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We characterize a high-density sample of negatively charged silicon-vacancy (SiV−) centers in diamond
using collinear optical multidimensional coherent spectroscopy. By comparing the results of comple-
mentary signal detection schemes, we identify a hidden population of SiV− centers that is not typically
observed in photoluminescence and which exhibits significant spectral inhomogeneity and extended
electronic T2 times. The phenomenon is likely caused by strain, indicating a potential mechanism for
controlling electric coherence in color-center-based quantum devices.

DOI: 10.1103/PhysRevLett.126.213601

Color centers in diamond are point defects within the
diamond host lattice that absorb and emit visible or near-
infrared light. Such defects have drawn attention recently as
potential hardware elements in quantum networks and
devices [1,2], due in part to the protective influence of
diamond’s wide band gap and weak magnetic susceptibility
and in part to the technology available for manipulating and
detecting light at these photon energies. Among the most
promising defects are negatively charged silicon-vacancy
(SiV−) centers. In contrast to the more heavily studied
nitrogen-vacancy (NV) centers, SiV− centers exhibit an
inversion-symmetric D3d point-group structure [3,4] that
shields them against first-order Stark shifts and endows
them with sharp optical absorption and emission lines.
Aided by these properties, SiV− centers have proven
conducive to both coherent control [5–8] and the manipu-
lation and generation of indistinguishable photons [9,10].
Despite these advantages, challenges still hinder the

development of SiV− center devices. For example, spin
coherence times are in most cases too short for practical
applications, with the exception of measurements at sub-
kelvin temperatures [11,12] and of the neutral silicon-
vacancy center variant [13,14]. Moreover, the overall
quantum yield of SiV− centers is low [15,16], suffering
from nonradiative decay channels [17–19] that are a
potential problem for single-photon devices. Separately,
there are a number of open questions and engineering
opportunities related to the effects of strain on SiV− centers

[20,21] and, more broadly, to the way that color centers
behave in close proximity [22] and at large densities
[23–25]. A few of these studies indicate a correspondence
between strain and electronic dephasing rates [21]. On all
these fronts, the exceptional sensitivity of nonlinear optical
techniques [7,8,26–29] holds promise for elucidating SiV−

center properties.
In this Letter, we report measurements using collinear

multidimensional coherent spectroscopy (MDCS) of the
optical transitions in a high-density ensemble of SiV−

centers in bulk single-crystal diamond. By comparing
photoluminescence (PL)-based and heterodyne-detection-
based MDCS signal collection schemes, we selectively
distinguish between luminescing and nonluminescing color
centers, observing a large population of SiV− center
transitions that are typically hidden (i.e., not observed)
under PL detection and which have more than 60 times as
much inhomogeneous spectral broadening as the popula-
tion of PL-emitting “bright” states. A detailed comparison
of homogeneous dephasing rates reveals longer T2 elec-
tronic coherence times for the hidden population as
compared to the bright population, indicating that elec-
tronic dephasing interactions in the hidden population are
diminished. Finally, by characterizing the amount of
inhomogeneous broadening, we argue that the most likely
source of the inhomogeneity and extended T2 times of the
hidden population is inhomogeneous strain, and we discuss
mechanisms by which strain and electronic dephasing
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might be linked. The results exemplify the power of MDCS
as a tool for characterizing color center materials, and they
inform the development of strain-utilizing color center
devices and applications.
The experimental layout is illustrated in Fig. 1. We

exposed the sample to a series of laser pulses (bandwidth
≈7.5 nm, λpeak ≈ 737 nm, repetition rate ¼ 76 MHz) that
combined to generate nonlinear polarization and excited-
state-electron population responses (see Supplemental
Material [30]). We collected rephasing spectra [31,40] in
which a first-order excitation interaction was correlated
with a third-order evolution or emission interaction
[Fig. 1(a)] to produce photon echoes as a function of
interpulse time delays τ and t. Fourier transforming the
result generates spectra consisting of two-dimensional
resonance peaks plotted against interaction frequencies
ντ and νt. Measurements were performed at 10 K and a
waiting time T ≈ 0.5 ps.
An advantage of this setup over other types of MDCS

(including two studies on NV centers in diamond [41,42])
is that the excitation beams are collinear [32–34,43,44].
The arrangement facilitates comparisons between comple-
mentary signal detection schemes, as shown in Fig. 1(b).

We isolated the nonlinear response by tagging each of the
four laser pulses with frequency offsets ν1, ν2, ν3, and ν4,
which led to a radio-frequency beat note at νsig ¼ −ν1 þ
ν2 þ ν3 − ν4 that we selected with a lock-in amplifier. In
one scheme, we extracted the signal by directing all four
pulses onto the sample and measuring the resulting
modulation in PL intensity [32,43]. In another scheme,
we used the fourth pulse as a local oscillator to heterodyne
detect a coherent four-wave-mixing signal emitted in
reflection by the interaction of the sample with the first
three pulses [34,44]. The first scheme selects out bright
color centers with a propensity for radiative emission, while
the second scheme is more sensitive to the ensemble as a
whole. An analogous comparison in the linear regime
would be one between photoluminescence excitation spec-
troscopy and absorption.
Figure 1(c) shows an MDCS plot for the PL detection

scheme. The energy-level structure of an SiV− color
center contains spin-orbit-split 2Eg ground and 2Eu excited
states [see Fig. 1(a)], which give rise in Fig. 1(c) to optical
transitions at 406.654, 406.713, 406.915, and 406.974 THz.
(The y axis values are negative because the first-order
interaction is conjugate relative to the third-order interaction
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FIG. 1. Comparison between PL- and heterodyne-detected MDCS measurements of an ensemble of SiV− centers in diamond.
(a) Temporal illustration of relevant interaction pathways and probed electronic coherences. (b) Schematic illustrations of signal
collection techniques. (c) PL-detected rephasing spectrum. (d) Heterodyne-detected rephasing spectrum.
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in a rephasing pulse sequence.) Such transitions can be
observed using traditional PL [3,4,45], but the MDCS
measurement is richer. Within the figure’s dashed gray
boxes, for example, there are direct peaks visible at ντ ¼
−νt indicating ground-state bleaching and stimulated emis-
sion effects, and there are cross peaks at ντ ≠ −νt indicating
the presence of coherent coupling. Beyond this, the elon-
gated resonance features offer a window into the intricacies
of dephasing. The features’ “inhomogeneous” linewidths
(parallel to the ντ ¼ −νt line) give a measurement, in the
language of magnetic resonance [46], of the T�

2 dephasing
times associated with the overall ensemble. Their “homo-
geneous” linewidths (perpendicular to the ντ ¼ −νt line)
give a frequency-group-specific measurement connected to
single-particle dephasing times T2.
More striking than the characteristics of the PL-detected

spectrum of Fig. 1(c) in isolation, however, are the dramatic
differences between this spectrum and the heterodyne-
detected spectrum shown in Fig. 1(d). The inhomogeneous
width of the resonance peak in Fig. 1(d) is much larger than
the inhomogeneous widths of the peaks of Fig. 1(c), even
across a frequency domain more than five times as wide.
Furthermore, the spectrum of Fig. 1(d) lacks the cross
peaks of Fig. 1(c), indicating an inhomogeneous fine-
structure splitting in addition to the inhomogeneity in
overall transition frequency. Figure 2 shows projections
onto the νt axis of rephasing spectrum amplitudes, allowing

a more direct comparison of linewidths. As shown by the red
trace in Fig. 2(a), the PL-detected MDCS measurement
exhibits peaks with an inhomogeneous full width at half
maximum linewidthof28� 2 GHz.This iswithin a factor of
two of linewidths obtained through conventional PL
[Fig. 2(a), blue trace] (see Supplemental Material [30]).
Figure 2(b) shows PL-detected MDCS and heterodyne-
detectedMDCSon the sameplot. Theheterodyne spectrum’s
linewidth can be extracted by dividing out the squared laser
spectrum and measuring the result to produce an estimate of
1.8� 0.1 THz or by fitting to a finite-bandwidthMDCS line
shape model [47] to produce an estimate of 1.84� 0.02 THz.
As mentioned above, the PL-detected spectrum of

Fig. 1(c) is sensitive only to bright color centers while the
heterodyne-detected spectrumof Fig. 1(d) is sensitive to both
bright and hidden centers. The wider distribution of states
must be dominated by hidden centers because it is not visible
in Fig. 1(c). A comparison between the heterodyne-detected
inhomogeneous linewidth and the linewidths from partially
annealed and highly strainedSiV− center samples reported in
the literature [21,48] indicates that the likely origin of the
hidden ensemble is strain. Indeed, strain is expected to be
nonuniform and potentially very large at selected locations in
this densely implanted sample [30]. The results from Figs. 1
and 2 are also similar to a recently reported population ofSiV-
center-related optical transitions in nanodiamonds [21],
where strain effects are at among their most acute. The
discovery here of a significant inhomogeneous population of
color centers in single-crystal bulk extends both the phe-
nomenon’s relevance and its regime of applicability.
Our assignment of the hidden center resonances to strain-

impacted SiV− centers as opposed to some other kind of
silicon-related complex is based on the fact that the hidden
center resonance is peaked at the SiV− center zero-phonon
line and—while broader than the bright center resonance—
remains too narrow in this sample to originate from any other
source. The most plausible alternate contender is the neutral
vacancy (GR1) zero-phonon line at 404.5 THz (740.9 nm).
However, this resonance lies decidedly away from the hidden
center spectral peak, as demonstrated in both Fig. 2(b) and in
the results of auxiliary MDCS and linear absorption mea-
surements [30]. The nanodiamond study of Ref. [21] posits
the influence of SiV:H complexes. However, SiV:H com-
plexes are expected to absorb in the near-infrared [49], even
farther from the hidden center peak than the GR1 line.
In the absence of other complexes, the clear distinction

between the heterodyne- and PL-detected SiV− center
ensembles begs a microscopic explanation. The simplest
possibility is that the presence of strain in the hidden
centers reduces their radiative dipole moments relative to
unstrained centers, thereby both reducing radiative decay
from the excited state and extending its coherence time
through the same underlying mechanism. Such an explan-
ation is inconsistent with the nonlinear character of MDCS
peak strengths, however, which depend on the dipole
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and heterodyne-detected MDCS, where traces have been ex-
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line shape comparisons. (b) PL- and heterodyne-detected MDCS.
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moment to the fourth power in the χð3Þ limit. It would be
surprising, for example, that the unstrained centers are not
observed in Fig. 1(d) as localized peaks in the spectrum,
since their dipole moments in this scenario are supposedly
much bigger than the dipole moments of the strained
centers. Furthermore, a change in the dipole moment only
affects the coherence time in the coherent limit where T2 ¼
2T1 [35]. Again, this is inconsistent with our data, as
discussed in more detail below.
An explanation of the phenomenology that is more

consistent with our results is that strain enhances the
coupling between the 2Eu excited states and an electronic
dark state in the SiV− center system. For example, the dark
state may be shifted by strain from an energy higher than
the 2Eu excited states to an energy nearly commensurate
with them, or selection rules and phonon coupling may be
modified to make the transition from the 2Eu states into a
dark state at lower energy more likely. In either of these
situations, the luminescence would be suppressed by the
system relaxing into the dark state but the nonlinear
optical response would be unaffected, as confirmed by
simulations we have performed to illustrate the effect (see
Supplemental Material [30]). Figure 3 summarizes one
such scenario, showing the effect of a strain-dependent
selection rule on an inhomogeneous ensemble of two-level
atoms. Although direct experimental confirmation of such a
mechanism remains lacking, the relatively low quantum
yield of SiV− centers [2] supports its existence, and SiV−

center dark states have been both theoretically predicted
[18,19,50] and experimentally reported [16,36].

Perhaps themost powerful aspect ofMDCS in this study is
its ability to extract homogeneous decay rates even in the
midst of an inhomogeneous ensemble. Figure 4 shows an
analysis of these processes, which have been characterized in
the time domain to avoid windowing artifacts. Figure 4(a)
shows the PL-detected time-domain spectrum used to gen-
erate Fig. 1(c). Figure 4(b) shows the heterodyne-detected
spectrum used to generate Fig. 1(d). Figures 4(c) and 4(d)
correspond to the amplitudes of the plots in Figs. 4(a)
and 4(b) extracted along a diagonal lineout at τ ¼ t. In order
to provide a numerical estimate of dephasing rates, we fit the
data to decaying exponential line shapes of the form

fðtþ τÞ ¼ Ae−ðtþτÞ=T2a þ Be−ðtþτÞ=T2b ; ð1Þ

with the second term being omitted for the PL-detected
measurement.
As shown by the data and fit in Fig. 4(c), the PL-detected

signature of bright SiV− centers decays with essentially
monoexponential dynamics and exhibits a characteristic
homogeneous relaxation time of T2a ¼ 122� 7 ps. (The
slight deviation from monoexponential dynamics at times
tþ τ > 300 ps is a manifestation of the experimental noise
floor [30].) Although shorter than typically reported elec-
tronic T2 times for isolated SiV− centers [7,8,27], this is in
line with a recent photon-echo measurement of an SiV−

center ensemble [29].
As shown in Fig. 4(d), the dynamics of the heterodyne-

detected SiV− center ensemble exhibit a great deal more
structure. Although a short-time component similar in scale
to the dephasing time of the PL-detected ensemble still
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exists, the decay curve also exhibits a prominent extended
tail that clearly deviates from monoexponential dynamics.
Because the decoherence interactions probed through
photon-echo measurements like this are irreversible, the
presence of this extended tail is a clear indication that
different emitters within the hidden SiV− center ensemble
exhibit different dephasing rates, with some of these emitters
exhibiting T2 times that exceed the T2 times of the
PL-detected bright ensemble. Such a conclusion could not
have been drawn from measurements like time-resolved PL
or transient absorption, where multiexponential relaxation
dynamics have a much less definitive physical inter-
pretation. The application of Eq. (1) to the data in Fig. 4
leads to extracted coherence times of T2a ¼ 120� 5 and
T2b ¼ 990� 180 ps. In the frequency domain, these relax-
ation dynamics correspond to a bi-Lorentzian line shapewith
characteristic linewidths 1=ð2πT2aÞ ≈ 1.33� 0.06 GHz and
1=ð2πT2bÞ ¼ 160� 30 MHz. We note, however, that the
hiddenSiV− center ensemblemay includemore than just two
classes of distinct centers and/or may exhibit a continuous
distribution of dephasing times, and so these extracted fit
parameters should be interpreted phenomenologically.
The extracted T2 times can also be compared to the

sample’s electronic population decay times T1, allowing us
to verify that the SiV− center resonances are in the
incoherent limit. We have performed measurements of
T1 by measuring the response of our MDCS signal to
variations in the waiting time T between the second and
third excitation pulses [30]. The results for both PL
detection and heterodyne detection are consistent with
time-resolved PL measurements in the literature reporting
a lifetime of 1–2 ns [15,51], under all circumstances much
longer than both T2a=2 and T2b=2.
In conclusion, we have used collinear optical MDCS to

measure the coherent properties of an ensemble of SiV−

centers in diamond, observing a large and inhomogene-
ously broadened population of nonradiative electronic
states that have remarkably long electronic decoherence
times in comparison to their radiatively coupled counter-
parts. The effect can be understood as a likely consequence
of strain. Beyond their fundamental relevance to the
physics of diamond color centers, the results open oppor-
tunities for the controlled use of strain in practical SiV−

center devices. One possible use of the effect is in a device
in which strain is intentionally applied or modulated in
order to controllably tune the amount of radiative emission
and electronic coherence in a single-photon emitter or in an
emitter ensemble.
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