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Strong light-matter interactions are critical for quantum technologies based on light, such as memories or
nonlinear interactions. Solid state materials will be particularly important for such applications due to the
relative ease of fabrication of components. Silicon vacancy centers (SiV−) in diamond feature especially
narrow inhomogeneous spectral lines, which are rare in solid materials. Here, we demonstrate resonant
coherent manipulation, stimulated Raman adiabatic passage, and strong light-matter interaction via the
four-wave mixing of a weak signal field in an ensemble of SiV− centers.
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During the past decade, color centers in diamond have
emerged as important systems for quantum information
processing (QIP) [1,2], as well as quantum sensing and
metrology applications [3,4]. The negatively charged SiV−

offers remarkable optical properties such as a dominant
zero-phonon line fluorescence at 737 nm [5] and narrow
inhomogeneous distributions of the SiV− resonance of
single centers of only a few hundred MHz for samples of
low emitter density [6]. In combination with efficient
coupling to diamond nanostructures [7,8] and microwave
[9] as well as all-optical coherent control [10,11], this
potentially allows the realization of highly efficient coher-
ent spin-photon interfaces [12] using single SiV− centers.
The electronic structure of the center is displayed in

Fig. 1(a) and consists of twofold spin-degenerate orbital
doublet ground and excited states in which strong spin-
orbit (SO) interactions split the orbital levels by δg ¼
48 GHz (δe ¼ 259 GHz) in the ground (excited) state
[13,14], with spin and orbital coherence times limited to
T�
2 ≈ 40 ns at liquid helium temperatures by phonon-

induced dephasing processes [15–17]. Ground state spin
coherence times can be increased to milliseconds at
subkelvin temperatures [11,18]. At zero magnetic field
and cryogenic temperatures this level structure results in a
characteristic four-line fine structure of the zero-phonon
line (ZPL) [19], forming an optically accessible orbital
double-Λ system, enabling a multitude of optical coherent
control schemes [20–22]. The split-vacancy configuration
of the SiV− [14,23] with the resulting inversion symmetry
renders the system insensitive to first-order Stark shifts [6],
enabling narrow spectral distributions of centers even in

nonideal crystal environments. Even in dense ensembles
[24], the inversion symmetry of SiV− centers offers an
inhomogeneous broadening in the low GHz regime [25].
In combination with the large level splittings, this pro-
vides an excellent separation of optical fine-structure
components outperforming other solid-state systems such
as NV centers [26,27] or quantum dots [28]. When
compared to the most commonly used rare-earth-doped
crystals, the ratio of inhomogeneous broadening to ground
state splitting remains advantageous [29–31]. This allows
for fundamental studies and applications in the fields of
strong coherent light-matter interactions and single-pho-
ton nonlinearities, which so far have been reserved for
systems such as single atoms coupled to optical cavities
[32], ultracold Rydberg atoms [33], or cold as well as hot
atomic vapors [34,35]. In contrast, SiV− ensembles offer
high photon interaction cross sections even in small
sample volumes and thus allow for the observation of
similar effects in compact and scalable devices in the solid
state, suitable for integration with waveguides and on-chip
photonic structures.
In this Letter, we present a suite of coherent manipu-

lations along with strong, collectively enhanced light-
matter coupling in a mesoscopic SiV− ensemble. The
orbital coherence allows for fast manipulation, even at
zero magnetic fields [27], where we capitalize on previous
work on all-optical ultrafast coherent control of single
SiV− centers [10,11,36]. Specifically, we demonstrate
Ramsey interference, optical Hahn echo, and stimulated
Raman adiabatic passage (STIRAP) in SiV− ensembles.
Furthermore, we observe strong light-matter interactions in
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the form of absorption and amplification of weak coherent
fields by four-wave mixing (FWM).
In Fig. 1(b) a photoluminescence excitation (PLE)

measurement of the SiV− ensemble used in this work is
shown. The ensemble consists of a ∼300 nm thick SiV−-
doped layer homoepitaxially grown on top of a preselected
type Ib high-temperature–high-pressure (HPHT) diamond
substrate using a silicon source with a natural isotope
distribution resulting in an ensemble displaying twelve
optical transitions [24,25]. The main lines A–D correspond
to SiV− centers containing 28Si, while energetically shifted
transitions correspond to centers containing 29Si (A0–D0)
and 30Si (A00–D00), with intensity ratios matching the natural
isotope abundances [24,37]. The Gaussian inhomogeneous
linewidth of each main optical transition of this sample is
≈10 GHz, only about a factor of 100 larger than the natural
linewidth of single SiV− centers and smaller than δg,
allowing for ultrafast manipulation of individual optical
transitions even without the application of electric or
magnetic fields.
To model coherent interactions in SiV− ensembles we

developed an optical Bloch equation (OBE) model. The
temporal evolution is governed by the master equation in
Lindblad form,

_ρ ¼ −
i
ℏ
½H; ρ� þ

X4

i;j¼1

Γij

�
ρiijjihjj −

1

2
fjiihij; ρg

�
; ð1Þ

whereH is the orbital four-level interaction Hamiltonian in
rotating wave approximation, ρ is the density matrix of a
single SiV− center, and where we have introduced the
spontaneous decay rates Γij (i ≠ j) and pure dephasing
rates Γii, following Ref. [10]. The coherent evolution of the

ensemble was described by numerically solving Eq. (1) for
a number of individual SiV− centers, each with a different
resonance frequency, i.e., different detuning relative to the
applied electromagnetic fields, to account for the inhomo-
geneous broadening defined by a Gaussian distribution.
The solutions for the individual emitters are then weighted
by the amplitude of the Gaussian at the respective detuning
and averaged.
In order to validate this theoretical model, Ramsey

interference measurements were performed using a
sequence of two 12-ps-long optical pulses with variable
delay τ resonantly applied to transition C, preparing a
coherence between the lower ground state j1i and the lower
excited state j3i of the ensemble. The pulse sequence and
the addressed optical transitions are given in Figs. 2(a) and
2(b). The fluorescence intensity as a function of the delay τ
is measured, which reflects the upper state population after
the pulse sequence. In Fig. 2(c) individual fringes oscillat-
ing at optical frequencies were not resolved and only the
upper and lower envelopes are shown. With an inhomo-
geneous broadening of 10 GHz inferred from Fig. 1(b) and
the transition rates measured for a single emitter in
Ref. [10] as input parameters, the OBE ensemble model
appropriately describes the resulting Ramsey fringe decay
averaging over only a small number of ten emitters and thus

(a) (b)

FIG. 1. SiV− level structure and optical zero-phonon line
spectrum. (a) The four optical transitions A; B; C, and D between
the four orbital states j1;…; 4i form a double-Λ system.
(b) Photoluminescence excitation spectrum at T ¼ 5 K of the
SiV− ensemble used in this Letter (light blue) [25]. A fit of the
spectrum to a set of Gaussian lines indicates an inhomogeneous
broadening of ≈10 GHz of transitions A; B; C, andD (dark blue).
Grown with a natural silicon isotope distribution, the sample
displays twelve optical transitions (D00 transition not included in
measurement).

(a)

(c)

(b)

FIG. 2. (a) Sequence of 12 ps optical pulses for Ramsey
interference (red, upper) and Hahn echo (blue, lower) measure-
ments. (b) SiV− level system with resonant optical field on
transition C identical for both measurements. (c) Optical Ramsey
interference (red circles, inner) and Hahn echo measurement
(blue squares, outer). Measured envelopes (dots and squares) and
simulations (solid lines) using a four-level OBE model assuming
an ensemble of 10 emitters with a 10 GHz Gaussian distribution
are shown [T ¼ 5 K, Pðπ=2Þ ¼ 0.5ð2Þ μW, Pπ ¼ 1.8ð3Þ μW].
Pulse areas were experimentally optimized.
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limiting its numerical complexity. An excitation-induced
dephasing of about 2π × 70 MHz has to be added to match
the measured coherence decay. The suggested decoherence
mechanisms are increased rates of one-phonon transitions
between the orbital branches of ground and excited states as
well as two-phonon (Raman-like) transitions [10,38], both
caused by a local temperature rise due to laser absorption
[39]. The observed fringe decay indicates an inhomo-
geneous coherence time of T �

2 ¼ 65ð8Þ ps, about a factor
of 15 lower than what has been observed for single centers
[10]. This is caused by a relative dephasing of individual
emitters in the ensemble with different Larmor frequencies
due to their varying detuning relative to the applied optical
field.
Using an optical Hahn echo sequence, we explored the

possibility of counteracting this dephasing caused by local
variations of the static strain field. The measured Hahn echo
envelopes result in an improved coherence time of
Techo
2 ¼ 187ð31Þ ps. A excitation-induced dephasing of

about 2π × 140 MHz needed to be added, in accordance
to the doubled total pulse area in comparison to the Ramsey
interference pulse sequence. Our model indicates that, in
principle, dephasing due to inhomogeneous broadening
can be suppressed entirely using this echo technique and
coherence times corresponding to the single-emitter T1-
limit can be reached, in the absence of excitation-induced
dephasing. This might be further reduced by optimizing
thermal anchoring at the sample, dissipating absorbed
energy more efficiently. Once the T1-limit at 4 K is reached
[39], cooling to lower temperatures and working with the
lowest spin-doublet in an external magnetic field can be
used to further extend coherence times [11,18].
This set of experiments demonstrates coherent manipu-

lation of the ensemble involving its excited state. However,
for many applications it is desirable to access the longer-
lived ground state coherence. This coherence can be
addressed optically using off-resonant two-photon
Raman transitions for which the ground state coherence
time of the ensemble can be estimated to T �

2;g ≈ 100 ps, in
conformity with coherent population transfer (CPT) mea-
surements [25,39]. Off-resonant optical transitions offer the
decisive advantage of broadband interactions desirable in
many fields of QIP, such as quantum memories or two-
photon nonlinearities. Here, we first demonstrate the
feasibility of ensemble Raman transitions by inducing a
coherent population transfer between the two ground states
j1i and j2i by implementing STIRAP using ultrafast off-
resonant signal and control pulses [21,49]. For this,
initialization of the system in j1i and readout of the
resulting population of j2i is realized by means of optical
pumping, resonantly driving transition D with two sub-
sequent 100 ns long pulses as displayed in Fig. 3(a),
reducing the population ρ22 in j2i from its thermal
equilibrium value of ρ22 ¼ 37% at 5 K to a minimum of
ρ22 ¼ 19%, 6 ns after the end of the pump pulse, limited by

the competition between optical pumping and relaxation
between the ground states with a time constant of Torbit

1 ¼
27ð8Þ ns [39]. With the same delay from the pump pulse, in
between the two resonant pulses, the two Raman pulses are
then applied, leading to a coherent population transfer from
j1i to j2i as indicated by the strong increase of the readout
pulse rising edge fluorescence in Fig. 3(b). This peak
corresponds to a population in j2i of ρ22 ¼ 49%. All
population values are inferred from the OBE model. The
model further reveals that the population transfer in the
limit of ultrashort Raman pulses and zero relative pulse
delay is bidirectional between j1i and j2i with the same
transfer efficiency η such that in the case of perfect
efficiency the populations in the ground states are swapped.
Therefore, the final population ρf22 after STIRAP is limited

(a)

(b)

FIG. 3. Stimulated Raman adiabatic passage. The fluorescence
into the phonon sideband is measured both (a) without and
(b) with the Raman pulses between the pump and readout pulses
(light blue dots). The signal-to-noise ratio (SNR) amounts to 54.
For simulations the OBE model is used (blue line). (a) Optical
pumping and readout of the ground orbital state j2i using
resonant illumination of transition D. The OBE model indicates
a population in j2i of ρ22 ¼ 19% in between both resonant
pulses. (b) Sequence from (a) including the Raman signal and
control field applied in between the resonant pulses with zero
relative temporal delay. Both fields are blue-detuned by Δ ¼
70 GHz from the upper excited state j4i while in two-photon
resonance. A population of ρ22 ¼ 49% equivalent to a transfer
efficiency of η ¼ 48% is reached directly after the Raman pulses
have been applied. Inserts show optical field configurations
and pulse sequences. The power of resonant, signal, and control
fields are Pres ¼ 30 μW, Psignal ¼ 33 μW, and Pcontrol ¼ 27 μW,
respectively.
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by the initial population ρi22 in j2i given by imperfect
initialization. Whereas the simulation predicts a transfer
efficiency maximum close to 100% [39], in the experiment,
a transfer efficiency of η ¼ ðρf22 − ρi22Þð1 − 2ρi22Þ ¼ 48% is
reached. According to the model, this is mainly limited by
the available power in the Raman pulses. The population
transfer via two-photon transitions was confirmed by
applying the control and signal fields separately where
no population transfer was observed. Furthermore, pop-
ulation transfer was suppressed by tuning the fields out of
two-photon resonance and increasing their temporal delay
as expected for a two-photon process [39].
In a final experiment, we reduced the strength of one of

the laser fields, using it as a signal field, while the other,
strong field, is used as a control field. We then directly
measured the signal’s gain and absorption induced by its
interaction with the SiV− ensemble driven by the control
field. With the same blue detuning ofΔ ¼ 70 GHz as in the
experiments above, here, in contrast, the signal field is
measured after transmission through the diamond sample.
In order to measure the weak signal field, all other wave-
lengths are suppressed by a polarizer and a fiber-coupled
grating filter setup [39]. Both absorption and amplification
were observed for the weak signal field, depending on
the relative phase between the signal and control arm of the
setup. By fine-tuning the delay between the pulses near the
point of full temporal overlap, their relative phase could be
adjusted without significant change of the overlap itself.
A maximum of ≈80% absorption and ≈60% amplification
were reached after subtraction of the residual control field.
All measured fields after filtering are shown in Fig. 4(a).
Saturation of absorption and amplification was reached
when increasing the power of the control field [39].
Therefore, for the given detuning, both effects are most
likely limited by the optical density of the sample.
The observed absorption and amplification can be

explained by an off-resonant FWM process with an addi-
tional Stokes field. The signal and control fields are
generated in separate beam paths by etalons of the same
type from the same laser pulse. As well as preparing the
control field, this configuration produces unintentionally an
additional field at the Stokes frequency by means of
leakage through the low-energy tail of the control field
etalon [39]. The Stokes, control, and signal pulses arrive at
the same time after the pump pulse and with a fixed phase
relation at the ensemble as can be seen in the schematic
pulse scheme of Fig. 4(b). Within the SiV− ensemble,
FWM takes place because the control field couples to both
ground states, generating a double-Λ system via two virtual
excited states and, together with signal and Stokes fields,
creates a parametric scattering route as indicated in
Fig. 4(c). Both Λ systems interact via the ground state
coherence B (spin wave). The third-order susceptibility is
enhanced by the parametric scattering route, increasing
the FWM process in this thin ensemble of low optical
density [50].

The interaction of the fields can be described by
linearised Maxwell-Bloch equations in the adiabatic
approximation [51]. These equations have been modified
to account for the initial population distribution set by the
limited pumping power and the rethermalization of the
ground states [39]. The relative phases of signal, control,
and Stokes fields determine whether the signal field will be
absorbed or amplified [39]. The phase dependence arises
from seeded Raman scattering where the phase of each field
is set as an initial condition [52,53]. Simulations show that
signal and Stokes fields are both amplified or absorbed
under the same phase conditions. Therefore, an energy
transfer between these two fields can be excluded and
energy is only transferred between them and the control
field. By applying active phase stabilization fixing the
relative phase between the signal field and the arm

(a)

(b) (c)

FIG. 4. Signal absorption and amplification. (a) Time resolved
measurement of optical fields sent through the ensemble. The
filter setup is set to maximum transmission for the signal
wavelength. The fields are normalized in amplitude to the counts
measured with only the signal field present. Subtracting the
background control field, which could not be entirely suppressed
by the filter setup, ≈80% absorption (SNR ¼ 15) (left) and ≈60%
amplification (SNR ¼ 31) (right) of the signal field were mea-
sured. [Maximum counts: 1108 (signal and control, abs.), 2515
(signal and control, gain), 1818 (signal only, abs.), 1800 (signal
only, gain), 82 (control only, abs.), 82 (control only, gain)]. The
phase difference between the cases of absorption and gain is
estimated to be∼π, consistent with our simulations [39]. (b) Pulse
sequence. After preparing the ensemble by resonant optical
pumping, control, signal, and Stokes field are applied simulta-
neously. (c) The strong control field couples to both ground states
creating two Λ systems with a different detuning from the excited
states. Stokes and signal fields create a parametric scattering route
of optical transitions. Thereby a coherent excitation B is created
between the orbital ground states j1i and j2i.
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containing control and Stokes field, we were able to switch
between absorption and gain in a controlled way [39].
Similar phase-sensitive effects involving resonant coherent
population trapping in warm helium cells [54,55], as well
as off-resonant FWM interactions in a double-Λ system in
warm rubidium vapour [56], have been observed recently.
In conclusion, we have shown both single-photon and

two-photon coherent manipulation of an ensemble of SiV−

centers and demonstrated the potential of optical Hahn echo
schemes to further remedy the effects of the residual
inhomogeneous broadening. Moreover, we demonstrated
strong light-matter interactions in this only 300 nm thick
ensemble by implementing STIRAP and by showing effi-
cient absorption and amplification ofweak coherent states by
strong seeded off-resonant FWM. This outlines the great
potential of SiV− ensembles to realize integrated devices
relying on strong light-matter interactions [39]. The ability
to coherently manipulate ensembles of SiV− centers will
enable Raman-based optical quantum memories [22,57].
Furthermore, controlled parametric scattering routes reveal a
wide applicability to single photon switches [58] or single
photon nonlinearities [59–61]. The techniques employed in
this Letter involving the orbital levels of the SiV− seamlessly
extend to the center’s spin sublevels, enabling access to a
potentially long-lived degree of freedom [11,18]. Moreover,
these experiments form the foundation for similarwork using
other inversion symmetric defects in diamond such as GeV
[62], SnV [63], or NiV [64] ensembles, which may combine
outstanding spectral with optimized electron spin properties
and even larger bandwidths due to enhanced spin-spin and
spin-orbit interactions.

The authors thank Benjamin Brecht, Patrick Ledingham,
and Dylan Saunders for insightful discussions. This work was
financially supported by the EuropeanMaterials, Physical and
Nanoscience (MPNS) Cooperation in Science & Technology
(COST) Action MP1403 (Nanoscale Quantum Optics) fund-
ing Short Term Scientific Missions (STSMs) of J. N. B. and
C.W. C.W. acknowledges travel grants from Oriel College
(Oxford). I. A.W. and C.W. were partially funded by an
ERC Advanced Grant (MOQUACINO). J. N. was supported
by an EPSRC Programme Grant (BLOQS), by the EPSRC
Networked Quantum Information Technologies Hub (NQIT),
and a Royal Society Fellowship. E. P. acknowledges a Marie
Curie fellowship (PIEF-GA-2013-627372). This work has
been partially funded by the European Community’s Seventh
Framework Programme (FP7/2007-2013) under Grant
Agreement No. 611143 (DIADEMS) to C. B.

C.W., J. G., and J. N. B. contributed equally to
this work.

*Corresponding author.
christoph.becher@physik.uni-saarland.de

[1] C. Monroe, Nature (London) 416, 238 (2002).

[2] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling,
and G. J. Milburn, Rev. Mod. Phys. 79, 135 (2007).

[3] C. L. Degen, F. Reinhard, and P. Cappellaro, Rev. Mod.
Phys. 89, 035002 (2017).

[4] E. Bernardi, R. Nelz, S. Sonusen, and E. Neu, Crystals 7,
124 (2017).

[5] E. Neu, D. Steinmetz, J. Riedrich-Möller, S. Gsell, M.
Fischer, M. Schreck, and C. Becher, New J. Phys. 13,
025012 (2011).

[6] A. Sipahigil, K. D. Jahnke, L. J. Rogers, T. Teraji, J. Isoya,
A. S. Zibrov, F. Jelezko, and M. D. Lukin, Phys. Rev. Lett.
113, 113602 (2014).

[7] J. Riedrich-Möller, C. Arend, C. Pauly, F. Mücklich, M.
Fischer, S. Gsell, M. Schreck, and C. Becher, Nano Lett. 14,
5281 (2014).

[8] 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. Lončar, and M. D. Lukin, Science 354,
847 (2016).

[9] B. Pingault, D.-D. Jarausch, C. Hepp, L. Klintberg, J. N.
Becker, M. Markham, C. Becher, and M. Atatüre, Nat.
Commun. 8, 15579 (2017).

[10] J. N. Becker, J. Görlitz, C. Arend, M. Markham, and C.
Becher, Nat. Commun. 7, 13512 (2016).

[11] J. N. Becker, B. Pingault, D. Groß, M. Gündoğan, N.
Kukharchyk, M. Markham, A. Edmonds, M. Atatüre, P.
Bushev, and C. Becher, Phys. Rev. Lett. 120, 053603
(2018).

[12] E. Togan, Y. Chu, A. S. Trifonov, L. Jiang, J. Maze, L.
Childress, M. V. G. Dutt, A. S. Sørensen, P. R. Hemmer,
A. S. Zibrov, and M. D. Lukin, Nature (London) 466, 730
(2010).

[13] C. Hepp, T. Müller, V. Waselowski, J. N. Becker, B.
Pingault, H. Sternschulte, D. Steinmüller-Nethl, A. Gali,
J. R. Maze, M. Atatüre, and C. Becher, Phys. Rev. Lett. 112,
036405 (2014).

[14] A. Gali and J. R. Maze, Phys. Rev. B 88, 235205
(2013).

[15] B. Pingault, J. N. Becker, C. H. H. Schulte, C. Arend, C.
Hepp, T. Godde, A. I. Tartakovskii, M. Markham, C.
Becher, and M. Atatüre, Phys. Rev. Lett. 113, 263601
(2014).

[16] 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, Phys. Rev. Lett. 113, 263602
(2014).

[17] 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, New J. Phys. 17, 043011 (2015).

[18] D. D. Sukachev, A. Sipahigil, C. T. Nguyen, M. K. Bhaskar,
R. E. Evans, F. Jelezko, and M. D. Lukin, Phys. Rev. Lett.
119, 223602 (2017).

[19] E. Neu, C. Hepp, M. Hauschild, S. Gsell, M. Fischer, H.
Sternschulte, D. Steinmüller-Nethl, M. Schreck, and C.
Becher, New J. Phys. 15, 043005 (2013).

[20] G. Alzetta, A. Gozzini, L. Moi, and G. Orriols, Nuovo
Cimento B 36, 5 (1976).

[21] U. Gaubatz, P. Rudecki, S. Schiemann, and K. Bergmann,
J. Chem. Phys. 92, 5363 (1990).

PHYSICAL REVIEW LETTERS 122, 063601 (2019)

063601-5

https://doi.org/10.1038/416238a
https://doi.org/10.1103/RevModPhys.79.135
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.3390/cryst7050124
https://doi.org/10.3390/cryst7050124
https://doi.org/10.1088/1367-2630/13/2/025012
https://doi.org/10.1088/1367-2630/13/2/025012
https://doi.org/10.1103/PhysRevLett.113.113602
https://doi.org/10.1103/PhysRevLett.113.113602
https://doi.org/10.1021/nl502327b
https://doi.org/10.1021/nl502327b
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1038/ncomms15579
https://doi.org/10.1038/ncomms15579
https://doi.org/10.1038/ncomms13512
https://doi.org/10.1103/PhysRevLett.120.053603
https://doi.org/10.1103/PhysRevLett.120.053603
https://doi.org/10.1038/nature09256
https://doi.org/10.1038/nature09256
https://doi.org/10.1103/PhysRevLett.112.036405
https://doi.org/10.1103/PhysRevLett.112.036405
https://doi.org/10.1103/PhysRevB.88.235205
https://doi.org/10.1103/PhysRevB.88.235205
https://doi.org/10.1103/PhysRevLett.113.263601
https://doi.org/10.1103/PhysRevLett.113.263601
https://doi.org/10.1103/PhysRevLett.113.263602
https://doi.org/10.1103/PhysRevLett.113.263602
https://doi.org/10.1088/1367-2630/17/4/043011
https://doi.org/10.1103/PhysRevLett.119.223602
https://doi.org/10.1103/PhysRevLett.119.223602
https://doi.org/10.1088/1367-2630/15/4/043005
https://doi.org/10.1007/BF02749417
https://doi.org/10.1007/BF02749417
https://doi.org/10.1063/1.458514


[22] J. Nunn, I. A. Walmsley, M. G. Raymer, K. Surmacz, F. C.
Waldermann, Z. Wang, and D. Jaksch, Phys. Rev. A 75,
011401(R) (2007).

[23] J. P. Goss, R. Jones, S. J. Breuer, P. R. Briddon, and S.
Öberg, Phys. Rev. Lett. 77, 3041 (1996).

[24] H. Sternschulte, K. Thonke, R. Sauer, P. C. Münzinger, and
P. Michler, Phys. Rev. B 50, 14554 (1994).

[25] C. Arend, J. N. Becker, H. Sternschulte, D. Steinmüller-
Nethl, and C. Becher, Phys. Rev. B 94, 045203 (2016).

[26] V. M. Acosta, E. Bauch, M. P. Ledbetter, C. Santori,
K. M. C. Fu, P. E. Barclay, R. G. Beausoleil, H. Linget,
J. F. Roch, F. Treussart, S. Chemerisov, W. Gawlik, and D.
Budker, Phys. Rev. B 80, 115202 (2009).

[27] E. Poem, C. Weinzetl, J. Klatzow, K. T. Kaczmarek, J. H. D.
Munns, T. F. M. Champion, D. J. Saunders, J. Nunn, and
I. A. Walmsley, Phys. Rev. B 91, 205108 (2015).

[28] T. Suzuki, R. Singh, M. Bayer, A. Ludwig, A. D. Wieck,
and S. T. Cundiff, Phys. Rev. Lett. 117, 157402 (2016).

[29] Y. C. Sun, in Spectroscopic Properties of Rare Earths in
Optical Materials, edited by G. Liu and B. Jacquier
(Tsinghua University Press and Springer-Verlag, Berlin
Heidelberg, 2005), pp. 379–429.

[30] A. Tiranov, A. Ortu, S. Welinski, A. Ferrier, P. Goldner, N.
Gisin, and M. Afzelius, Phys. Rev. B 98, 195110 (2018).

[31] A. Ortu, A. Tiranov, S. Welinski, F. Fröwis, N. Gisin, A.
Ferrier, P. Goldner, and M. Afzelius, Nat. Mater. 17, 671
(2018).

[32] L. M. Duan and H. J. Kimble, Phys. Rev. Lett. 92, 127902
(2004).

[33] Y. O. Dudin and A. Kuzmich, Science 336, 887 (2012).
[34] M. D. Lukin, Rev. Mod. Phys. 75, 457 (2003).
[35] K. F. Reim, J. Nunn, V. O. Lorenz, B. J. Sussman, K. C. Lee,

N. K. Langford, D. Jaksch, and I. A. Walmsley, Nat.
Photonics 4, 218 (2010).

[36] Y. Zhou, A. Rasmita, K. Li, Q. Xiong, I. Aharonovich, and
W.-B. Gao, Nat. Commun. 8, 14451 (2017).

[37] A. Dietrich, K. D. Jahnke, J. M. Binder, T. Teraji, J. Isoya,
L. J. Rogers, and F. Jelezko, New J. Phys. 16, 113019 (2014).

[38] L. Monniello, C. Tonin, R. Hostein, A. Lemaitre, A.
Martinez, V. Voliotis, and R. Grousson, Phys. Rev. Lett.
111, 026403 (2013).

[39] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.122.063601, for details
on experimental setup, sample characterization, and further
experimental and theoretical results, which includes addi-
tional Refs. [40–48].

[40] J. N. Becker and C. Becher, Phys. Status Solidi 214,
1700586 (2017).

[41] O. O. Vasil’ev, V. B. Muratov, and T. I. Duda, J. Superhard
Mater. 32, 375 (2010).

[42] G. Turri, Y. Chen, M. A. Bass, D. A. Orchard, J. E. Butler, S.
Magana, T. Feygelson, D. Thiel, K. Fourspring, R. Dewees,
J. M. Bennett, J. M. Pentony, S. Hawkins, M. Baronowski,
A. J. Guenthner, M. D. Seltzer, D. C. Harris, and C. M.
Stickley, Opt. Eng. 46, 064002 (2007).

[43] G. Davies, J. Phys. C 12, 2551 (1979).
[44] C. Hepp, Electronic structure of the silicon vacancy color

center in diamond, dissertation, Universität des Saarlandes,
2014.

[45] J. Klein, F. Beil, and T. Halfmann, Phys. Rev. Lett. 99,
113003 (2007).

[46] G. G. Grigoryan, G. V. Nikoghosyan, T. Halfmann, Y. T.
Pashayan-Leroy, C. Leroy, and S. Guérin, Phys. Rev. A 80,
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