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We report coherent interactions within an ensemble of silicon-vacancy color centers in diamond.
The interactions are ascribed to resonant dipole-dipole coupling. Further, we demonstrate control
over resonant center pairs by using a driving optical pulse to induce collective, interaction-enabled
Rabi-oscillations in the ensemble. Non-resonant center pairs do not undergo collective oscillations.

Color centers in diamond host localized and optically
accessible electronic states. Some, such as the nitrogen-
vacancy center and a range of Group-IV vacancies, fea-
ture favorable spin properties that attract wide interest
as a platform for precision measurements [1], nanoscale
sensors [2, 3], and building blocks for various components
of quantum information infrastructure [4-7]. The nega-
tively charged silicon-vacancy center in diamond (SiV ™)
is one such defect under intense study. Due to the similar-
ity of the ground and excited state wavefunctions, SiV~s
are largely protected from the first-order perturbations
that plague the more heavily studied nitrogen-vacancy
center [8-12], and exhibit a sharp zero-phonon line (ZPL)
into which a majority of the excited-state photolumines-
cence (PL) is concentrated. As such, SiV™ centers are
suitable candidates in which to generate and manipulate
coherent interactions between discrete quantum systems.

The ability to harness interactions between color cen-
ters is a tantalizing prospect. It could enable multi-
center quantum sensing [1] to surpass the standard shot-
noise limit imposed on measurements of N independent
qubits. Additionally, one proposed quantum informa-
tion processing scheme relying on dipole-dipole interac-
tion generated entanglement [13] could be implemented
in ensembles of color centers. The most common current
approach to manipulating interactions between SiV s is
to find two proximate centers with compatible transition
frequencies and etch a diamond waveguide between them
[14]. This approach is promising, but entails large man-
ufacturing overhead and could be biased by the selection
of exceptional color centers with favorable optical prop-
erties, giving an incomplete picture of the underlying in-
teraction dynamics.

In this Letter we demonstrate that resonant dipole-
dipole interactions between SiV~s can coherently couple
centers distinct centers. We investigate these interac-
tions using a nonlinear double-quantum, two-dimensional
(DQ2D) coherent spectroscopic probe of a high den-
sity (~ 10'cm™3) ensemble of SiV~™s. DQ2D probes
an ensemble nonlinear response thereby reducing poten-

tial single center selection bias and requiring no sample-
specific tailoring to study interactions. DQ2D is also
background-free, in the sense that there is no DQ2D
signal in the absence of excitation dependent interac-
tions [15]. We show that these interactions are strong
enough to cause the observed inhomogeneous linewidths,
contributing to the overall optical response at dominant
order. Further, we demonstrate control of inter-center
interactions to cause coherent Rabi oscillations of center-
center pairs by varying the strength of a pump pulse pre-
ceding the DQ2D probe pulses. These results show that
dipole-dipole interactions can be used to generate and
manipulate few-body quantum states in an ensemble of
SiV~ color centers.

Figure 1 is a summary of the color center system.
Figure 1(a) depicts the SiV~ center with the vacancy-
Silicon-vacancy axes orientation falling along the (111)
direction in the lattice. The SiV~ zero-phonon line (ZPL)
transitions probed with DQ2D are marked B, C, and D’
in Fig. 1(b). In this sample, due to strain and geometry
considerations, the polarization selection rules yield PL
from only these three transitions for X-polarized excita-
tion (horizontal with respect to the experimental axes)
[16]. 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 rela-
tive to each other. For completeness, a DQ2D spectrum
taken for the orthogonal excitation pulse polarization is
included in the supplementary information [17].

In general, quasi-resonant excitation dependent inter-
actions between non-identical two-level systems (in the
presence of inhomogeneity) can be treated as a shift in
the doubly-excited state of the joint system, as shown in
Fig. 1(c), leaving the singly-excited eigenstates unmodi-
fied. We let A = Ay — iAg, phenomenologically captur-
ing both the interaction modified dephasing and energy
shift of the doubly-excited state, commonly known as
the excitation-induced dephasing (EID) and excitation-



(@)
o +0

@ Carbon
A
t@® @ silicon
v Vacancy
¢ " o
(b) ®
In-Plane Out-of-Plane
7] E . “““_ — ““\\\ yy
j—) —':, - .
‘o, L_ ‘o, == | Selection
C C%H | Rules:
AT D Ry o ey
oE B : =W
g )‘\o‘j - it
"'l,__ ""4
(c) Interactions
K N A I11°>
1> ' __101»
. ® = — o>
10> — —10"»
EI00">

FIG. 1. (a) The SiV system: a silicon interstitial between
two vacancies. (b) The electronic level scheme with the ZPL
transitions labelled. Polarization selection rules are depicted
relative to the SiV™ axis, grey arrows show missing transi-
tions. (c) A depiction of how excitation-dependent interac-
tions couple two systems.

induced shift (EIS). Our DQ2D method employs four
pulses derived from a titanium sapphire oscillator (cen-
ter wavelength 735 nm, repetition rate 75.5 MHz, pulse
width 200 fs full-width, half maximum). Pulses are in-
dividually frequency tagged with acousto-optic modula-
tors to allow the selection of multiple linear or nonlinear
signal pathways. The four pulses illuminate the sample
co-linearly, generating nonlinear polarizations and mod-
ulated populations in the SiV™ electronic states [18-21].
The sample is tilted at a 30° angle to the horizontal and
the modulated populations result in a modulated PL
signal, collected in reflection [21]. The four-wave mix-
ing (FWM) pathway is selected by phase-synchronous
detection of the fourth-order PL modulation at wgy =
W1 + We — Wz — wy.

Figure 2(a) is a schematic of a single DQ2D signal
pathway generated by this pulse sequence. In this case,
the first pulse drives a coherence between the ground
and first excited state, which is converted by the sec-
ond pulse into a “double-quantum” coherence between
the ground and doubly-excited state at twice the en-
ergy. For this reason, the frequency-evolution along
time delay T is termed the “Double-Quantum” evolu-
tion of the FWM signal. The third and fourth pulses
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FIG. 2. (a) A diagram of the pulse sequence used in the DQ2D
experiment. Coherences between center pairs evolve during
waiting time T' and their excitation-induced influence on the
PL spectrum is resolved along waiting time ¢. (b)(i) A com-
parison between a linear PL spectrum and a simulation incor-
porating dipole-dipole interactions as the broadening mecha-
nism. (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. Non-resonant coher-
ent coupling between centers yields peaks on either side of the
diagonal, in the black and grey boxes.

convert that coherence into a population in a singly
(or doubly) excited state. The phase and amplitude of
the PL modulation at wgy s are monitored as a func-
tion 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 the axes colors in Fig. 2 (b)(i)
and (ii).

Figure 2(b)(i) is a linear, PL detected absorption spec-
trum of the ZPL transitions. Figure 2(b)(ii) is a DQ2D
spectrum showing interactions between both resonant
and non-resonant centers, as evidenced by peaks along



the diagonal and off-diagonal directions respectively. As
mentioned above, these peaks are a background-free sig-
nature of excitation-dependent interactions between cen-
ters. Having demonstrated that color centers interact, we
now turn to determining the potential interaction mech-
anism.

The most likely mechanisms by which SiV™ centers
interact are wavefunction overlap (Dexter coupling) or
dipole-dipole mediated interactions. In the first case, we
might expect an additional contribution to the DQ2D
spectrum from the hybridized states [22]. We rule out
this possibility, because the resulting spatially weak hy-
bridization has not been seen to contribute to DQ2D
spectra [23], and ab initio simulations of the electron
wavefunctions in SiV~™s do not show much spatial ex-
tent outside of roughly one unit cell, an order of mag-
nitude less than required for significant spatial overlap
between wavefunctions of adjacent centers at our implan-
tation densities [12, 24]. We therefore conclude that the
most likely interaction mechanism is dipole-dipole cou-
pling between adjacent centers.

Even in in the complex SiV ™ level system, signal path-
ways in DQ2D spectra will be dominated by separate
two-level systems interacting. A detailed argument for
this assertion can be found in the supplementary informa-
tion [17], but the conclusion is that the DQ2D lineshape
for a given pair of interacting states, following the conven-
tions in Ref. [18], the state labelling scheme in Fig. 1(c),
and assuming approximately delta-function pulses, is
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where €;; = w;; — i7;; is the complex frequency asso-
ciated with the transition from the ij-th state to the
ground state including phenomenological dephasing -;;,
wi; = (E; — Ej)/h is the transition center frequency, and
fi; is the dipole moment corresponding to the transition
between the ¢ and j states, and A = Ay —iAy is the com-
plex interaction parameter, as defined above. Included in
equation 1 is the assumption that the singly and doubly
excited states have the same transition dipole moments.
If this is not the case, it will only apply an overall scal-
ing to equation 1. From equation 1, it is clear that the
nonlinear signal exactly cancels when A = 0, in the case
of non-interacting two-level systems, consistent with the
claim that this is a background-free spectroscopic probe
of interactions.

Though a useful probe of interactions, the DQ2D line-
shape is highly sensitive to the interplay between inhomo-
geneous broadening and the average interaction strength
between centers. This sensitivity can be seen by the de-
pendence of the nonlinear DQ2D signal on w;;, 7;; and

A = A, —iA4. In the case that interactions between
states reduce dephasing (known as excitation-induced
narrowing), v;; (or 1/7T5) and EID have opposite signs.

We remove this lineshape ambiguity by simply consid-
ering the linear PL detected absorption spectrum. We
know from previous studies on this sample that the linear
PL linewidths are dominated by inhomogenous broaden-
ing [21], so we monitor the PL modulated at a frequency
wsig = 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 measurement, presented in Fig. 2 (b)(i). Since
the transition dipole moment is known [25], and since the
only tuning parameter in the interaction simulation is the
density (where we make the rough assumption that 10%
of the implanted ions yield color centers after annealing),
we simulate the lineshape of the linear PL by generating
a random distribution of centers reflective of the implan-
tation density profile of our sample and diagonalizing the
Hamiltonian

Hiy = Ho + Z Hing,ij (2)
1,517
where Hj is the bare Hamiltonian with eigenvalues cor-
responding to the observed transition energies and
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is the interaction matrix element between pairs of res-
onant color centers. Here, p is taken to be 14.3 Debye
[25], scaled relative to the maximum dipole moment in
the manifold using the linear experimental data for each
transition, and oriented randomly along the (111) axes
of the diamond unit cell; Eij = r; — 75 is the inter-center
separation vector, R;; = \ﬁ”| is its magnitude, and e,
is the relative permittivity of the diamond lattice and is
taken to be €, = n? where n = 2.4 is the index of refrac-
tion of diamond at 735 nm [26]. The linear response is
then calculated by taking the new, shifted peak centers
and using those as the center frequency for a Lorentzian
lineshape with a full-width, half-maximum corresponding
to To = 120 ps, the average measured homogeneous elec-
tronic dephasing time reported in [21]. Furthermore, we
add an interacting, inhomogeneous pedestal correspond-
ing to a Gaussian distribution in center frequency to ap-
proximate the measured weak pedestal inhomogeneous
linewidth of roughly 1.8 THz [16, 21]. We do this to ap-
proximate the influence of a large distribution of dark
or weakly luminescent, but interacting centers reported
in Ref. [21]. This simulation, presented in Fig. 2 (b)(i),
shows that resonant dipole-dipole interactions could con-
tribute to line broadening at first order. The simulation
reproduces the main qualitative features of the data and
is consistent with the hypothesis that resonant or quasi-
resonant dipole-dipole interactions are the main inter-
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FIG. 3. (a) The integrated FWM intensity of the peaks 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 to a fit with our model.

action mechanism between adjacent silicon-vacancy cen-
ters.

Rudimentary control over inter-center interactions is
demonstrated by inducing pairwise Rabi oscillations un-
der the presence of a resonant pump pulse preceding the
FWM pulses by 1 ns, allowing coherent artifacts to de-
phase before the DQ2D probe. We then vary the field
of the pump pulse and acquire DQ2D spectra. Figure
3(a) shows the integral of the peaks in the DQ2D spectra
as denoted in the boxes in Fig. 2 (b)(ii). The resonant
center pairs (in the pink and red boxes on the DQ2D
diagonal) undergo coherent Rabi oscillations while the
non-resonant centers still interact but appear to saturate
incoherently as a function of pump field, indicating that
the resonant interactions allow pairs of centers to behave
as joint, controllable quantum systems.

To show that the oscillations in the signal strength
are indeed due to coherent population oscillation in the
pairwise four-level systems in our ensemble, we repro-
duce the qualitative behavior of the lineshape of a one-

dimensional slice through the real part of the upper on-
diagonal DQ2D peak. Because the nonlinear spectra are
inherently phase resolved, we develop a model describing
the behavior of this on-diagonal peak corresponding to
pairwise, resonant interactions. We choose to fit a slice
through the phase-resolved peak in the red box in Fig. 2
(b) (ii), as shown in Fig. 3 (b) and (c¢). The details of
the model are summarized in the supplementary informa-
tion [17]; the most salient detail is that the ground- and
excited-state populations of a four-level diamond system
scale with driving field as

wt\4 wt\4
r~cos | — |, r~sin (— ) . 4
P00 ( B) ) P11 ( B ) (4)

The assumptions of the qualitative model are that the
signal is proportional to the ground-state population with
interactions scaled linearly in accordance to the excited
state population for a given pump field. Explicitly, this

corresponds to assuming S®) (7, wr, w;) ~ cos?(£) and
A=Ay o—ilAgo + sin* (EL)(ASJ —iAg41) where we

assume some residual EIS and EID during the DQ2D
experiment as quantified in the parameters A, ¢ and Ag g
to account for the zero-pump DQ2D signal. We label A ;
and Ag 1 to be the slope of the induced interaction shifts
and changes in dephasing respectively.

We believe that the model is both physically rea-
sonable, in that the interaction parameters obtained
from the fit shown in Fig. 3(c) are within an order
of magnitude of the numerical simulations presented in
Fig. 2(b)(i), and that the model reproduces the main
qualitative features of the data set. To that end, after
geometric, Fresnel, and optical corrections (see the sup-
plement [17]) we estimate the pump power required for
a pulse area of 7 in our model is P, = 9.6 mW, in agree-
ment with the theoretical value of Py 1y = 11.4 mW con-
sidering a repetition rate of 75.5 MHz and an estimated
FWHM pulse duration of 200 fs. The fitting process re-
turns Ago = 2 GHz, A; 9 = 6GHz, Ay = 50 GHz, and
As1 = —200 GHz, in agreement with an estimation of
Ag o~ O(1 — 10) GHz retrieved from our simulations of
the linear spectra.

Importantly, the model reproduces the fact that the
peak shape and phase oscillate along with the ampli-
tude reduction and recovery of the signal as the pump
field is varied. A more exact model would take into ac-
count averaging from the fact that the environment for
the pairs of two level systems in our ensemble is likely
to be quite inhomogeneous due to the high implanta-
tion density. Further, it would account for the fact that
the red-boxed peak is composed of two nearly-degenerate
peaks from two orientations in the plane of the sample.
Such a detailed model would likely quantitatively capture
the behavior of the coherent oscillations, but is beyond
the scope of this work.

The data presented in this Letter demonstrates that
distinct SiV™ centers in ensembles interact. These in-



teractions contribute at a dominant order in the overall
optical response of the ensemble and are likely the con-
sequence of dipole-dipole coupling between adjacent cen-
ters. Furthermore, quasi-resonant pairs of centers pre-
pared in the same state by a pump pulse can undergo
coherent Rabi oscillations as a joint, pairwise system.
Similar phenomena have been seen in Rydberg atoms
[27], but this work constitutes an important demonstra-
tion of coherent control of collective systems of multiple
color centers. This work opens the way for exploring the
utilization of interactions between color centers in prox-
imity. Because they can be deterministically implanted
[28], it is perhaps possible to construct lattices of color
centers as more experimentally accessible alternatives to
trapped ions as test-beds for quantum computation, sim-
ulation, or sensing applications.
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