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Solid-state quantum emitters are promising candidates for the realization of quantum networks, owing to 
their long-lived spin memories, high-fidelity local operations, and optical connectivity for long-range 
entanglement. However, due to differences in local environment, solid-state emitters typically feature a range 
of distinct transition frequencies, which makes it challenging to create optically mediated entanglement 
between arbitrary emitter pairs. We propose and demonstrate an efficient method for entangling emitters with 
optical transitions separated by many linewidths. In our approach, electro-optic modulators enable a single 
photon to herald a parity measurement on a pair of spin qubits. We experimentally demonstrate the protocol 
using two silicon-vacancy centers in a diamond nanophotonic cavity, with optical transitions separated by 
7 .4 GHz. Working with distinguishable emitters allows for individual qubit addressing and readout, enabling 
parallel control and entanglement of both colocated and spatially separated emitters, a key step toward scaling 
up quantum information processing systems. 
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Solid-state quantum emitters have recently emerged as 
promising candidates for the realization of quantum net-
works. They combine a number of advantageous properties 
including electronic spin qubits with long coherence times 
[1-3], fast gates [4], access to nuclear qubit registers [5,6], 
deterministic qubit fabrication [7-9], and accessible operat-
ing temperatures [6,10]. The most important challenge in 
scalable quantum information processing with defect centers 
involves generating high-fidelity entanglement between 
spatially separated defects. 

Entanglement mediated by photons stands out in com-
parison with other promising approaches [11-13] as a 
unique mechanism for long distance entanglement even 
across room-temperature environments [ 14]. Long dis-
tance entanglement can be used for quantum repeaters and 
the creation of quantum networks [15-17]. Fast and 
efficient spin-photon gates in solid-state emitters were 
recently demonstrated by employing cavity quantum 
electrodynamics (CQED), with integration of color centers 
in nanophotonic resonators enabling reproducible, com-
pact, on-chip architectures [4]. These advances enabled the 
demonstration of Bell state measurements on asynchro-
nously arriving photons [18], a key capability of quantum 
repeater stations. 

Despite the rapid progress in this area [19], the state-
of-the-art photonic entanglement schemes are incompatible 

with the broad distribution of optical transitions commonly 
exhibited by solid-state emitters due to strain variations. 
Using frequency-erasing time-tagging or electro-optical 
frequency shifting, entanglement of distinguishable memo-
ries separated by at most ~ 100 MHz has been demonstrated 
[20,21], which falls short of the typical frequency spread of 
~5-150 GHz for emitters encountered in micro- and nano-
photonic structures [8,22,23]. While multistage quantum 
frequency conversion could cover this mismatch, its high 
noise and low efficiency have so far restricted its application 
to conversion from emitter wavelengths to telecommunica-
tion wavelengths for long distance communication [24-26]. 
Instead, individual quantum emitters with near-identical 
optical resonances are postselected [27-29], or the optical 
detuning is actively compensated [14,30]. In practice, 
however, such schemes have limited scalability, the former 
due to its low yield, and the latter due to substantial overhead 
in device complexity. 

In this Letter, we propose and demonstrate a scheme to 
entangle emitters with far-detuned optical transitions 
which are coupled to an optical cavity. We experimentally 
realize it using two silicon-vacancy color centers (SiV) in 
the same diamond photonic crystal resonator, each acting 
as a spin-dependent scatterer. Our scheme [illustrated 
in Figs. l(a)-l(c)] is inspired by the Elitzur-Vaidman 
Gedanken experiment [31]. Embedding the two SiVs in 
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FIG. 1. Optical entanglement of distinguishable emitters. (a) An 
interferometer is tuned so that when no spin scatters light (full 
circle) photons leave only through the top port of the interferom-
eter. (b) If just one spin scatters (empty circle) while the other 
reflects, light is split between the two output ports, and the 
heralding detector receives photons. (c) If both spins scatter, no 
light leaves the interferometer. (d) The physical implementation of 
the protocol. The two SiVs act as spin-dependent mirrors. The 
relative phase between the microwave drive to the two modulators 
EOMMZ and EOM,p sets the phase difference between the 
interferometer arms. (e) The Elitzur-Vaidman Gedanken experi-
ment implemented as a frequency domain interferometer. The y 
axis shows the relative frequency of the relevant photonic modes in 
the protocol. Two EOMs (purple) play the role of beam splitters. 
Detection of photons at the central frequency projects the SiV s into 
an odd parity state. (f) The spectrum of the two SiVs under 
investigation, when initialized in I t ,J,} (green) or l,J, t} (red). 

the two arms of an interferometer, we use an interaction-free 
measurement to determine if one (and only one) arm is 
blocked, determining the joint spin parity by monitoring a 
dark port of the interferometer [32,33]. Unlike the original 
scheme (and proposed applications to qubit entanglement 
[34]), our approach uses a frequency-domain interferometer 
[see Figs. l(d) and l(e)], allowing a single heralding photon 
to entangle quantum emitters with drastically different 
optical transition frequencies. 

The implementation is illustrated in Figs. l(d) and l(e). 
SiV centers A and B are detuned from the nanophotonic 
cavity such that the system exhibits spin-dependent spec-
tral features of high contrast due to differential Zeeman 
splitting of the ground and excited states. The optical 
transition of SiV A (B) is only resonant with frequency f A 

(fn), if the spin is in the It) A{B) state, which results in 
photons being scattered and lost from the interferometer. 
Otherwise (for I t}A{B)), a Fano interference blocks the 
light from entering the cavity [Fig. l(f), Ref. [4] ], keeping 
it in the interferometer. 

In each round, the spins of SiVs A and B are first 
initialized in the state 

with l±)A(B) = (I t}A(B) ± lt)A(B))/v'2 [35], and a photon 
is prepared in a superposition of two frequency-domain 
basis states If A) and If B): 

This is achieved by sending a photon at frequency f c = 
(f A + f 8 ) /2 through an electro-optic amplitude modulator 
(EOMMz) driven at cv = (f 8 - f A) /2 to produce two 
sidebands at f A and f 8 while suppressing the carrier. 
The photon then encounters the two SiVs, where each 
frequency component is conditionally reflected into the 
modes described by annihilation operators a (for f A) and b 
(for f 8 ). Next, the two sidebands are recombined, using a 
phase modulator (EOM<1>), yielding the mode described by 
c = (l/v'2)(ei~t/>a + b) at frequency f c (A</> relative 
phase). Finally, the light is sent through a filter cavity, 
which rejects the sidebands, and is detected by a single 
photon detector [Fig. l(d)]. 

In case the spins are in the I tt)AB state, both frequency 
components are reflected, such that the probe photon is in 
state II/I) P oc If A) P + If 8) P when it arrives at the frequency 
combiner EOM<l>, where If A(B)) P indicates a photon in the 
mode described by a (b). We set the interferometer phase 
Aq> = n, so that the mode at f c becomes a dark port of the 
interferometer, with the amplitudes a and b interfering 
destructively. The second EOM transfers the probe photon 
to the modes at f c ± 2cv [Fig. l(a)], where it is rejected by 
the filter cavity. In case of the It t) AB state, there is no 
photon reflection at either fA or f 8 [Fig. l(c)], also 
resulting in no events at the detector. For I t t) AB and 
It t) AB• only one of the frequency components is blocked, 
destroying the interference condition at the final frequency 
beam splitter and allowing the photon to pass through the 
interferometer [Fig. l(b)], revealing the spin parity. 

Similar to the Elitzur-Vaidman Gedanken experiment, 
transmission of the photon implies that it did not encounter 
the scatterer, but nonetheless reveals the scatterer's pres-
ence, a phenomenon termed interaction-free measurement. 
Importantly, an event at the heralding detector does not 
reveal which frequency path was blocked, as the photon 
could originate from either component of the spin-photon 
state: ll/lout)AB,p ~-It t)AB ® lfA)p + It t}AB ® lfB)p. 
A detection event in mode c thus projects the spins to a 
maximally entangled Bell state: 
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This interferometric protocol is robust and resource 
efficient compared with other optical entanglement proto-
cols. As both frequency components travel on a common 
path, the protocol is robust to phase fluctuations of the 
fiber, requiring no active stabilization of the interferometer 
and hence reducing the experimental overhead. At the same 
time, detection of a single photon is sufficient to herald 
entanglement, in contrast to the most widely used robust 
schemes, which require two photons [36]. 

Conventional commercial EOMs and signal generators 
suffice for generating entanglement between emitters 
separated by up to If A - f 8 I 80 GHz in the visible 
and near infrared wavelength range. This range can be 
extended to 160 GHz by selecting higher order EOM 
sidebands with spectral filters. This covers the majority of 
the inhomogeneous distribution of various color centers in 
nanostructures, such as C: SiV-, [8], YSO: Er+3 [22], and 
YSO:Nd+3 [37]. 

Our experimental implementation [Fig. 2(a)] utilizes a 
pair of Siv- centers (A and B) with optical transitions 
separated by 7 .4 GHz, located in the same nanophotonic 
cavity [4] with cooperativities CA= 14.4(1) and 
C8 = 6.1(1), respectively [19]. The cavity is coupled 
to a waveguide, which adiabatically transfers photons 
into a tapered fiber with an efficiency of '7wg = 
0.85 ± 0.03. The cavity is detuned from the SiV tran-
sitions to yield high reflection contrast for both SiV A and 
B [Fig. l(t) in the Supplemental Material [38]]. A 
magnetic field of B ~ 0.45 Tis applied along the common 
symmetry axis of both SiVs to split the spin conserving 
optical transitions (with probability of spin changing 
transition r ~ 2.3 x 10-4 per optical cycle). 

To read out SiV A (B), we inject photons at frequency f A 
(f 8 ) and detect them with a superconducting nanowire 
single photon detector placed before the filter cavity [see 
Fig. 2(a)]. This allows for an independent readout of both 
spin states with fidelity :F R,A = 0.9984(1) and :F R,B = 
0.9991(1) [38]. Moreover, the gyromagnetic ratio of SiVs 
depends significantly on strain, allowing for individual 
microwave addressing of emitters with the same orientation. 
Here, we find Zeeman splitting of the ground state spin states 
of WzA = 12.285 GHz and w28 = 12.627 GHz [38], 
allowing independent control of the individual spins. 

The spins are sequentially initialized, via detection of their 
state and application of a local rotation to each qubit with a 
resonant microwave pulse to prepare the state 1-+)AB· 
Without optical input, we find that an interleaved Hahn-Echo 
sequence on both spins with pulses separated by -r1 = 
412 ns and -r2 = 423 ns respectively [Fig. 3(a)] recovers 
the initial two-spin state with a fidelity of :F HE.AB = 0.93, 
consistent with the corresponding individual Hahn-Echo 
fidelities :FHE.A = 0.96 and :FHE,B = 0.97 [47]. We note 
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FIG. 2. (a) Detailed experimental implementation. The relative 
phase </>µ between the microwave drive (MW 1) to the two 
modulators EOMMZ and EOM4> sets the phase difference between 
the interferometer arms A¢ = 2</>µ-Readout is done sequentially 
with lasers at f A and f 8 by detecting a fraction of the light before 
the filter cavity. (b) Transmission to the heralding port vs 
interferometer phase for all SiV states I-!. t) (red circles), I t -l,) 
(green), I tt) (cyan), and IH) (purple). Transmission predicted 
by a fit of the spin-dependent reflection spectrum [Fig 1 (f)] as solid 
lines with variance due to spectral diffusion given by shaded area. 
Phase and scaling are obtained by fitting the I tt) state. The black 
vertical line indicates the phase used to collect the entanglement 
data. (c) Quantum jumps. Transmission through the filter cavity 
(top panel) and readout port (bottom panel) vs time with the 
entanglement heralding laser applied continuously. The filter 
transmission is a spin parity measurement, with high transmission 
corresponding to odd parity (I t -l,) or I-!. t)) highlighted with 
green or red background. Practically, we can distinguish these 
states by their slightly different transmission amplitudes through 
the readout port. Low transmission indicates either I tt) (blue 
background) or IH) (purple background). 
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FIG. 3. (a) The schematic of the sequence used to entangle the spins. Initialization and readout both apply 10 µs laser pulses atf A or f 8 . 
Counts are subsequently compared to a threshold to determine the state. Initialization follows this with a conditional 1! pulse. (b)-(d) 
Correlation statistics of the entangled state in XX, YY, and ZZ spin bases. In the experimental data (blue), the measurement was taken with 
a heralding window of 200 ns. Dashed black lines are correlations predicted by a theoretical model. Error bars represent 68% confidence 
interval. Correlation data are composed of 4072 basis heralds, 913X basis heralds, and 222Y basis heralds [38]. 

that due to drifts in qubit frequencies, the fidelity is reduced 
during long measurements (resulting, e.g., in average 
(FHEAB) = 0.85 over 3 days of measurements). 

We tune the phase of the frequency-bin interferometer by 
initializing the spins in I t t) AB and minimizing the trans-
mission through the interferometer [Fig. 2(b), black line]. At 
the optimal phase, we find the relative transmission rates for 
the four spin states T tt: TH: T J.t: TH = 1: 14: 22: 1.2. 
Quantum jumps of the parity readout are shown in 
Fig. 2(c). The mismatch in reflection between the two odd 
parity states I t -l,.) AB ([ -l,. t) AB) is due to interference of the 
light reflected by the I t) state by SiV A (B) with the residual 
reflection of the I _j..) state ofSiV B (A) and the leaked carrier at 
f c and can vary depending on their relative phases. Similarly, 
TH is limited by interference of the finite reflection in the I _j..) 
states with the leaked carrier. For T tt the largest contribution 
to the finite reflection is the spectral diffusion of the two SiV 
features and the resulting fluctuation in the phase of the 
reflected light. 

We entangle the spins by sending a weak coherent pulse 
with an expected photon number of 0.1 at the cavity into the 
interferometer, striking a balance between success proba-
bility and decoherence induced by the scattering of extra, 
undetected heralding photons. When a photon is detected in 
the transmission of the filter cavity, this heralds that the 
spins were prepared in an entangled state. 

To characterize this state, we sequentially measure the 
correlations of the spins of SiV A and B in the X, Y, and Z 
basis (see Fig 3). This results in a measured fidelity of 

where KBB = P++ + p __ - P+- - P-+ is the contrast for 
basis B = X, Y and Pab is the probability for measuring the 
spin of SiV A (B) in a(b) E { +,-}in the X and Y basis, 
respectively, and a(b) E { t, _j..} in the Z basis. This 
confirms that the spins are entangled (.r1q,+) > 0.5). As 
an alternative measure of entanglement, we obtain a 
concurrence of C 0.37(4) [38]. 

To understand the limitations of our protocol and the 
role of imperfections, we compare our experimental 
results to a model based on the spectrum of the CQED 
system [Fig. l(f)]. Using the complex reflection coeffi-
cient at frequencies f A• f B• and f c, we obtain a predicted 
transmission through the interferometer for all four spin 
states [Fig. 2(b)] [48]. The residual difference between 
the data and the model is consistent with an offset in the 
reflection spectrum and a nonzero relative phase of 
the leaked carrier at f c [38]. 

Including local qubit errors and accounting for a phase 
drift of the carrier, our model predicts the correlations of the 
heralded state [see Figs. 3(b)-3(d)], and a fidelity of 
~0.67 ± 0.014 (see Table. I). The systematic uncertainty 
stems mostly from microwave dispersion. The largest 
contribution to the infidelity is spin decoherence, likely 
caused by the high density of defects in the crystal. 
Comparison with the experimental data [Figs. 3(b)-3(d)] 
indicates that the model slightly overestimates the impact of 
spin decoherence [38]. 

By eliminating the state preparation and measurement 
errors, our model estimates the fidelity of the entanglement 
operation itself to be F corr ~ 0.83. Assuming better miti-
gation of spectral diffusion through stringent preselection 
[49], better suppression of the carrier through careful locking 
of amplitude EOM voltage bias, no microwave crosstalk, 
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TABLE 1 Contributions to the entangled state infidelity. 
Marginal errors correspond to difference in simulated fidelity 
between the full model and one with individual sources of error 
eliminated. Systematic uncertainties are dominated by unknown 
dispersion of microwave pulses. 

Entanglement Error Source 

Local Errors 
Decoherence T 2 • 

Microwave Pulse Errors 
1\vo-photon events 

Heralded state error 
Systematic detuningb 
Interferometer phaseb 
Carrier leakage 
Spectral diffusion 
SiV contrastc 

Total Expected 

Total Observed 

Expected Marginal Error(%) 

10.1!8_-l 
1.5!/J 

5.3 ±0.2 

7.5 ± 0.6 
7.4 ± 0.9 
1.6 ± 0.6 
0.3 ± 0.1 

0.7 

33.o::::i 

29.0!/J 
"Comparison with Fig. 3(b) indicates that decoherence is 

probably overestimated. 
bErrors due to systematic detuning and optimal interferometer 

phase are highly correlated. 
cContribution of SiV contrast relates to residual infidelity 

when all other sources of error are removed from the model. 

and the best previously observed spin coherence [18], an 
entanglement fidelity of F1'¼'+) ~ 0.95 should be achievable, 
still limited by residual spin decoherence. The entanglement 
rate is currently limited by low detection efficiency 
(rt= 0.04) and the use of a weak coherent state as heralding 
state. Together, this yielded a success probability of 6 x 10-4 

per attempt and an entanglement rate of 0.9 Hz. Ultimately 
this protocol can reach 25% entanglement probability using 
single photon sources and critically coupled cavities. Using 
spin-dependent phase flips in overcoupled cavities [50] close 
to 50% entanglement probability can be reached, resulting in 
an entanglement rate of 50 kHz and providing an efficient 
mechanism for quantum networking. 

In summary, we have described a protocol to entangle 
quantum memories with far-detuned optical transitions and 
demonstrated it by entangling SiVs separated by 7.4 GHz. 
The protocol is inherently stable, as it relies on single photon 
interference in a common path, and is more resource efficient 
than comparable entanglement schemes which require two 
heralding photons. Our approach can be extended both to 
spatially separated qubits as well as other spectrally inho-
mogeneous qubits [38]. The current limits can be circum-
vented by using stable SiV centers in separate devices, and 
high entanglement fidelities are possible with previously 
demonstrated parameters [18]. We further note that this 
protocol can potentially result in very high entanglement 
rates with low loss modulators, more sophisticated fre,quency 
modulation schemes [51], integrated filters, and a single 

photon source instead of weak coherent pulses, opening the 
door for a broad range of new applications in quantum 
networking and quantum information processing. 

We recently became aware of a work [52] published after 
our submission that analyzes related schemes for optically 
entangling distinguishable CQED systems. 
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