 [48]:

cT = g1

g2

8πn2τZP
∫

αdV
hλ2 , (1)

where g1 and g2 are the degeneracy of the ground state
and the degeneracy of the excited state, n = 3.45 is the sil-
icon index of refraction at cryogenic temperatures, τZP =
τ/ηRηZP is the ZP radiative lifetime, h is Planck’s constant,
and λ = 1326 nm is the wavelength.

Assuming the upper-bound (lower-bound) radiative effi-
ciency ηR = 1 (ηR = 0.03), we determine the T center
bulk concentration cT = 8.2(2) × 1010 cm−3 [2.7(0.7) ×
1012 cm−3]. T center formation in this sample is limited
by the low residual carbon contamination of our sample
(given in Appendix A).

Concentrations up to 200 times larger than this lower
bound, at least 1.7 × 1013 cm−3, have been produced in
silicon photonics with use of a carbon implantation recipe
[37]. Orders of magnitude increases in concentration have
also been achieved with ion implantation for other radia-
tion damage centers [49,50]. This bodes well for the fea-
sibility of 28Si ensembles with considerable optical depth.
We expect at least an additional factor of 5 increase is pos-
sible over the (still sparse) T concentrations achieved by
localized implantation reported in Ref. [37]. In the unit
radiative efficiency case, this translates to a potential con-
centration increase factor of 1000. All other properties
being equal, a 15-mm 28Si crystal such as we measure with
this T concentration will have optical depth d = 27, which
is suitable for efficient quantum memory. We explore the

optimal memory schemes for such an ensemble in Sec. VI.
It remains to be seen whether cT ∼ 1014 cm−3 bulk

28Si T ensembles can be achieved in practice. The
localized implant recipes developed for integrated pho-
tonics do not translate directly to bulk crystals. New
recipes should be developed for bulk 28Si crystals grown
with high carbon concentrations. It is not known what
inhomogeneous broadening might be present in
high-concentration 28Si T center ensembles, and addi-
tional broadening will reduce the peak resonant OD (see
Sec. VI for a discussion of inhomogeneous broadening
in EIT and ATS memory schemes). However, implant-
free T recipes in isotopically pure single-crystal silicon
will likely achieve inhomogeneous linewidths far below
those observed in SOI devices to date (limited by mass
inhomogeneity and potentially device strain).

In addition to concentration or sample length increases,
optical resonators can be used to increase the resonant
OD of spin-photon ensembles. Many of the most efficient
transduction demonstrations leverage optical resonators
[23,24], although microwave-to-optical up-conversion has
been demonstrated with 82% efficiency with a cavity-
free atomic ensemble [22]. Silicon is a superb platform
for monolithic resonators due to its extremely low intrin-
sic loss coefficient in the telecom bands (1.6 × 10−5 at
1326 nm [51]). Silicon Fabry-Perot and whispering gallery
mode [52] resonators have been demonstrated with finesse
many orders of magnitude beyond the F ∼ 1000 required
for efficient optical quantum memory with even the lim-
ited concentration of our 28Si T sample. These resonators
were manufactured from intrinsic float-zone silicon, but
no performance reduction is expected with use of 28Si.
Even with the broader inhomogeneous linewidths that
have been measured so far, the optical depth of high-
density T centers implanted in natural silicon samples
(9-GHz linewidth [45]) can be increased sufficiently for
use as quantum memory with only the same F ∼ 1000
low-finesse cavities.

Finally, ensembles can be incorporated into an inte-
grated SOI photonic crystal [53] or waveguide ring cavities
that deliver high optical confinement for an increased inter-
action strength. Typical intrinsic waveguide losses in such
devices are approximately 2.5 dB/cm, imposing an upper
limit on the effective ensemble length. High-OD inte-
grated ensembles therefore require more than the factor
of 5 concentration increase forecast above, or integrated
inhomogeneous linewidths narrower than those demon-
strated in natural silicon devices to date (18–50 GHz)
[37,45], achieved, for example, by use of 28Si SOI and
less damaging alternatives to the T implant recipe. In Secs.
VI–VIII we discuss the requirements for T center memo-
ries and microwave-to-optical transducers in terms of the
OD and ensemble-resonator cooperativity. These platform-
independent parameters apply equally to integrated and
bulk crystal T ensembles.
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In any case, it is necessary to consider how the inequiv-
alent T center orientational subsets will impact memory
performance. Memory schemes using only a single orien-
tation will experience an optical depth penalty as high as
a factor of 12, achieving a lower penalty depends on the
orientation degeneracy for a chosen magnetic field direc-
tion. This orientation penalty would be reduced by the
(untested) ability to form a given orientation preferentially.

IV. MICROWAVE COHERENT POPULATION
TRAPPING

As a precursor to quantum memory protocols, we next
demonstrate MW CPT [54] with another 28Si T center
ensemble. CPT is a quantum phenomenon in which an
equilibrium atomic superposition is prepared by two coher-
ent electromagnetic fields [55]. CPT underpins three-level
coherent atom-light phenomena, including EIT [56] and
stimulated Raman adiabatic passage. Observation of an
EIT window requires sufficient ensemble absorption, but
the accompanying CPT can be observed even in low opti-
cal depth ensembles by ODMR spectroscopy. The use of
optical fields to generate coherent dark states has been
extensively studied [57]. In comparison, relatively little
effort has been focused on MW CPT [58–62].

The optical ground state of the T center under magnetic
field B0 has two possible microwave � schemes for coher-
ently coupling the nuclear spin states |1〉 and |2〉 via the
higher-energy electron spin states |3〉 and |4〉 as shown in
Fig. 1. The T center is therefore a potential platform for �

microwave quantum memory schemes.
To demonstrate this capability, a 28Si T sample, prepared

by the same method, is chosen for its narrow optical inho-
mogeneous linewidth �in/2π = 33 MHz. A static mag-
netic field B0 = 80 mT is applied along the [110] axis of
the sample, splitting the TX0 transition. Under this mag-
netic field, 10 of the 12 inequivalent orientational subsets i
produce their own set of four optically resolved transitions
Ai–Di determined by the Landé g tensor of the anisotropic
hole. Following Ref. [36], which used the same magnetic
field configuration, we label the two remaining optically
unresolved orientations i = 1, 1′. We may select distinct
subsets for ODMR measurement by resonant optical exci-
tation. For the following ODMR measurements, we choose
the i = 1, 1′ subsets. Although these subsets are not opti-
cally resolved [36], we resolve the distinct orientations by
CPT.

A “readout” laser resonant with C1 selects these two
optically degenerate subsets for ODMR spectroscopy. In
the absence of any additional field, the readout simply
pumps these two optically degenerate orientational subsets
into the electron spin state |↓e〉, and this hyperpolarized
ensemble does not fluoresce. Adding a single pump MW
field that selects only one of the two hyperfine split states
is still insufficient to prevent hyperpolarization, instead
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FIG. 3. ODMR spectra showing the sideband photolumines-
cence as a function of MW probe detuning. Resonant optical
excitation of TX0 C provides electron-spin-selective readout
from |↑e〉. (a) Two of the four resonances MW⇑, MW⇓, Xp , and
Xm are visible depending on the configuration of a MW pump
(pump frequency arrow matches the corresponding spectrum
color). The outer resonances are MW � configurations. (b),(c)
High-resolution ODMR spectra of the � resonances showing
narrow CPT dips at two-photon resonance for each of the 1 and 1′
orientation subensembles. The insets show energy level schemes
showing the corresponding optical and MW configuration.

pumping the system to whichever of the hyperfine states
|1〉 and |2〉 remains unaddressed. In these ODMR mea-
surements, a MW “pump” is set resonantly with one of
the four available MW transitions, and a MW “probe”
scans all four transitions. Continuous photoluminescence
is detected when the hyperfine states |1〉 and |2〉 are sep-
arately addressed by the MW fields. The ODMR spectra
in Fig. 3(a) show two resonances per pump frequency. As
expected, resonances involving the “forbidden” Xp and Xm
are possible, but are weaker and narrower than resonances
with only MW⇓ or MW⇑ [linewidths of 462(13), 506(9),
698(8), and 583(7) kHz, respectively].

CPT is evident in each of the two possible MW � con-
figurations, shown in the inset in Fig. 3(a). When the MW
fields are in two-photon resonance, CPT produces a dark
state superposition of |1〉 and |2〉 that does not couple to
the readout laser. Higher-resolution ODMR spectra in the
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region of the two-photon resonances, Figs. 3(b) and 3(c),
show CPT luminescence dips with a linewidth of 16(2)
kHz—significantly narrower than the ODMR lines. For
each configuration in Fig. 3 there are two dark resonances,
one for each of the distinct orientational subsets 1 and 1′
and separated by 242(1) kHz, below the inhomogeneous
linewidth and unresolvable by above-band PL or single-
laser PLE. The low-power CPT linewidths are nuclear
spin coherence limited, the coherence time is known to be
longer than 1 s at 1.4 K [36]. However, at the microwave
powers required to produce sufficient luminescence sig-
nal, these CPT linewidths are broadened by the microwave
Rabi frequencies 	⇑, 	⇓, 	p , and 	m.

The observed ODMR and CPT profiles in Fig. 3 are the
sum of fluorescence from the two near-degenerate orien-
tational subensembles 1 and 1′, in proportion determined
by the relative concentration and the dipole orientation.
The precise ODMR peak associated with each ensemble is
unknown. When one ensemble is in two-photon dark res-
onance, fluorescence from the remaining out-of-resonance
ensemble is still present, with the effect that neither CPT
dip apparently achieves complete fluorescence extinction
as expected in the ideal low-power case.

Optically pumping transition C empties the states |3〉
and |4〉, rapidly destroying any coherence ρ̂34 = 〈3|ρ̂|4〉,
where ρ̂ is the density matrix of the center, and power
broadening the MW transitions. However, the choice to
read using optical transition C is arbitrary, and we can
invert the system to achieve two-photon coherence via
the less common V scheme. Choosing transition B instead
empties |1〉 and |2〉 and removes coherence ρ̂12. This con-
figuration sustains nuclear spin coherences of the |↑e〉
hyperfine manifold, and we therefore expect CPT in V
two-photon resonance, as shown in Fig. 4. The V CPT
linewidths are 17(2) kHz, identical to the � case. The
pump-probe MW frequency difference at each � or V
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FIG. 4. ODMR spectra with optical readout via TX0 B1. In this
configuration, CPT is possible in each of the two V schemes,
insets in (a),(b) alongside the corresponding data. Coherences are
prepared in the electron spin state opposite that in Fig. 3.

CPT condition determines the effective hyperfine con-
stants −2.93(1) MHz and −2.57(1) MHz for the 1 and 1′
subensembles, respectively.

Dark CPT steady states decouple from the two fields in
either the � configuration or the V configuration and cause
a corresponding EIT window in the ensemble absorp-
tion. Absorption and dispersion manipulation by such EIT
is the operational principle of EIT quantum memories.
In Sec. VI we consider the prospects for T center EIT
memories (both optical and microwave), but first we
perform one final preparatory measurement. In the same
� or V configuration, but in the limit of increasing
pump power, the CPT window transitions to an Autler-
Townes-split transition, which is itself the basis of an
Autler-Townes quantum memory.

V. AUTLER-TOWNES SPLITTING

The operational bandwidth of EIT quantum memories is
limited by the two-photon transition linewidth. AT quan-
tum memories use selective absorption by the spectrally
distinct AT-split dressed states of a single transition to cir-
cumvent this limit [12]. With a modified ODMR scheme,
we can observe AT splitting of MW transitions in the same
T ensemble. For this measurement, a slightly smaller mag-
netic field is chosen, B0 = 60 mT along the [110] axis of
the sample.

AT dressed states are split by the pump Rabi frequency
	p . Rabi frequencies fitted to the CPT notches above, and
observed by EPR with the same apparatus [36], indicate
that attainable AT splittings 	p = 	⇑ or 	⇓ < 0.2 MHz
will not be clearly resolved with the ODMR schemes
above. Instead, we apply an alternative ODMR scheme
in which a rf probe field scans one of the NMR tran-
sitions. By this method we isolate a single subensemble
and achieve ODMR linewidths narrow enough to mea-
sure the transition to AT splitting as 	p increases. Figure
5(a) shows ODMR spectra of the |↑E〉 nuclear transition
rf probe field between states |3〉 and |4〉 as the MW power
resonant with MW⇑ increases. We measure rf resonances
AT-split by 	⇑, up to 55(1) kHz, demonstrating the basic
mechanism required for microwave AT quantum memo-
ries. Splitting is limited in this case by the available MW
power and the inefficient resonator design. Larger split-
tings for increased optical and MW memory bandwidths
are possible. In the following section we compare EIT and
AT memory models to assess the prospects of T center
memories for microwave and optical fields, and determine
the optimal bandwidth for operating T center memories at
feasible optical depths.

VI. FREE-SPACE OPTICAL MEMORY

The coherence times of the T center electron and nuclear
spins, Te

2 > 2.1 ms and Tn
2 > 1.1 s, are appealing for

quantum memory in either optical quantum networks or
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FIG. 5. Autler-Townes splitting of the MW⇑ transition as a
function of MW⇑ power. (a) Spectra recorded by our scanning
the nuclear flip transition with a non-phase-coherent rf source.
The ODMR PL signal is generated by excitation to the TX0 state
by a laser resonant with the B1 optical transition [scheme shown
in the inset in (b)]. As the MW⇑ power (text labels) increases, AT
splitting becomes clear. Dashed lines are a split-peak fit to each
dataset. (b) Splitting from fits (equal to the MW⇑ Rabi frequency
	p ) as a function of resonant power.

quantum processors. It remains to determine which of
the many quantum memory schemes are best suited to
the optical and microwave properties of T center ensem-
bles determined in the literature and in the measurements
reported above. Storage of a weak signal (i.e., probe) pulse
using a relatively strong control field in a �-type sys-
tem has been studied with different protocols, such as
EIT, off-resonant Raman memories, and ATS [1,12,63,64].
Ensemble optical quantum memories have set milestones
on multiple fronts. Optically deep atomic ensembles have
achieved storage and recall efficiency of 92% by EIT [65].
Rare-earth ion crystal atomic frequency comb memories
have demonstrated coherent storage for up to 1 h [10].
Gradient echo memory with atoms has achieved condi-
tional storage fidelities of 98% at the single-photon level
[66] and performance beyond the optical fiber limit [67].
Meeting these benchmarks on a single platform, let alone
an integrated, telecom-band platform, remains a technical
challenge.

If we ignore the nuclear spin, which is not optically
resolved within inhomogeneous T centers measured to

date, there are four optical transitions per center orienta-
tion that can be addressed individually and formed into
two possible optical � configurations addressing the elec-
tron spin coherence. An optical-lifetime-limited T center
optical quantum memory could directly address the longer-
lived nuclear spin coherence, as in the MW memory pro-
posal below, for storage times longer than 1 s. However,
even the electron spin coherence time of approximately
2 ms is sufficient for a basic repeater demonstration,
and swapping between the electron and nuclear spins is
possible.

In this section we consider theoretically the �-type
system comprising two long-lived ground states |g1〉 =
|↑e〉 and |g2〉 = |↓e〉 that are optically connected to a com-
mon excited state |↓h〉. We assume both electron and
nuclear spins are initially polarized. We then use a strong
control field with the Rabi frequency 	c in resonance with
the optical transition B (	c = 	B) to store a weak signal
pulse coupled to the A transition (see Fig. 1).

On the basis of the optical depth measurement reported
in Sec. III, T center ensembles could be made with OD
sufficient for resonant optical quantum memory schemes
given feasible concentration increases. However, absent
cavity-enhanced absorption, even these ODs are insuffi-
cient for off-resonance schemes, including gradient echo
memory. Resonant memory schemes that efficiently use
the available OD are best suited to near-term T center
ensembles.

The narrowest T ensemble linewidth �in/2π measured
to date is 33 MHz full width at half maximum (FWHM),
where the total linewidth is a combination of inhomoge-
neous broadening, slow spectral diffusion, and the “instan-
taneous” homogeneous linewidth determined by dephasing
(including spectral diffusion faster than the emission time)
[36,45,46]. Optical memory schemes should consider each
of these factors.

In EIT and ATS memory protocols, inhomogeneous
broadening and spectral diffusion together decrease effi-
ciency by reducing OD. We estimate potential reso-
nant ODs from an ensemble with linewidth �in/2π =
56 MHz dominated by inhomogeneous broadening and
potentially slow spectral diffusion. The slow spectral dif-
fusion linewidth �SD of T samples measured here was
previously determined to be on the order of 27(12) MHz
[45], and recent results indicate an instantaneous homoge-
neous linewidth �hom/2π of 0.69 MHz [46]. A dephasing-
limited, or lifetime-limited, ensemble of the same concen-
tration would have a correspondingly larger OD.

The effective OD for memory d′ depends on the shape
of the inhomogeneous profile and the retrieval direction.
For example, in forward retrieval with Lorentzian broad-
ening, d′ = d0/(1 + �I/γe), where d0 is the homogeneous
OD, �I is the half width at half maximum of the broad-
ening profile, and γe is the polarization decoherence rate
(the effective cooperativity of cavity-coupled memories
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scales the same way) [68]. In this case, d′ is the peak
resonant OD, as reported in Sec. III. To deal with inho-
mogeneous broadening, one can consider spectral tailoring
of the ensemble bounded from below by the homogeneous
linewidth.

In the following subsections, we consider in detail the
prospects of EIT and ATS free-space optical quantum
memory schemes.

A. EIT memory

In the EIT protocol, a control field is used to store a
signal field via a common optical excited state. The control
field is chosen to be in two-photon resonance with the sig-
nal field and the ground states [8]. The control field induces
a narrow transparency window in an otherwise opaque
atomic system, and reduces the group velocity of the signal
field. Once the signal is inside the atomic system, ramping
down the control field power gradually to zero results in
the adiabatic transfer of signal coherence to a collective
spin excitation between the two ground state spin compo-
nents (i.e., spin-wave mode). The signal remains spatially
compressed inside the storage medium until reapplication
of the control field.

EIT can be implemented effectively in both the narrow-
band regime, i.e., Bsig < �/2π , and the broadband regime,
i.e., Bsig > �/2π , where Bsig is the bandwidth of the signal
at full width at half maximum, and �/2π is the homo-
geneous linewidth of the signal transition. However, this
protocol is best suited for the narrowband regime, where
control field optimization is achievable at any optical
depth. Eliminating signal absorption and maintaining adia-
batic evolution with a broad transparency window requires
both a very large optical depth and a strong control field
[69,70]. For these calculations, we pessimistically take
the long-term spectral diffusion linewidth �SD = 2π × 27
MHz as the relevant optical homogeneous linewidth � and
γe = �/2 as the excited state decoherence rate. In prac-
tice, the memory timescale should be closer to the emission
timescale, and � = �hom = 2π × 690 kHz may be a fairer
estimate.

In general, EIT efficiency may be optimized through
control field and/or signal pulse shaping [71–73]. The con-
sistency of these optimization methods was demonstrated
in Ref. [74]. In the narrowband regime and for d′ > 20,
control field optimization is achievable by keeping the pro-
cess adiabatic while satisfying the condition τd/τsig ∼ 2,
where τd = �/	2

c is the group delay and τsig is the sig-
nal time at the FWHM [70]. Considering a probe field
with a Gaussian temporal profile, the control optical Rabi
frequency 	c should therefore satisfy the condition 	2

c ∼
d�Bsig/0.88.

For T center ensembles with an effective optical depth
d′ of, for example, 10, 20, 30, or 40, the maximum achiev-
able efficiency of the EIT protocol for the forward retrieval

can be estimated as approximately 53%, 65.7%, 73%,
and 77%, respectively [71,74]. The back-retrieval mem-
ory efficiency depends on the ground state splitting ωg1g2
(as nonzero splitting breaks the conservation of momen-
tum in backward retrieval [71]). Therefore, for a nonzero
splitting, the backward efficiency could be lower than the
efficiency of forward retrieval unless we make

√
d′ �

Lωg1g2/c, where L is the length of the medium and c is
the speed of light.

These EIT efficiency estimates apply for short stor-
age times. Spin decoherence can be taken into account
by adding the term exp(−t/T2) to the efficiency dur-
ing the storage time [71,74]. Other imperfections, such
as four-wave mixing (FWM) [74,75], may further reduce
experimentally achievable efficiencies.

B. ATS memory

Unlike the EIT protocol, which relies on adiabati-
cally eliminating the atomic polarization mode, in ATS
memory, polarization mediates the nonadiabatic coher-
ence exchange between signal pulse and spin modes. In
the broadband regime, ATS memory is less demanding in
terms of technical requirements, such as optical depth and
control field power, compared with EIT memory. However,
in the narrowband regime, the efficiency of ATS mem-
ory is close to zero as the average coherence time of the
transitions in resonance with the signal and control fields
becomes shorter than the interaction time (i.e., signal pulse
duration).

Assuming the system is initially prepared in the state
|g1〉, we can use dynamically controlled ATS lines pro-
duced by a strong control field that drives the |g2〉-|e〉
transition to absorb a weak signal pulse in resonance with
the |g1〉-|e〉 transition [12]. Absorption of the signal pulse
by ATS peaks (with a peak separation equal to the control
Rabi frequency) will then map its coherence to a collec-
tive state between |g1〉 and |e〉 (i.e., polarization mode),
which subsequently evolves into a collective spin exci-
tation between the ground states. After the write (i.e.,
storage) process, we abruptly switch the control field off
to trap the coherence, wait for the storage time, and turn
control field on again for the readout (i.e., retrieval) pro-
cess. Using control field optimization, one can increase
the spectral overlap between the ATS peak separation and
the signal bandwidth to maximize signal pulse absorption.
Here, the control field optimization requires the control
pulse area for both the write stage and the read stage to be
2π [70]. Using the ATS memory protocol for the T center,
one can achieve a relatively high efficiency for broadband
light storage and retrieval.

In Ref. [12], ATS memory efficiency in free space
is discussed in terms of the ATS factor F = 	p/� (or
equivalently F = 2πBsig/�). Figure 6 shows ATS mem-
ory efficiency as a function of effective optical depth. Here
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FIG. 6. Maximum free-space ATS memory efficiency for for-
ward (ηf ) and backward (ηb) retrieval with respect to the
effective optical depth in the broadband regime.

the efficiencies are maximized with respect to the factor
F . As an example, for d′ = 20, the maximum efficiency
ηb,max = 67% (ηf ,max = 44.7%) for F = 3.28 (F = 5.5) is
achievable in the backward (forward) propagation. These
F values correspond to Rabi frequencies 	p of 2π × 88.6
MHz and 2π × 148 MHz for the backward and forward
modes, respectively, with � = �SD. With the instantaneous
linewidth � = �hom, the required powers are a factor of
40 lower. To avoid excess heating in the system due to
the control field, one can reduce the spot size (i.e., use
a focused beam). The necessary spot size is set by the
cooling power of the cryostat, thermal coupling, and the
percentage of absorbed power.

VII. MICROWAVE MEMORY

We now turn our attention to T center prospects for MW
quantum memories. In Secs. IV and V we reported coher-
ent MW interactions in T center ensembles from the CPT
regime to the AT regime. MW AT splitting such as we
observe is a precursor to the demonstration of an ATS
MW memory. We treat such an ATS memory theoreti-
cally to determine the prospects of MW memories with
near-term T center ensembles. For this study of the MW
ATS memory, we choose one of the two possible MW �

schemes shown in Sec. IV, assigning |1〉 and |2〉 as ground
states |g1〉 and |g2〉, respectively, and |3〉 as excited state
|e〉. We begin with an initial state |g1〉, and use dynami-
cally controlled ATS lines produced by a control field, as
observed in Sec. V, to store a signal field resonant with
the MW⇑ transition (see Fig. 1) so that the coherence of
the signal pulse is mapped into the collective nuclear spin
excitations of the atoms. The theoretical treatment from
Ref. [12] applies to the ATS MW memory as well as
the optical memory considered above. The T level used
as an excited state in this MW memory scheme is much
longer lived and more coherent than the TX0 level used

in the optical memory scheme. The decoherence rate γe =
1/Te

2 = 2π × 76 Hz, and even the broadened, inhomoge-
neous ODMR linewidths reported in Sec. IV are narrower
than for the optical transitions.

The MW ATS memory requires correspondingly lower
	p ; however, in general, the weakness of magnetic dipole
transitions requires a MW resonator to increase the MW-
ensemble coupling strength g. Specific MW resonator
geometries are considered, for example, in Ref. [27].
To describe this resonantly enhanced interaction, we can
use the cavity input-output formalism i.e., Êout = −Êin +√

2κÊ, and the Heisenberg equations of motion [12,76]:

˙̂P = −γeP̂ + ig(t)
√

NÊ + i
2
	p Ŝ,

˙̂S = i
2
	∗

p P̂,

˙̂E = ig(t)
√

NP̂ − κÊ +
√

2κÊin,

(2)

where P̂ and Ŝ are the polarization and spin-wave oper-
ators, Ê is the cavity field, which we assume can be
adiabatically eliminated, 2 × κ is the cavity decay rate,
γe = �/2 is the decoherence rate of |3〉, g(t) is the time-
dependent light-matter coupling per emitter, and N is the
number of atoms in the ensemble. Note that here we have
ignored the Langevin noise operators (i.e., the incoming
noise is vacuum noise) and once again have assumed the
spin-wave decoherence rate is negligible as per Sec. VI.

To estimate the overall efficiency of the memory in
the presence of a resonator, we follow the same opti-
mal scheme as in Ref. [76] for the nonadiabatic or fast
limit 	 > �C, where C is the cooperativity parameter,
C = Ng2/κγe. The overall efficiency η = ηsηr, is the prod-
uct of the optimal storage efficiency ηs (average ratio of
stored excitations to incoming photons) and the optimal
retrieval efficiency ηr (average ratio of re-emitted photons
to stored excitations). In the optimal regime, we compute
the retrieval efficiency as

ηr =
∫ tr

0
dt

2N
κ

g2(t)e− ∫ t
0 dt′2(Ng2(t′)/κ+γe), (3)

where tr is the effective time elapsed during the retrieval
process. For simplicity, it is assumed that the retrieval
process starts at t = 0 rather than at some time ts > τ ,
where τ is the duration of the signal, and that S(0) = 1 and
P(0) = 0. It has been shown that with the optimal strategy,
the storage and retrieval efficiencies are analogous [76–
78]. Hence, in the optimal regime, the overall efficiency
can be estimated as follows:

η ∼ C′2

(1 + C′)2

(
1 − e−2γe(1+C′)ts

) (
1 − e−2γe(1+C′)tr

)
,

(4)

020308-9



DANIEL B. HIGGINBOTTOM et al. PRX QUANTUM 4, 020308 (2023)

2 4 6 8 10
0.2

0.3

0.4

0.5

0.6

0.7

0.8

FIG. 7. Memory efficiency as a function of the resonator effec-
tive cooperativity. The solid line shows the efficiency given by
Eq. (4) assuming ts = tr = 1/2γe. The dashed line corresponds
to tr → ∞ [i.e., η = C′2/(1 + C′)2].

where C′ is the reduced cooperativity (i.e., effective coop-
erativity) in the presence of the inhomogeneous broaden-
ing. In the derivation of Eq. (4), it is assumed that during
the retrieval process all spin mode excitations have been
evolved back to the polarization mode (i.e., no excitations
are left in the spin mode). For fixed and finite values of
the effective times, as the cavity cooperativity increases,
the exponentially decaying terms in Eq. (4) go to zero, and
hence the first term dominates. Equivalently, in Eq. (3),
if we initially assume tr → ∞ such that no excitations are
left in the T ensemble, i.e., P(∞) = 0, the optimal retrieval
efficiency reduces to C′/(1 + C′) and the overall efficiency
becomes C′2/(1 + C′)2 (see Fig. 7) [76]. With this maxi-
mum possible efficiency, one can store photons with τ ∼
1/C′γe, where the polarization decay rate is negligible.

From this analysis we can see that resonator coopera-
tivities of order 10 are required to exceed 80% memory
efficiency with a T center ensemble. Although we intro-
duced them in the context of the MW memory scheme, the
expressions in Eq. (2) apply to resonantly enhanced opti-
cal memories as well. In the following section we propose
combining resonantly enhanced MW and optical memo-
ries to realize a T center MW-to-optical transducer with T
center ensembles.

VIII. MICROWAVE-TO-OPTICAL
TRANSDUCTION

Motivated by the optical and microwave memory per-
formance estimates above, we now look at combining the
capabilities to form a T center ensemble microwave-to-
optical transducer that stores MW photons as spin-wave
excitations and recalls them optically. For this opera-
tion we consider both resonantly enhanced optical and
microwave ATS memories.

Transduction may be achieved by way of two �

schemes, optical and microwave, addressing the same spin
coherence. If this cannot be achieved, it is necessary to
transfer the coherence by an intermediate step. In the
following, we elaborate on three possible approaches.

First, we may consider the MW and optical � schemes
set out in Secs. VI and VII. The MW configuration uses
the long-lived nuclear spin coherence ρ12; however, as dis-
cussed in Sec. VI, the hyperfine splitting between |1〉 and
|2〉 may not be optically resolved. Transduction from this
microwave interface to an optical field using the same opti-
cal � scheme we used in Sec. VI for an optical AT memory
requires one to (1) store MW photons in resonance with the
|1〉-|3〉 transition as nuclear spin-wave excitations between
states |1〉 and |2〉, (2) transfer the nuclear spin wave ρ12 to
an electron spin wave ρ13, and (3) recall the stored pulse
using a control field in resonance with the optical transi-
tion B1. Transferring coherence between the nuclear and
electron spin waves (step 2) requires only coherent con-
trol of the T center ground states, which has already been
demonstrated [36].

Alternatively, one may consider schemes that avoid step
2 above. One option is to use the electron spin for MW
storage via a different � configuration i.e., |1〉 and |3〉 as
the ground states, and |4〉 as the excited state. This config-
uration allows us to store MW photons in resonance with
the |1〉-|4〉 transition while the control field is resonant with
the |3〉-|4〉 transition. Note that the decoherence rates of the
|1〉-|3〉 and |1〉-|4〉 transitions are comparable. In general,
this results in ATS line broadening and reduced efficiency
[12]. However, in the limit where the electron spin coher-
ence time is very long, as it is in the T center [36], such
ATS line broadening is negligible.

Finally, the transfer step is unnecessary when the hyper-
fine splitting of the nuclear spin wave is optically resolved;
for example, in a scheme that uses larger hyperfine split-
tings due to nuclear spins at the carbon sites in 13C isotopic
variants of T [36], at higher magnetic fields, or by increas-
ing the optical linewidth such that the hydrogen hyperfine
splitting is resolved. This way one can consider |1〉 and |2〉
as the joint ground states, and |3〉 and |↓h〉 as the excited
state of the MW and optical � systems, respectively. How-
ever, we see that four-wave-mixing noise is prohibitively
high in this configuration.

A. Transduction efficiency and fidelity

Optimal efficiency of the transducer, where MW and
optical transitions are coupled to the respective cavities,
can be estimated with use of the same optimal strat-
egy as for the ATS memory except that there is now
an additional mode mismatch factor ηm that should be
taken into account. As a result, the overall efficiency will
be expressed as η = ηsηrηm. The mode mismatch factor
depends on the design (geometry) of the cavities. In the
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ideal case, where all atoms are placed in the maximum
of both the optical field and the MW field, the mode mis-
match factor can reach unity. In this case and for tr → ∞,
the optimal efficiency of the transducer is estimated as
C′

sC
′
r/(1 + C′

s)(1 + C′
r), where C′

s and C′
r are the effective

cooperativity of the MW and optical cavities, respectively.
The other metric to quantify the quality of transduc-

tion is the overlap between the transduced signal and
the transduced noise. We refer to this measure as the
“transduction fidelity.” To compute the fidelity, one could
solve the system dynamics by taking several important
imperfections, such as spin decoherence, microwave ther-
mal photons, optical noise photons, and inhomogeneous
broadening, into account. Spin decoherence is negligible
given that the process can be much faster than the spin
coherence times [36]. Inhomogeneous broadening can be
dealt with by spectral tailoring. Therefore, here we con-
sider only the thermal microwave and optical photon noise
sources. For this calculation, we consider a transduction
system consisting of |1〉 and |3〉 as the ground states, and
|4〉 and |↓h〉 as the excited state of the microwave and
optical � subsystems, respectively.

Typically for optically pumped transduction and mem-
ory schemes, the optical pump itself is a source of optical
noise that must be removed [67,79,80]. In Sec. VI, we esti-
mated 	p as high as 2π × 148 MHz. This translates to
optical pump intensities Ipump ∼ 30 mW/mm2. We note
that this estimate is from the long-term spectral diffusion
linewidth �SD, and the power is correspondingly lower
for smaller linewidths. In this cavity-enhanced transduc-
tion scheme, the output Ipump will be lower, but it remains
necessary to separate the pump from the signal by a
combination of spatial and spectral filtering. Although con-
siderable effort is required, this is a common challenge for
such schemes and depends sensitively on specifics of the
platform and cavity design that are outside of the scope of
this work. There are, however, sources of optical noise in
the signal mode that need to be considered.

FWM is an intrinsic source of optical noise photons
in this scheme. For this set of energy levels, the infi-
delity induced by FWM depends critically on the total
decoherence rate of |↓h〉 during the (optical) recall step,
γ r

e . This can be seen by computing the FWM strength
parameter x = C′γ r

e /ω13, where C′ is the effective coop-
erativity for the optical cavity. When x � 1, the fidelity
is well approximated as FFWM ∼ exp(−√

3C′4π2x2) for
single-photon signals [75]. To quantify the FWM infi-
delity, we take the electron spin splitting, ω13 = 2π × 2.25
GHz, from the measurements reported in Sec. IV. The
relevant decoherence rate depends on the FWM and spec-
tral diffusion timescales. The total decoherence implied
by long-term homogeneous linewidth measurements is
given by γ r

e = 2π × 27/2 MHz [45], which leads to x =
0.06 and very low fidelity, FFWM = 0.085. On the other
hand, the total decoherence rate relevant over the emission

timescale is much lower, γ r
e = 2π × 0.690/2 MHz [46],

and gives negligible FWM infidelity, x ∼ 1.5 × 10−3 and
FFWM ∼ 0.998. For this material the true FWM strength
lies somewhere between these two bounds. Given that the
FWM process timescale is not considerably longer than the
excited state lifetime, the lower bound is the fairer esti-
mate, and it seems likely that FWM infidelity can be made
negligible at this magnetic field. In an alternative configu-
ration reading from the nuclear spin ground states |1〉 and
|2〉, FWM noise is prohibitive even at the optical-lifetime
linewidth limit.

Reducing the thermal MW noise requires signifi-
cantly lower temperatures than required by the T center
alone. The initial microwave thermal occupation nth =
1/(e(�ω1,4/kBT) − 1) is estimated to be 0.0045 with T = 20
mK and ω1,4 = 2π × 2.255 GHz [36], which is the split-
ting between |1〉 and |4〉. Since the initial microwave
photon occupation is quite small, and it does not affect the
quantum system dynamics significantly, we can treat it as
a perturbation. The fidelity accounting for thermal popula-
tion can be computed with use of the signal-to-noise ratio
(SNR) [27]:

FTP = 1
1 + SNR−1 . (5)

Given that the thermal noise is treated as a perturbation,
it is valid to compute the SNR before the transduction
process starts. In this way, the SNR is given by

SNR = nsig

nth
, (6)

where nsig is the mean occupation of the signal in the
microwave cavity. For a single-photon signal, nsig =
Bsig/2κs, where 2 × κs is the microwave cavity decay rate.
This is valid in the regime where Bsig � κs. Given that
nth � nsig, the fidelity shown in Eq. (5) can be simplified
as

FTP ∼ 1 − nth

nsig
= 1 − 2nthκs

Bsig
. (7)

Since we are interested in the case where the transduction
efficiency is maximized, Bsig can be expressed as Bsig =
C′

sγ
s
e , where γ s

e is the decoherence rate of the polariza-
tion mode we use during the “storage” process. Hence, in
the regime of maximum efficiency, the fidelity is explicitly
given by

FTP ∼ 1 − 2nthκs

C′
sγ

s
e

. (8)

Clearly, as the cavity cooperativity increases, the fidelity
increases, and the efficiency also increases, as shown in
Fig. 7.
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The other way to compute the fidelity is to estimate the
SNR after the transduction, which should be equivalent to
the approach discussed above. In this way, we can model
the microwave thermal photons as dark counts [81]. The
dark count rate is given by D = Rη, with the transduc-
tion efficiency η and the average rate of production of
thermal photons R. It describes the effective number of
photons emitted as background noise in the optical cav-
ity per unit of time. The probability distribution associated
with this dark count rate is given by a Poisson distribution:
P(Ttr, D) = DnTn

tre
−DTtr/n!, where n is the number of dark

counts and Ttr is the total transduction time. Thus, this time
can also be written as Ttr = ts + tr.

Then, for a single-photon transduction, the SNR takes
the following form:

SNR = ηnsig

N D
, (9)

where N D is the mean number of dark counts. Specifically,
at a given time Ttr, the SNR can be expressed as

SNR = ηnsig

DTtr
, (10)

where DTtr is the mean number of dark counts that fol-
low the Poisson distribution. It can be further simplified
as SNR = nsig/RTtr. In the regime of maximum efficiency,
RTtr = nth, we recover SNR = nsig/nth, which leads to the
fidelity shown in Eq. (8).

IX. DISCUSSION

The T center appears to combine several properties
appealing for both microwave and quantum memories, and
transduction between them, including long-lived spins and
telecom optical emission. We have considered possible
quantum memory and transduction schemes for ensembles
of T centers, and performed preliminary measurements
with ensembles in 28Si to establish properties informing
memory and transduction device design.

Absorption measurements indicate a resonant optical
depth of 0.009 in a narrow-linewidth ensemble. Cautiously
forecasting a small increase over T center concentrations
that have already been demonstrated in devices, we project
that an optical depth of 27 with a similar sample is pos-
sible. This optical depth is sufficient for efficient opti-
cal quantum memory by EIT or ATS with an estimated
memory efficiency as high as 73%.

For a repeater scheme based on a deterministic single-
photon source and single-photon Bell state measurement
[82], repeater rates of 10 Hz (1 Hz) are achievable over 100
km with memory efficiency of 80% and memory lifetime
of 30 ms (1.2 ms) (see Fig. 5 in Ref. [83] for more infor-
mation). Reducing the memory efficiency to 60% results
in a repeater rate of 1 Hz with a memory lifetime of 6.5

ms. With use of a deterministic photon-pair source and
two-photon Bell state measurement scheme [84], a mem-
ory efficiency of 60% (80%) with a lifetime of 1.1 ms (0.5
ms) results in a repeater rate of 1 Hz over 100 km [83].

In addition to the potential for optical memory, the
T center’s optical ground state spin structure features
� and V configurations suitable for storing MW fields.
We demonstrated these configurations by ODMR spec-
troscopy, and measured CPT windows in � and V con-
figurations as a precursor to an EIT memory for MW
fields. Fluorescence SNR requirements prohibit us from
reaching the low-power limit, but even so we measured
CPT linewidths of 17(2) kHz, significantly below the
ODMR linewidth, and resolved orientation subensembles
that were degenerate to MW ODMR precision. We demon-
strated microwave ATS up to 55(1)-kHz splitting. We
then discussed a cavity-enhanced MW memory protocol
and arrived at an efficiency estimate as a function of cav-
ity cooperativity. In particular, MW memory efficiencies
greater than 80% are possible for C′ = 10.

In general, the operation of MW and optical T cen-
ter quantum memories can be combined for transduction
between the microwave and optical fields. Transduction
requires (1) an optical quantum memory addressing the
nuclear spin coherence ρ12, (2) a microwave memory
addressing an electron spin coherence such as ρ13 via an
NMR control field, or (3) coherent transfer between ρ12
and ρ13 at an intermediate stage. Condition 3 requires only
the coherent control of T ensembles, which has already
been experimentally demonstrated [36]. Furthermore, con-
dition 1 is within reach of schemes using the known 13C T
center variants.

We proposed a transduction protocol where both
microwave and optical transitions are coupled to res-
onators, and discussed the efficiency and fidelity of the
system. Mutually compatible MW and optical cavities with
C′ = 10 would yield microwave-to-optical transduction
efficiencies of 83%. Necessary future work includes fur-
ther increasing ensemble concentrations, and engineering
optical and microwave resonators meeting the requisite
cooperativities and mode overlap, but an in-principle T
center transduction demonstration could be achieved with
designs available in the literature.

Compared with electro-optomechanical and electro-
optical transduction, which need mechanical motion and
electro-optical active materials, respectively, to mediate
the coupling between optical and microwave systems,
atomic-based transducers benefit from having both opti-
cal and microwave addressable transitions. Hence, to date,
several transduction schemes based on atomic ensem-
bles have been proposed. For example, Williamson et al.
[26], predicted that using off-resonant fields and satisfy-
ing an impedance-matching condition between optical and
microwave cavities would result in conversion efficiency
close to unity. However, fulfilling this condition requires
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the product of the cavities’ cooperativities to be made
large, which may not be obtainable or favorable in some
systems. Recently, microwave-to-optical transduction in
Rydberg atoms using six-wave mixing and off-resonant
scattering techniques was demonstrated [22]. Although an
impressive efficiency of 82% was achieved in that exper-
iment, it remains very difficult to cool and trap atoms
near superconducting waveguides, and that system is not
compatible with telecom wavelengths.

Some of us recently proposed a transduction scheme
using rare-earth-ion-doped (167Er-doped) crystals at zero
external field [27]. This scheme also requires two
cavities coupled to the optical and microwave transitions
and emits telecom-band optical photons. However, a much
higher cooperativity (C′ � 10) is required to achieve an
efficiency of 86% in this transducer. Furthermore, the T
center’s energy level structure is much simpler than that of
167Er (which has nuclear spin I = 7/2), allowing simpler
control and transduction schemes.

We have demonstrated the potential of this spin-
photon platform for quantum memory, and identified path-
ways toward efficient microwave-to-optical transduction
with T centers. Further developing and transplanting this
approach into on-chip devices (for example, with inte-
grated silicon photonic resonators combining moderate
mode confinement and high-quality factors) would yield an
on-chip spin-photon interface for quantum memories and
microwave-to-optical transducers. These devices could
network directly between quantum information platforms
that share the same technologically and commercially
advanced silicon chip platform (including superconducting
qubits, quantum dots, trapped ions, and silicon impurity
spins) and the telecom optical fibers of a global quantum
internet.
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APPENDIX A: SAMPLE PREPARATION

All measurements are performed on one of two 28Si
crystals, previously described in Ref. [36]. These were
purified to 99.995% 28Si isotope proportion by the Inter-
national Avogadro Coordination and then electron irradi-
ated and thermally annealed to produce T. In addition to
isotopic purity, these samples have low chemical impu-
rity, with less than 1014 O2/cm3. T centers are formed from
naturally present low-level carbon impurities, which differ
between the two samples. The sample used for absorption
measurements has 1.5 × 1015 C/cm3, and the sample used
for CPT and ATS measurements has 5 × 1014 C/cm3.

APPENDIX B: METHODS

1. Cryogenics

The samples are loosely mounted in a liquid-helium
immersion Dewar vessel such that the crystal is not
strained. The temperature of the 4He bath is adjusted
between 1.4 and 4.2 K by pressure control.

2. Photoluminescence spectra

The sample is illuminated with an above-band-gap
1047-nm laser, and the resulting broadband photolumines-
cence is directed into a Bruker IFS 125 HR FTIR spectrom-
eter with a CaF2 beam splitter and a liquid-nitrogen-cooled
Ge photodetector.

3. Absorption measurement

The sample is illuminated along its longest side by a
broadband light source with beam size smaller than the
sample cross section. Light passes through the sample and
two cryostat windows before being directed into the Bruker
FTIR spectrometer. The light source spectrum is free of
structure in the vicinity of the T center absorption lines
and is removed by subtraction of a linear fit about the
absorption dip location.

4. Photoluminescence excitation

Photoluminescence excitation spectra are recorded by
our scanning the TX0 ZPL with a narrow, tunable laser
and detecting lower-energy photons emitted into the TX
phonon sideband. Resonant excitation is performed with
a Toptica DL100 tunable diode laser. The optical power
is amplified up to 100 mW with a Thorlabs BOA1017P
amplifier, and the beam is expanded to a diameter of
2–4 mm. Nonresonant excitation light due to sponta-
neous emission in the laser and amplifier is removed by
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a combination of an Edmund Optics 87-830 1350 ± 12.5
nm band-pass filter and an Iridian Spectral Technologies
DWDM 1329 ± 0.5 nm band-pass filter. The two filters are
tilted so as to tune them onto the TX0 resonance.

Stray excitation light is removed from the detection
path by two Semrock BLP02-1319R-25 1319-nm long-
pass rejection filters, which block the excitation light at
TX0 with an optical density of 4.5 at normal incidence,
but pass light with wavelength longer than 1350 nm. A
1375(50)-nm band-pass filter further selects a detection
window in the TX phonon sideband that excludes a sil-
icon Raman replica of the pump laser at 1426 nm. The
fluorescence rate in this detection window is measured by
an IDQuantique ID230 avalanche photodiode with 25%
quantum efficiency.

5. Optically detected magnetic resonance

Magnetic resonance experiments are performed with
the sample in an adjustable magnetic field applied by
an iron core electromagnet within the PLE apparatus as
described above. The sample is held at the center of a
split-ring resonator with a resonant frequency of 2.25 GHz
and a bandwidth of 10 MHz. MW signals from two sig-
nal generators (Stanford Research Systems SG384 and
SG386) are combined with a ZB2PD-63-S+ power split-
ter (Minicircuits) and then amplified up to a power of 1
W by ZHL-16W-43-S+ (Minicircuits) and ZHL-1-2W+
amplifiers (Minicircuits) as required.

APPENDIX C: NOTATION KEY

tr: Duration of the recall (optical) transduction step.
ts: Duration of the storage (MW) transduction step.
Xr or X r (where X is any variable): X specifically for

the recall stage of the transduction protocol.
Xs or X s (where X is any variable): X specifically for

the storage stage of the transduction protocol.
�: Homogeneous FWHM linewidth of the excited state

(|↓ H〉 for optical � schemes, and |3〉 for MW � schemes).
γe: Excited state decoherence rate (|↓ H〉 for optical �

schemes, and |3〉 for MW � schemes).
�hom: Measured “instantaneous” homogeneous

linewidth [includes contributions from fast (less than 1 µs)
spectral diffusion, dephasing, and lifetime].

�in: Measured inhomogeneous FWHM linewidth
(includes contributions from static inhomogeneous broad-
ening, spectral diffusion, dephasing, and lifetime).

�SD: Measured long-term homogeneous (spectral diffu-
sion) FWHM linewidth (includes contributions from slow
and fast spectral diffusion, dephasing, and lifetime).

	c: EIT control field Rabi frequency (	c = 	B for the
optical EIT scheme considered).

	p : Control field or ATS pump Rabi frequency (	p =
	B for the optical ATS scheme considered, and 	Xp for the
MW ATS scheme)
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