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Coherent Interactions between Silicon-Vacancy Centers in Diamond
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We report tunable excitation-induced dipole-dipole interactions between silicon-vacancy color centers in
diamond at cryogenic temperatures. These interactions couple centers into collective states, and excitation-
induced shifts tag the excitation level of these collective states against the background of excited single
centers. By characterizing the phase and amplitude of the spectrally resolved interaction-induced signal, we
observe oscillations in the interaction strength and population state of the collective states as a function of
excitation pulse area. Our results demonstrate that excitation-induced dipole-dipole interactions between
color centers provide a route to manipulating collective intercenter states in the context of a congested,

inhomogeneous ensemble.
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Entangled ensembles of quantum systems are a key
resource for quantum sensing [1,2] and quantum information
networks [3,4]. Color centers in diamond show potential as a
physical realization of this resource. These point defects in
the diamond lattice host localized and optically accessible
atomlike electronic states, featuring favorable spin and
optical coherence properties. Negatively charged silicon-
vacancy centers in diamond (SiV™), a class of color center,
are largely protected by symmetry from the optical inho-
mogeneity that plagues the more heavily studied nitrogen-
vacancy centers. Moreover, SiV™ centers exhibit a sharp
zero-phonon line (ZPL) into which a majority of their
photoluminescence (PL) is concentrated [5—10].

Realizing multicenter entangled ensembles is a chal-
lenge, typically requiring sophisticated device engineering
to enhance weak photon-mediated interactions between
isolated, implanted centers [4,11]. One alternative approach
is to utilize entanglement generated ambiently between
these emitters in dense ensembles through excitation-
induced electronic dipole interactions [12—14]. Only sparse
evidence in this direction exists in color center ensembles:
evidence of superradiance has been reported in nitrogen
vacancy centers [15] by observing a change in PL lifetime
with increasing center density, but the difficulty of iden-
tifying the excitation level or degree of coherence in the
ensemble makes attributing this change to interaction-
generated multicenter collective states challenging. This
challenge is surmountable, because excitation-induced
shifts (EIS) and excitation-induced dephasing (EID) caused
by interactions between emitters can tag signals from
entangled states composed of N excited emitters, even
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under semiclassical excitation. The resulting nonlinear
wave-mixing signal caused by interaction-induced shifts
can be used to isolate the optical response of collective
multicenter states (which we term subensembles) with
excitation level N from the larger ensemble [16].

We directly probe transition-induced electronic dipole-
dipole interactions [12] between pairs of emitters within a
dense ensemble of SiV~ centers at cryogenic temperatures
(15 K) using double-quantum two-dimensional (DQ2D)
coherent spectroscopy. This technique is a background-free
signature of interactions, in the sense that in the absence of
excitation-dependent interactions there is no DQ2D signal
[17]. DQ2D coherent spectroscopy yields the ensemble-
averaged optical response of pairwise coherent subensem-
bles subjected to coherent driving by a pulsed laser. With
the addition of a preceding pump pulse, we implement
control of the intercenter, excitation-induced interaction
strength through the manipulation of the jointly-excited-
state population of energetically degenerate centers by
tuning the pump pulse area. Both the interaction strength
and the jointly excited population state oscillate with
increasing pump pulse area, while the same is not true
for interacting centers excited on nondegenerate transitions.
This demonstration both provides a route to accessing
entangled ensembles of quantum emitters via interaction-
induced Dicke physics and shows that nonlinear wave
mixing can be used to sensitively extract the dynamics of
entangled SiV~ subensembles from the complex optical
response of the ensemble.

Figure 1 summarizes the color center system. Figure 1(a)
depicts the SiV~ center with the vacancy-vacancy axis

© 2022 American Physical Society
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FIG. 1. (a) The SiV~ system: a silicon atom located between

two vacancies. (b) The electronic level scheme with the ZPL
transitions labeled. We do not consider hyperfine-split states,
as these states are degenerate in the absence of a magnetic field,
as is the case here. Polarization selection rules (dotted or dashed
arrows) are depicted relative to the SiV™ axis; gray arrows show
missing transitions. (c) A depiction of how excitation-dependent
interactions couple two systems, modifying the properties of their
jointly excited state captured by the complex-valued interaction
parameter A.

orientation falling along the (111) direction in the lattice.
The SiV~ zero-phonon line transitions probed with DQ2D
are marked B;, C;, and D, in Fig. 1(b). In this sample, due
to its (110) orientation and due to strain and geometry
considerations, the polarization selection rules yield PL
from only these three transitions for X-polarized excitation
(horizontal with respect to the experimental axes) [18].
Transitions B; and C; yield PL collected from centers
oriented in the plane of the sample whereas transition D,
yields PL originating from centers oriented out of the plane
of the sample, as the averaged bulk strain shifts the peak
locations for different center orientations relative to each
other [18].

To extract spectroscopic information about the interact-
ing center pairs, DQ2D employs four pulses derived from a
titanium sapphire oscillator (center wavelength 735 nm,
repetition rate 75.5 MHz, pulse width 200 fs full-width,
half maximum). Pulses are individually phase cycled with
acousto-optic modulators to allow for the selection of
multiple linear or nonlinear signal pathways. The four
pulses illuminate the sample colinearly, generating non-
linear polarizations and modulated populations in the SiV~
electronic states [19-22]. The sample is an ensemble

implanted in a (110)-oriented diamond crystal with SiV~
implantation density ~10'® cm™ tilted at a 30° angle to the
horizontal. The modulated population due to the action of
four pulses results in a modulated PL signal, collected in
reflection [22]. Further sample-specific and experiment-
specific details can be found in Refs. [18,23] and in the
Supplemental Material of Ref. [22]. The four-wave
mixing (FWM) pathway is selected by phase-synchronous
detection of the fourth-order PL. modulation at wg, =
W + 0y — W3 — Wy.

Figure 2(a) is a schematic of a DQ2D signal pathway
generated by this pulse sequence in a four-level “diamond”

(b) !

— Simulation
— Data

(if) /
/
814
| 1

813.6

Normalized
Amplitude

Double-Quantum Frequency (THz)
apnijdwy pazijewJloN

813.2

406.6 406.8 407
Detection Frequency (THz)

FIG. 2. (a) A diagram of the pulse sequence used in the DQ2D
experiment. Arrows denote coherences established between
states. Coherences between center pairs evolve during waiting
time 7', and their excitation-induced influence on the PL spectrum
is resolved along waiting time #. (b)(i) A comparison between a
linear PL spectrum and a simulation incorporating electronic
dipole-dipole interactions as the broadening mechanism. (ii) A
DQ2D spectrum from the SiV~ ensemble. Peaks in the pink, red,
and green boxes arise from coherent coupling between two
resonantly excited states. Nonresonant coherent coupling be-
tween centers yields peaks on either side of the diagonal, in the
black and gray boxes.
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energy level structure representing two interacting emitters.
In this case, the first pulse drives a coherence between the
ground and first excited state, which is converted by the
second pulse into a “double-quantum” coherence between
the ground and doubly excited state at twice the energy. For
this reason, the frequency during time delay 7 is termed the
“double-quantum” evolution of the FWM signal. The third
and fourth pulses convert that coherence into a population
in a singly (or doubly) excited state. The phase and
amplitude of the PL modulation at wg, are monitored as
a function of T and ¢, then Fourier transformed yielding
two-dimensional spectra. The time delays corresponding to
the Fourier transform of the two time axes are color coded
in Fig. 2(a) and in Figs. 2(b)(i) and 2(b)(ii) .

A linear PL-detected absorption spectrum of the ZPL
transitions is shown in Fig. 2(b)(i). Figure 2(b)(ii) is a
DQ2D spectrum showing excitation-induced interactions
between centers where the transitions are both degenerate
and nondegenerate, as evidenced by peaks along the
diagonal and off-diagonal directions, respectively. For
completeness, a DQ2D spectrum taken for the orthogonal
excitation polarization is included in the Supplemental
Material [23]. As mentioned above, these peaks are a
background-free signature of excitation-dependent inter-
actions between centers.

The most likely mechanisms by which SiV~ centers
interact are wave function overlap (Dexter coupling),
electronic transition-induced dipole-dipole mediated inter-
actions, spin-spin interactions, or phonon-mediated inter-
actions. In the first case, one might expect an additional
contribution to the DQ2D spectrum from the hybridized
states [25]. We rule out this possibility, because the
resulting spatially weak hybridization has not been seen
to contribute to DQ2D spectra [26], and ab initio simu-
lations of the electron wave functions in SiV~ centers do
not show much spatial extent outside of roughly one unit
cell, an order of magnitude less than required for significant
spatial overlap between wave functions of adjacent centers
at our implantation densities [9,27]. Although the SiV~
center electronic transition dipole moment of y = 14.3
Debye [6] is less than that in Rydberg atoms, the emitter
densities achieved here are orders of magnitude larger than
those of dilute gasses; thus, the comparatively weak
transition dipole moment is compensated with higher
emitter densities [6,28]. Furthermore, one might also
consider spin-spin interactions in this system. However,
these interactions are not strong enough to explain our
findings: for two centers spaced roughly 10 nm apart, the
spin-spin interaction shift is on the order of 10-100 kHz
(depending on spin orientation), which is far too small to
explain the observed inhomogeneity in the linear spectra
and the excitation-induced shifts in the DQ2D spectra,
which are both on the order of 10 GHz. To rule out phonon-
mediated interactions between centers, we note that the
electron-phonon dephasing times are expected to be on the

order of 1-10 ps in ensembles SiV~ centers [10], and we
observe double-quantum coherence times at least 5 times
longer (on the order of 50 ps as estimated from a fit of the
upper on-diagonal peak). We therefore conclude that the
most likely interaction mechanism is electronic dipole-
dipole coupling between adjacent centers.

Even in the complex SiV~ center energy level system,
signal pathways in DQ2D spectra will be dominated by
separate two-level systems interacting. A detailed argument
for this assertion can be found in the Supplemental Material
[23]. The conclusion is that the DQ2D line shape for a
given pair of interacting states, following the conventions in
Ref. [19], the state labeling scheme in Fig. 1(c), and
assuming approximately delta-function pulses, is
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where Q;; = w;; — iy;; is the complex frequency associated
with the transition from the ijth state to the ground state
including phenomenological dephasing y;;, w;; = (E;; —
Eyy)/n is the transition center frequency, y;; is the dipole
moment corresponding to the transition between the i and j
states (assumed to be equal between centers), and A =
A, —iA; is the complex interaction parameter. From
Eq. (1), it is clear that the nonlinear signal exactly cancels
when A =0, in the case of noninteracting two-level
systems, consistent with DQ2D coherent spectroscopy
being a background-free probe of interactions.

Beyond just being a useful probe of interactions, the
DQ2D line shape is highly sensitive to the interplay
between inhomogeneous broadening and the average inter-
action strength between centers. This sensitivity can be
seen by the dependence of the nonlinear DQ2D signal on
w;j, vij» and A = Ag —iA,. In the case that interactions
between states reduce dephasing (known as excitation-
induced narrowing), y;; (or 1/73) and A, have opposite
signs, introducing a phase ambiguity in the signal.

We remove this line shape ambiguity by simply consid-
ering the linear PL-detected absorption spectrum, demon-
strating that interactions could be the source of
inhomogeneity in the PL spectrum. We know from pre-
vious studies on this sample that the PL linewidths are
dominated by inhomogeneous broadening [22], so we
monitor the PL. modulated at a frequency g, = w3 — wy
while varying time delay ¢ between the third and fourth
pulses in our experiment. This yields a coherent linear
spectrum corresponding to a PL-detected absorption meas-
urement, presented in Fig. 2(b)(i). Details of the simulation
of the linear PL spectrum can be found in the Supplemental
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Material [23]. The simulation demonstrates that excitation-
induced electronic dipole-dipole interactions between cen-
ters might be responsible for the inhomogeneity of the PL
linewidths in our sample.

Transition-induced electronic dipole-dipole interactions
can be expected to couple pairs of indistinguishable centers
into entangled Dicke states [13,29]. Using a variable-
strength pulse preceding our DQ2D pulses (pulses 1-4
in Fig. 2) by 1 ns, we observe oscillations in the peak
amplitude and phase of the on-diagonal DQ2D peaks with
varying pump field. However, the signal due to non-
degenerate centers decays with increasing pump field.
Figure 3(a) shows the integral of the peaks in the DQ2D
spectra as denoted in the boxes in Fig. 2(b)(ii)). When
compared with single quantum coherent spectra, reported
in the Supplemental Material [23], only the resonant
interacting centers undergo such coherent Rabi oscillations.
The total FWM signal is not dominated by the excitation-
induced contribution; rather, the DQ2D contribution to the
total FWM response demonstrates that centers whose
interactions generate mutual coherence behave as collective
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FIG. 3. (a) The integral of the unnormalized DQ2D peaks,
integrated over the color-coded boxes in Fig. 2(b)(ii) as a function
of pump field. (b) The phase-resolved zero-pump upper on-
diagonal peak in the red box in Fig. 2(b)(ii). (c) Slices through the
peak in (b) as a function of pump field as compared with a fit with
our model, normalized such that zero is centered in the color scale
to visually clarify the sign of the real component of the signal.

systems, and that excitation-induced interactions generate a
DQ2D signal serving to “tag” coherent subensembles of
color centers.

To explain this behavior, we posit that, as we tune the
power of the pump pulse, we tune the population of center
pairs (between the |00') and the |11’) states) and thus also
modify the excitation-induced interaction strength of the
collective center pairs responsible for the DQ2D signal. The
DQ2D signal oscillations likely arise only from excited
center pairs. Dipole enhancement due to cooperation of three
or more of color centers would act to smear out the coherent
Rabi oscillations in the DQ2D signal. Given that the pump
arrives 1 ns prior to the DQ2D coherent spectroscopy probe,
the transition-induced interactions must persist at least this
long to explain the behavior of the DQ2D spectra with
increasing pump strength [23], indicating that the limiting
factor impacting the usefulness of these collective states is
their collective dephasing rate, which in this case is (at worst)
twice that of the single-center rate observed in our sample.
However, given the fact that dephasing times into the ns
regime have been observed in these centers [24], and that
correlations in dephasing mechanisms between emitters can
dramatically lengthen the coherence time of their jointly
excited states (likely for systems with closely spaced emitters
such as SiV~ color centers [30]), these results carry general
implications outside of the ultrafast regime.

We reproduce the qualitative behavior of the spectra by
extracting and modelling a one-dimensional slice through
the phase-resolved on-diagonal DQ2D peak. This captures
both the change in interaction strength and population state
incurred by center pairs due to their joint interaction with
the incident pump pulse. We fit slices through the phase-
resolved peak in the red box in Fig. 2(b)(ii), as shown in
Figs. 3(b) and 3(c) as a function of power. The details of the
model are summarized in the Supplemental Material [23];
the most salient detail is that the ground- and doubly
excited-state populations of a four-level diamond system,
representing two interacting color centers, scale with the
driving field of a pump pulse as

A\* . [A\*?
Poy ~ €OS <§> > Py s <§) (2)

where A = f__f"//; drQ(7) is the pulse area [31], Q(7) =

o
Ji - E(t)/ i is the Rabi frequency with /i the transition dipole
moment, and E(r) the field of the pump pulse. The
assumptions of the qualitative model are that the DQ2D
signal is proportional to the ground-state population of the
pairwise subensemble with interactions scaled linearly in
accordance to the jointly excited state population for a
given pump field, corresponding to the DQ2D signal
pathways elaborated in Ref. [23]. Explicitly, this corre-
sponds to assuming S®)(z, wy, w,) ~ cos*(E/E,) and A =
Ao —iAgo +sin*(E/E,) (A, —iA, ) where we assume
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some residual EIS and EID during the DQ2D experiment as
quantified in the parameters A,y and A, to account for the
zero-pump DQ2D signal. We label A ; and A, to be the
slope of the induced interaction shifts and changes in
dephasing respectively. E, is a scaling fit parameter such
that when the pulse area is that of a “z” pulse, E/E, = n/2.

The fit, shown in Fig. 3(c), captures the Rabi oscillations
in peak strength and phase due to changes in both the
population state and interaction strength of joint center
pairs. After geometric, Fresnel, and optical spot size
corrections (see the Supplemental Material [23]) we esti-
mate the average pump power required for a pulse area of z
in our model is P, = 9.6 mW, in agreement with the
theoretical value of P, 4, = 9.86 mW considering a rep-
etition rate of 75.5 MHz and an estimated full-width half
maximum pulse duration of 200 fs. The fit returns
Ayjo=2GHz, A;o=6GHz, A, =50GHz, and
A;; = —200 GHz, in agreement with an estimation of
Aso~O(1 —10) GHz retrieved from the simulations of
the linear spectra [23].

The data presented here reveal that distinct SiV™~ centers
in ensembles interact through excitation-induced electronic
dipole-dipole interactions. These tunable interactions persist
for at least 1 ns and subsequently modify the central
frequency and dephasing properties of the color center
optical resonances, tagging the Dicke level of pairwise
subensembles. Upon excitation with a pump pulse, these
interaction-entangled center pairs undergo coherent oscil-
lations in both their mutual interaction strength and pop-
ulation state. Similar phenomena have been seen in Rydberg
atoms [28], but the present work constitutes an important
demonstration of coherent control of collective states of
multiple color centers in an adaptable solid-state platform.

This demonstration of Dicke physics is complementary
to other works demonstrating coherent manipulation of
color center nuclear spins using spin-spin (i.e., magnetic)
interactions between a particular spin and nearby optically
addressable electronic spins [32-34] achieved with high
densities of nitrogen-vacancy centers. Before the practical
utilization of these tunable interactions can become a
reality, however, more must be understood about the
dephasing mechanisms, population dynamics, and manipu-
lation fidelity of entangled, proximate SiV~ centers.
Extending this work by employing photon-counting non-
linear spectroscopy [35] to study DQ2D spectra as a
function of pump delay, center density, and pump power
would provide much insight into these questions.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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