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Coherent population trapping and spin relaxation of a silicon vacancy center
in diamond at millikelvin temperatures
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We report experimental studies of coherent population trapping (CPT) and spin relaxation in a temperature
range 4 K-100 mK in a silicon vacancy (SiV) center subject to a transverse magnetic field. The spin linewidth,
which is determined by spin dephasing, is extracted from power dependent CPT linewidths. Near and below
1 K, phonon-induced spin dephasing becomes negligible compared with that induced by the spin bath of
naturally abundant '3C atoms. The temperature dependence of the spin dephasing rates agrees with the theoretical
expectation that phonon-induced spin dephasing arises primarily from orbital relaxation induced by first order

electron-phonon interactions. A nearly 100-fold increase in spin lifetime is observed when the temperature is
lowered from 4 K to slightly below 1 K, indicating that two-phonon spin-flip transitions play an essential role in

the spin relaxation of SiV ground states.
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I. INTRODUCTION

Color centers in diamond have emerged as a promising
qubit platform for quantum information processing [1-4].
While negatively charged nitrogen vacancy (NV) centers in di-
amond feature long spin decoherence times for electron spins
even at room temperature [1-3], negatively charged SiV cen-
ters feature superior optical properties [4—7]. Because of their
inversion symmetry, SiV centers feature optical transitions
that are robust against charge fluctuations [5—7]. The zero-
phonon line of SiV centers contains about 70% of the total
fluorescence, with a nearly lifetime-limited optical linewidth.
Excellent optical coherence has been observed for SiV centers
in diamond nanostructures and in diamond membranes as thin
as 100 nm [8-12]. All-optical as well as microwave control
of SiV spins has been demonstrated [13-16]. In addition, the
integral orbital degrees of freedom in the SiV ground spin
states make it feasible to control the SiV spin with mechan-
ical vibrations [17,18], which also suggests the possibility
of quantum control of an electron spin at the level of sin-
gle phonons in a diamond spin-mechanical resonator. Strong
orbital interactions with thermal phonons, however, lead to
relatively fast spin dephasing and spin relaxation at elevated
temperatures.

Spin dephasing, specifically 7., of SiV centers has been
investigated with Ramsey interferometry as well as coher-
ent population trapping (CPT) [13—-16]. Phonon-induced spin
dephasing can be suppressed with decreasing temperatures.
Nearly complete suppression of phonon-induced dephasing
has been observed at temperatures near 100 mK, where de-
coherence times can exceed 10 ms in isotopically enriched
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diamond [19]. A relatively large ground-state orbital splitting,
which can be achieved in group IV color centers such as
tin vacancy or induced by an externally applied mechanical
strain, can also effectively suppress the effects of thermal
phonons [20,21]. In addition to spin dephasing studies, spin
relaxation has also been investigated with spin lifetime mea-
surements at temperatures near 4 K and at 100 mK [13-16].
Note that an earlier study on spin dephasing and spin lifetime
in SiV centers between 4 K and 100 mK used high-pressure
high-temperature (HPHT) diamond containing a large con-
centration of substitutional nitrogen impurities [15], with T,*
and spin lifetime that differ considerably from that of high
purity diamond grown by chemical vapor deposition (CVD).
Additional experimental studies between 4 K and 100 mK
can thus provide further information on phonon-induced spin
dephasing and relaxation processes.

The latest experimental advance on the realization of GHz
diamond spin-mechanical resonators with mechanical Q fac-
tors exceeding 10° have stimulated considerable efforts in
the experimental pursuit of phononic cavity QED with SiV
spins [22-24]. For these studies, phonon-induced relaxation
and CPT related processes at mK temperature are expected to
play an important role. Recently, CPT has also been exploited
for real-time quantum sensing with a NV center [25,26]. CPT
studies at mK temperatures will be an essential step in the use
of CPT-based real-time sensing to suppress spin dephasing in
SiV centers induced by the nuclear spin bath.

In this paper, we report experimental studies of CPT at tem-
peratures as low as 100 mK and spin relaxation between 4 K
and 830 mK in a SiV center subject to a transverse magnetic
field. By resolving an issue of power broadening in CPT spec-
tral response, we are able to extract spin linewidth, which is
determined by 7%, from power dependent CPT linewidth. The
CPT studies show that near and below 1 K, phonon-induced
spin dephasing becomes negligible compared with that due to
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FIG. 1. (a) Energy level structure of the SiV center in the presence of an off-axis magnetic field. The prime in the state label indicates that
the spin states as well as the orbital states are slightly mixed. (b) Schematic of a SiV center subject to a magnetic field normal to the SiV axis.

(c) PLE spectrum of the SiV C transition obtained at 4 K.

the nuclear spin bath of naturally abundant '3C atoms. The
temperature dependence of the spin dephasing rates agrees
with the theoretical expectation that the phonon-induced spin
dephasing arises primarily from orbital relaxation of the SiV
ground states induced by the first order electron-phonon inter-
actions. In addition, a nearly 100-fold increase in spin lifetime
is observed when the temperature is lowered from 4 K to
slightly below 1 K. A numerical analysis of the observed
temperature dependence of the spin lifetime along with a
qualitative consideration of relevant spin relaxation processes
in the SiV ground states reveals that two-phonon spin-flip
transitions play an essential role in the spin relaxation of the
SiV ground states.

II. SAMPLE AND EXPERIMENTAL SETUP

Our experimental studies were carried out with a SiV center
implanted about 75 nm below the surface of an electronic
grade CVD-grown diamond. The average kinetic energy and
dosage of the 28Si used in the implantation are 100 keV and
3 x 10 /cm?, respectively. Stepwise thermal annealing up to
a temperature of 1200° followed by wet chemical oxidation
was used for the removal of the damaged surface layer as well
as for the formation of SiV centers. The sample was thermally
anchored to the mixing chamber of a dilution refrigerator
(Leiden Cryogenics CFCS81-1000M), which is fitted with a
three-dimensional (3D) vector magnet (American Magnetics).
The SiV fluorescence was collected with an objective with NA
= (.82, followed by an optical collimation system installed in
a cold-insertable probe in the refrigerator [27]. SiV fluores-
cence exiting an optical window at the top of the refrigerator
was coupled into a multimode fiber with a diameter of 10 um
and then sent to an avalanche photodiode for photon counting.
For photoluminescence excitation (PLE) spectra, a 532-nm
laser pulse was used for the initialization of the SiV center.
A red laser with a wavelength near 737 nm (New Focus
Velocity TLB-6700) was used for the resonant excitation of
the SiV center. An electro-optic modulator (EOM) was used
to generate the two optical fields needed for the CPT exper-
iments. One field came from the carrier wave and the other
came from the first sideband generated by the EOM. For the

CPT experiments, the laser power given is the power of the
737-nm laser incident on the sample. Optical pulses needed
were generated with acousto-optic modulators (AOMs). Time
resolved florescence measurements were performed with a
time tagger (Swabian Instruments).

III. RESULTS AND DISCUSSION

For a negatively charged SiV center, both the ground and
excited states are characterized by orbital states, |e,) and |e,),
and spin states, | 1) and | | ). Spin-orbit coupling leads to the
formation of doubly degenerate doublets for the ground and
excited states, with the two upper states being |es, 1) and
le—, ) and the two lower states being |e_, 1) and |ey, |},
where |e+) = (ley) £ i|ey))/«/§, as shown schematically in
Fig. 1(a) [28]. The splitting between the upper and lower
states is Ay, with ground-state splitting A%, near 50 GHz and
excited-state splitting A near 260 GHz. In the absence of
an external magnetic field, optical transitions between the
ground and excited states are all spin conserving. An off-axis
magnetic field removes the spin degeneracy and induces spin-
state mixing of the ground and excited states, as illustrated
in Fig. 1(a). The spin-state mixing enables spin-flip optical
as well as microwave and acoustic transitions. Note that both
the spin and orbital states are slightly mixed. The orbital
state mixing arises from strain and Jahn-Teller effects [28].
As illustrated in Fig. 1(b), a magnetic field with a direction
normal to the SiV axis and with B = 0.12T was used for
all the experimental results presented in this paper, unless
otherwise specified, to maximize the spin-state mixing at the
given field strength. Our experimental studies were carried out
on the C transition of the SiV center [see Fig. 1(a)]. Figure 1(c)
shows the PLE spectrum obtained for the C transition at 4 K.
The two resonances in the PLE spectrum correspond to the
spin-conserved C, and Cj transitions.

The spin-conserved C, transition and the spin-flip Cy4 tran-
sition in Fig. 1(a) form a A-type three-level system for our
CPT experiments. The spectral position of the weak spin-flip
transition, however, is difficult to identify directly in the PLE
spectrum. We searched for the weak spin-flip transition with
two approaches, optical pumping and CPT, but with essen-
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FIG. 2. (a) CPT spectral response obtained at 4 K with an input laser power of 3 uW. (b) Power dependence of the CPT spectral response at
0.15 K. The incident optical powers used are indicated in the figure. (c) Power dependence of the CPT linewidth at 0.15 K. The linear fit yields
an intrinsic CPT linewidth of 0.5 = 0.33 MHz. (d) The intrinsic CPT linewidth as a function of temperature. The dashed line is a numerical fit,
assuming that the phonon-induced dephasing rate is proportional to the thermal occupation of phonons with a frequency of 50 GHz. Except for
the CPT spectral response in (a), which was obtained with B = 0.15 T along the crystal z axis, all data were obtained with B = 0.12 T normal

to the SiV axis.

tially the same experimental setting, for which an optical
carrier wave is fixed at the spin conserved C, transition, while
the frequency of the first sideband generated by the EOM
is scanned over the expected spectral range of the spin-flip
transition. After this set of experiments, we changed the ex-
perimental setting such that the optical carrier wave is fixed at
the weak spin-flip Cy transition and the first sideband is now
near the spin-conserved transition. This is because strong CPT
dips occur when the Rabi frequencies for the spin-conserved
and spin-flip optical transitions are comparable. Figure 2(a)
shows, as an example, a CPT spectral response obtained in
this setting at 4 K. CPT spectral responses depend strongly on
the incident optical powers, as shown in Fig. 2(b). Figure 2(c)
plots the CPT linewidth as a function of the incident optical
power obtained at 150 mK. We extract the intrinsic CPT
linewidth by fitting the power-broadened CPT linewidth to
a linear power dependence. Note that the error bars plotted
in Figs. 2(c) and 2(d) include uncertainties in the numerical
fits and an additional 10% uncertainty due to polarization
fluctuations in the experiment.

In a traditional or textbook CPT setting [29], a pump and a
probe field are employed. The Rabi frequency for the probe is
assumed to be sufficiently weak such that the optical response
is linear with respect to the probe field. In this limit, the CPT
linewidth scales linearly with the intensity of the pump field.

For an actual CPT experiment, power broadening of the CPT
spectral response can arise from both the pump and probe. We
present in the Appendix a detailed theoretical calculation on
the power broadening of the CPT linewidth, when the optical
response is nonlinear to both incident fields. To solve the
problem analytically, we have assumed that the decay rate of
the spin coherence is small compared with all other relevant
decay rates of the system such that the excited-state popula-
tion and the optical dipole coherences involved reach steady
state in a timescale much shorter than the decay time of the
spin coherence. With this assumption, we show that the CPT
linewidth is proportional to the intensity of both incident laser
fields. It should be noted that this result, while expected, is
different from the well-known behavior of power broadening
for a dipole optical transition.

Figure 2(d) plots the spin linewidth or the intrinsic CPT
linewidths derived from the linear power dependence of the
CPT linewidth as a function of temperature from 4 K to
as low as 150 mK. Note that stable temperatures between
4 and 1 K were difficult to achieve in our current setup. At
4 K, the spin dephasing time 7,* derived from the intrinsic
CPT linewidth (2.35 MHz) is in good agreement with that
obtained from earlier Ramsey interferometry studies [16].
Note that CPT linewidths at 4 K reported from earlier studies
significantly exceed the intrinsic linewidth obtained in our
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FIG. 3. (a) Schematic of the pulse sequence used for the spin lifetime measurement. (b) Fluorescence as a function of time showing the
initialization and readout of the SiV spin state at 4 K. Orange arrows denote peak values used for numerical fitting. (c) The peak ratio (the
second over the first) as a function of the waiting period t at 4 K. The dashed line is an exponential fit to a recovery time of 0.3 us. (d)
Temperature dependence of the spin lifetime. Dark and light dashed lines are numerical fits to temperature dependence of spin relaxation rates
that involve single-phonon spin-flip and two-phonon spin-flip transitions, respectively, as discussed in the text. The inset shows schematically

two relaxation pathways that involve two-phonon spin-flip transitions.

experiment, which is likely due to power broadening of the
CPT spectral response in the earlier experiments. At temper-
atures near and below 1 K, the intrinsic CPT linewidths are
nearly independent of temperature, indicating that phonon-
induced dephasing is negligible compared with dephasing
induced by the nuclear spin bath.

Earlier experimental and theoretical studies have attributed
the phonon-induced spin dephasing at temperatures near and
above 4 K to the orbital relaxation between the two lower and
upper states in the ground state doublet, induced by the first
order electron-phonon interaction with phonon frequencies
near A, [30]. In this case, the phonon-induced spin dephasing
rate is expected to be proportional to the thermal phonon
occupation, n(T) = 1/[exp(hA%,/ksT) — 1]. The numerical
fit shown in Fig. 2(d) indicates a good agreement between
the experimental result and the theoretical expectation for
temperatures below 4 K.

At T < 1K, thermal populations of phonons near 50 GHz
are greatly suppressed. Phonon-induced spin dephasing and
spin relaxation, however, can still arise from the direct acous-
tic transition between the two lower energy ground spins
states, especially when a transverse magnetic field is used to
maximize spin-state mixing. Figure 2(d), however, indicates
that any possible phonon-induced spin dephasing time will
have to be much longer than 7;* induced by the nuclear spin

bath. It should be noted that an earlier spin dephasing and
lifetime study at 100 mK used a magnetic field along the SiV
axis to minimize effects of spin-state mixing [19]. In addition,
an earlier study using a HPHT diamond sample showed a T*
about 29 ns at 40 mK (including results from both Ramsey
interferometry and CPT) and 7;™" about 9 ps at 0.8 K [15],
which differ significantly from the properties of SiV centers
in high purity CVD-grown diamond reported in this work as
well as earlier experimental studies [13,14,16].

To probe phonon-induced spin relaxation, we have mea-
sured the spin lifetime 7,;™" using the initialization-readout
approach developed in an earlier study [13]. As illustrated
in Figs. 1(a) and 3(a), a laser pulse resonant with the
spin-conserved C, transition excites the SiV center and ini-
tializes it into the spin-up state, |e_, 1), through an optical
pumping process, specifically, decay via the spin-flip Cy4
transition. A second laser pulse, again resonant with the
C, transition, arriving after a waiting period 7, reads out
the population in the spin-down state, |e;, |). This pop-
ulation is in large part due to spin relaxation occurring
during the waiting period. Figure 3(b) shows an example of
the time resolved fluorescence obtained in an initialization-
readout experiment. The initial decay of the fluorescence
during the leading edge of the optical pulses reflects the
rapid optical pumping process. Figure 3(c) plots the ratio of
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the initial peaks of the time-resolved florescence observed
(the second over the first) as a function of the waiting
period. The spin lifetime can be extracted from the expo-
nential recovery of the peak ratio with increasing waiting
period.

Figure 3(d) shows 1/7,"" extracted from the initialization-
readout experiments at temperatures between 4 K and
830 mK. The spin lifetime obtained near 4 K is in good agree-
ment with earlier studies. At T < 500 mK, our experiments
indicate 7,;™ > 0.1 ms [not shown in Fig. 3(d)]. Note that
for the spin lifetime measurement, a time resolution capable
of resolving the initial optical pumping peak, which occurs
in a 10-ns timescale, is needed. This necessitates a relatively
long time for data taking. However, as the waiting period
increases, the required data-taking time becomes increasingly
challenging to achieve. In particular, during long data-taking
periods, the SiV resonance can shift due to spectral diffusion.
The charge state may also change due to continuous resonant
excitations. These experimental difficulties limited the longest
lifetime that can be adequately measured in our current exper-
imental setup to about 0.1 ms.

The nearly 100-fold increase of spin lifetime when the
temperature is decreased from 4 K to slightly below 1 K
shown in Fig. 3(d) corresponds to strong suppression of
phonon-induced spin relaxation. The steep increase of 7,7"
also indicates that the spin relaxation results from transitions
between the two lower and upper states in the ground state
doublet separated by AS,. Specifically, the spin relaxation can
take place in a dynamical process, for which a SiV in a lower
state is excited to an upper state through phonon absorption
and then returned to the other lower state through phonon
emission. Note that the spin flip can occur via either phonon
absorption or phonon emission. In the limit that the transitions
between the lower and upper states in the ground state doublet
take place via a single-phonon process, i.e., the first order
electron-phonon interactions, the overall spin relaxation rate
is expected to scale with n(7T")[1 4 n(T )]. However, as shown
by the numerical fit in Fig. 3(d), this temperature dependence
can only lead to a 25-fold increase in the spin lifetime when
the temperature is decreased from 4 to 1 K.

The ground-state energy level structure of the SiV center
shown in Fig. 1(a) dictates that spin-flip transitions between
the lower and upper states in the ground state doublet take
place between two states that have the opposite spin orien-
tations but nearly the same orbital components. As a result,
the single-phonon spin-flip transition rate depends not only
on the spin-state mixing induced by the off-axis magnetic
field, but also on the orbital-state mixing induced by strain
and Jahn-Teller effects, because the selection rule for acoustic
transitions requires that the single-phonon transition changes
the orbital states involved in the transition. In comparison,
a two-phonon transition between the lower and upper states
does not change the orbital states involved. Because of the
relatively small orbital state mixing, the two-phonon spin-flip
transition rate can exceed or at least be comparable to the
corresponding one-phonon spin-flip transition rate.

The large discrepancy between the observed temperature
dependence and the n(T)[1 + n(T)] dependence shown in
Fig. 3(d) indicates significant contributions from the two-

phonon spin-flip transitions. As shown in the inset of Fig. 3(d),
the two-phonon spin-flip transition can take place via either
phonon absorption or phonon emission. The corresponding
spin relaxation rate is expected to scale with n%/z(T)[l +
n(T)] and n(T)[1 + nl/z(T)]z, respectively, where ny,2(T) is
the thermal population for phonons with frequency = A5,/2 (it
can be shown that n} ,(T)[1 + n(T)] = n(T)[1 + nl/z(T)]z).
This temperature dependence can provide a good description
of the observed temperature dependence, as shown by the
numerical fit in Fig. 3(d). Note that multiphonon spin relax-
ation processes were also suggested in an earlier study [15].
Nevertheless, a detailed theoretical analysis is still needed
to determine the relative contributions of the single-phonon
and two-phonon spin-flip transitions, which cannot be reliably
extracted from the numerical fit.

In addition to the multiphonon spin relaxation processes
discussed above, spin relaxation can also take place through
the direct acoustic transition between the two lower energy
ground states with a frequency separation near 3 GHz. The
spontaneous emission lifetime for the direct acoustic tran-
sition is an important parameter for phononic cavity QED
studies. At 1 K, the thermal occupation for phonons near 3
GHz is approximately 6. The observed 7;"" near 1 K thus sets
a lower limit of about 0.2 ms for the spontaneous emission
lifetime for the direct acoustic transition. The actual sponta-
neous emission lifetime is expected to be much longer since
phonon-induced spin-flip transitions between the lower and
upper states of the ground state doublet are expected to play a
dominant role near 1 K.

IV. SUMMARY

In summary, our experimental studies of CPT and spin
relaxation of a SiV center in a temperature range between
4 K and 100 mK have provided valuable information on
both phonon-induced spin dephasing and phonon-induced
spin lifetime. The phonon-induced spin dephasing arises pri-
marily from orbital relaxation induced by the first order
electron-phonon interactions, which is expected from earlier
studies at higher temperatures. The temperature dependence
of the spin lifetime, however, indicates that second-order
electron-phonon interactions, specifically, two-phonon spin-
flip transitions, play an essential role in the spin relaxation of
the SiV ground states. While there has been no experimental
evidence on possible effects of the direct acoustic transition
between the two lower energy spin states in spin relaxation,
the spin lifetime observed sets a lower limit on the spon-
taneous emission lifetime for the direct acoustic transition.
We hope that these results can prompt a more systematic
theoretical analysis of the spin relaxation processes in SiV
centers.
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APPENDIX: POWER BROADENING OF COHERENT
POPULATION TRAPPING SPECTRAL RESPONSE

We consider a A-type three-level system, where two nearly
resonant optical fields, with frequency w. and w_, couple the
upper state, |e), to the two lower spin states, |+) and |—), re-
spectively. The Rabi frequency of the two optical fields is €2
and 2_, respectively. For our experiments, 2 is compatible
to Q2_. In comparison, textbook treatment of CPT assumes
Q. « Q_, with the electron initially in state |4).

We choose a rotating frame, in which the wave function of
the three-level system can be written as

(W) = Cy expio1)|+) + Cele) + C— explio-1)|—).

The density matrix elements in the rotation frame are thus
defined as p;; = (C;C7). The corresponding density matrix
equations with phenomenological decay rates are

_ . iQy iQ_
Pey = —(IA4 + V)pet + T(pee — Piy) — — Pt
(Ala)
, , iQ_ iy
Pe— = —(IA_ +Y)pe— + T(pee —p--)— 5 P
(Alb)
, . iQy iQ_
p—+ = —lilwp — 8) + vslp—+ + 5 Pee T 5 Pet
(Alc)
. iy iQ_
Pee = _Fpee + TpeJr +cc. )+ TIOE* +cc. ),
(Ald)

where y; and y are the decay rates for the spin coherence and
the optical dipole coherence, respectively, I" is the decay rate
for the excited state population, A} = wy — w4, A_ = wy —
wp —w_, 8 = wy — w_, with oy and wg being the frequency

separation between states |e) and |+) and between states |+)
and |—), respectively.

In the limit that y; < (y, I'), which is satisfied in most
CPT experiments, the excited-state population and the optical
dipole coherence described by p.+ and p,— can reach steady
state in a timescale much faster than that for the spin coher-
ence described by p_ .. In this case, p.+ and p,_ as well as the
diagonal matrix elements follow adiabatically the dynamics of
P-4+, with

i
Pet = —Z(Q+N+ +Q_p_y), (A2a)

pem = = 3(RN_ + Qipi), (A2b)
14

where N1 = pii+ — pe. is the population difference between

the corresponding lower and upper states. In addition, we

have also assumed |A.| < y and thus have set AL =0 in

Egs. (Ala) and (A1b). The steady-state excited-state popula-

tion is then given by

1
Pee = E[mim +Q2N) 422, Q2 Re(p_1)]. (A3)

Using the above results and Eq. (Alc), we then arrive at the
equation of motion for the spin coherence,

. . Q4+
-y = —|:l(603 — )+t ——" |-t

4y
Q. Q_
- (N+ + N-). (A4)
The steady-state solution of p_ is thus given by
Q,Q_ Ny +N_
poy == . (AS)

4y i(wp—8) + 7y +(QL+Q2)/4y’

The Q% /4y terms in Eq. (A5) correspond to the power
broadening of the optically driven spin transition and thus
the power broadening of the CPT resonance. As shown by
Eq. (A3), the CPT spectral response is determined by the real
part of p_.

[1] M. W. Doherty, N. B. Manson, P. Delaney, F. Jelezko, J.
Wrachtrup, and L. C. L. Hollenberg, The nitrogen-vacancy
colour centre in diamond, Phys. Rep. 528, 1 (2013).

[2] L. Childress, R. Walsworth, and M. Lukin, Atom-like crystal
defects: From quantum computers to biological sensors, Phys.
Today 67(10), 38 (2014).

[3] D. D. Awschalom, R. Hanson, J. Wrachtrup, and B. B. Zhou,
Quantum technologies with optically interfaced solid-state
spins, Nat. Photonics 12, 516 (2018).

[4] C. Bradac, W. B. Gao, J. Forneris, M. E. Trusheim, and I.
Aharonovich, Quantum nanophotonics with group IV defects
in diamond, Nat. Commun. 10, 5625 (2019).

[5] E. Neu, C. Hepp, M. Hauschild, S. Gsell, M. Fischer, H.
Sternschulte, D. Steinmuller-Nethl, M. Schreck, and C. Becher,
Low-temperature investigations of single silicon vacancy colour
centres in diamond, New J. Phys. 15, 043005 (2013).

[6] L.J. Rogers, K. D. Jahnke, T. Teraji, L. Marseglia, C. Muller, B.
Naydenov, H. Schauffert, C. Kranz, J. Isoya, L. P. McGuinness,
and F. Jelezko, Multiple intrinsically identical single-photon
emitters in the solid state, Nat. Commun. 5, 4739 (2014).

[7] A. Sipahigil, K. D. Jahnke, L. J. Rogers, T. Teraji, J. Isoya, A. S.
Zibrov, F. Jelezko, and M. D. Lukin, Indistinguishable photons
from separated silicon-vacancy centers in diamond, Phys. Rev.
Lett. 113, 113602 (2014).

[8] J. L. Zhang, K. G. Lagoudakis, Y. K. Tzeng, C. Dory, M.
Radulaski, Y. Kelaita, K. A. Fischer, S. Sun, Z. X. Shen, N.
A. Melosh, S. Chu, and J. Vuckovic, Complete coherent control
of silicon vacancies in diamond nanopillars containing single
defect centers, Optica 4, 1317 (2017).

[9] U. Jantzen, A. B. Kurz, D. S. Rudnicki, C. Schafermeier, K. D.
Jahnke, U. L. Andersen, V. A. Davydov, V. N. Agafonov, A.
Kubanek, L. J. Rogers, and F. Jelezko, Nanodiamonds carrying

035421-6


https://doi.org/10.1016/j.physrep.2013.02.001
https://doi.org/10.1063/PT.3.2549
https://doi.org/10.1038/s41566-018-0232-2
https://doi.org/10.1038/s41467-019-13332-w
https://doi.org/10.1088/1367-2630/15/4/043005
https://doi.org/10.1038/ncomms5739
https://doi.org/10.1103/PhysRevLett.113.113602
https://doi.org/10.1364/OPTICA.4.001317

COHERENT POPULATION TRAPPING AND SPIN ...

PHYSICAL REVIEW B 111, 035421 (2025)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

silicon-vacancy quantum emitters with almost lifetime-limited
linewidths, New J. Phys. 18, 073036 (2016).

R. E. Evans, A. Sipahigil, D. D. Sukachev, A. S. Zibrov, and
M. D. Lukin, Narrow-linewidth homogeneous optical emitters
in diamond nanostructures via silicon ion implantation, Phys.
Rev. Appl. 5, 044010 (2016).

I. Lekavicius and H. Wang, Optical coherence of implanted sil-
icon vacancy centers in thin diamond membranes, Opt. Express
27, 31299 (2019).

A. Sipahigil, R. E. Evans, D. D. Sukachev, M. J. Burek, J.
Borregaard, M. K. Bhaskar, C. T. Nguyen, J. L. Pacheco, H. A.
Atikian, C. Meuwly, R. M. Camacho, F. Jelezko, E. Bielejec,
H. Park, M. Loncar, and M. D. Lukin, An integrated diamond
nanophotonics platform for quantum-optical networks, Science
354, 847 (2016).

L. J. Rogers, K. D. Jahnke, M. H. Metsch, A. Sipahigil, J. M.
Binder, T. Teraji, H. Sumiya, J. Isoya, M. D. Lukin, P. Hemmer,
and F. Jelezko, All-optical initialization, readout, and coherent
preparation of single silicon-vacancy spins in diamond, Phys.
Rev. Lett. 113, 263602 (2014).

B. Pingault, J. N. Becker, C. H. H. Schulte, C. Arend, C. Hepp,
T. Godde, A. I. Tartakovskii, M. Markham, C. Becher, and
M. Atature, All-optical formation of coherent dark states of
silicon-vacancy spins in diamond, Phys. Rev. Lett. 113, 263601
(2014).

J. N. Becker, B. Pingault, D. Gross, M. Gundogan, N.
Kukharchyk, M. Markham, A. Edmonds, M. Atature, P. Bushev,
and C. Becher, All-optical control of the silicon-vacancy spin
in diamond at millikelvin temperatures, Phys. Rev. Lett. 120,
053603 (2018).

B. Pingault, D. D. Jarausch, C. Hepp, L. Klintberg, J. N. Becker,
M. Markham, C. Becher, and M. Atature, Coherent control of
the silicon-vacancy spin in diamond, Nat. Commun. 8, 15579
(2017).

S. Meesala, Y.-I. Sohn, B. Pingault, L. Shao, H. A. Atikian, J.
Holzgrafe, M. Gundogan, C. Stavrakas, A. Sipahigil, C. Chia,
R. Evans, M. J. Burek, M. Zhang, L. Wu, J. L. Pacheco, J.
Abraham, E. Bielejec, M. D. Lukin, M. Atature, and M. Loncar,
Strain engineering of the silicon-vacancy center in diamond,
Phys. Rev. B 97, 205444 (2018).

S. Maity, L. Shao, S. Bogdanovi¢, S. Meesala, Y.-I. Sohn, N.
Sinclair, B. Pingault, M. Chalupnik, C. Chia, L. Zheng, K. Lai,
and M. Loncar, Coherent acoustic control of a single silicon
vacancy spin in diamond, Nat. Commun. 11, 193 (2020).

D. D. Sukachev, A. Sipahigil, C. T. Nguyen, M. K. Bhaskar,
R. E. Evans, F. Jelezko, and M. D. Lukin, Silicon-vacancy spin

qubit in diamond: A quantum memory exceeding 10 ms with
single-shot state readout, Phys. Rev. Lett. 119, 223602 (2017).

[20] R. Debroux, C. P. Michaels, C. M. Purser, N. Wan, M. E.
Trusheim, J. Arjona Martinez, R. A. Parker, A. M. Stramma,
K. C. Chen, L. de Santis, E. M. Alexeev, A. C. Ferrari, D.
Englund, D. A. Gangloff, and M. Atatiire, Quantum control of
the tin-vacancy spin qubit in diamond, Phys. Rev. X 11, 041041
(2021).

[21] Y. L. Sohn, S. Meesala, B. Pingault, H. A. Atikian, J. Holzgrafe,
M. Gundogan, C. Stavrakas, M. J. Stanley, A. Sipahigil, J.
Choi, M. Zhang, J. L. Pacheco, J. Abraham, E. Bielejec, M. D.
Lukin, M. Atature, and M. Loncar, Controlling the coherence
of a diamond spin qubit through its strain environment, Nat.
Commun. 9, 2012 (2018).

[22] G. D. Joe, Cleaven Chia, Benjamin Pingault, Michael
Haas, Michelle Chalupnik, Eliza Cornell, Kazuhiro Kuruma,
Bartholomeus Machielse, Neil Sinclair, Srujan Meesala, and
Marko Loncar, High Q-factor diamond optomechanical res-
onators with silicon vacancy centers at millikelvin tempera-
tures, Nano Lett. 24, 6831 (2024).

[23] X. Z. L4, I. Lekavicius, J. Noeckel, and H. L. Wang, Ultracoher-
ent gigahertz diamond spin-mechanical lamb wave resonators,
Nano Lett. 24, 10995 (2024).

[24] H. L. Wang and I. Lekavicius, Coupling spins to nanomechan-
ical resonators: Toward quantum spin-mechanics, Appl. Phys.
Lett. 117, 230501 (2020).

[25] S. H. Wu, E. Turner, and H. L. Wang, Continuous real-time
sensing with a nitrogen-vacancy center via coherent population
trapping, Phys. Rev. A 103, 042607 (2021).

[26] E. Turner, S. H. Wu, X. Z. Li, and H. L. Wang, Real-time
magnetometry with coherent population trapping in a nitrogen-
vacancy center, Phys. Rev. A 105, L010601 (2022).

[27] B.J. Lawrie, M. Feldman, C. E. Marvinney, and Y. Y. Pai, Free-
space confocal magneto-optical spectroscopies at milliKelvin
temperatures, arXiv:2103.06851.

[28] C. Hepp, T. Muller, V. Waselowski, J. N. Becker, B. Pingault,
H. Sternschulte, D. Steinmuller-Nethl, A. Gali, J. R. Maze,
M. Atature, and C. Becher, Electronic structure of the silicon
vacancy color center in diamond, Phys. Rev. Lett. 112, 036405
(2014).

[29] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
University Press, Cambridge, UK, 1997).

[30] K. D. Jahnke, A. Sipahigil, J. M. Binder, M. W. Doherty,
M. Metsch, L. J. Rogers, N. B. Manson, M. D. Lukin, and
F. Jelezko, Electron-phonon processes of the silicon-vacancy
centre in diamond, New J. Phys. 17, 043011 (2015).

035421-7


https://doi.org/10.1088/1367-2630/18/7/073036
https://doi.org/10.1103/PhysRevApplied.5.044010
https://doi.org/10.1364/OE.27.031299
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1103/PhysRevLett.113.263602
https://doi.org/10.1103/PhysRevLett.113.263601
https://doi.org/10.1103/PhysRevLett.120.053603
https://doi.org/10.1038/ncomms15579
https://doi.org/10.1103/PhysRevB.97.205444
https://doi.org/10.1038/s41467-019-13822-x
https://doi.org/10.1103/PhysRevLett.119.223602
https://doi.org/10.1103/PhysRevX.11.041041
https://doi.org/10.1038/s41467-018-04340-3
https://doi.org/10.1021/acs.nanolett.3c04953
https://doi.org/10.1021/acs.nanolett.4c03071
https://doi.org/10.1063/5.0024001
https://doi.org/10.1103/PhysRevA.103.042607
https://doi.org/10.1103/PhysRevA.105.L010601
https://arxiv.org/abs/2103.06851
https://doi.org/10.1103/PhysRevLett.112.036405
https://doi.org/10.1088/1367-2630/17/4/043011

