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We experimentally demonstrate an approach to scale up quantum devices by harnessing spin defects in
the environment of a quantum probe. We follow this approach to identify, locate, and control two electron-
nuclear spin defects in the environment of a single nitrogen-vacancy center in diamond. By performing
spectroscopy at various orientations of the magnetic field, we extract the unknown parameters of the
hyperfine and dipolar interaction tensors, which we use to locate the two spin defects and design control
sequences to initialize, manipulate, and readout their quantum state. Finally, we create quantum coherence
among the three electron spins, paving the way for the creation of genuine tripartite entanglement. This
approach will be useful in assembling multispin quantum registers for applications in quantum sensing and

quantum information processing.
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Quantum devices that exploit the spins of impurity atoms
or defect sites in solid-state materials offer promising
applications in quantum communication [1-3], quantum
information processing [4-6], and quantum sensing [7,8].
Color centers with robust optical transitions and long-lived
spin degrees of freedom are especially attractive for engineer-
ing optical networks of quantum registers [9—11] and atomic-
scale sensors of time-varying magnetic fields [12—14]. The
most studied of such color centers is the nitrogen-vacancy
(NV) center in diamond, because of its outstanding optical
and spin properties under ambient conditions [15].

An important problem with building scalable quantum
devices based on synthetic NV centers is the existence of
environmental spin defects, mostly byproducts of the NV
creation process, such as nitrogen-related centers, vacan-
cies, and their aggregates [16]. Whereas these spin defects
usually cause fluctuations responsible for decoherence
[17], they could rather serve as quantum resources were
their spin properties under control [18,19]. Although spin
defects in the environment of a single NV center have been
studied and controlled [20-26], a systematic approach for
converting electron-nuclear spin defects into useful quan-
tum resources is still needed, e.g., to transfer information
between distant quantum registers [27-29] or improve the
sensitivity of quantum sensors [19,30-33].

Here, we experimentally demonstrate an approach to
identify, locate, and control electron-nuclear spin defects
in the environment of a quantum probe using double
electron-electron resonance spectroscopy. Our approach
relies on exploiting the nontrivial transformation of the
spin Hamiltonian under rotation of the external magnetic
field to estimate the parameters of the hyperfine and dipolar
tensors, as needed to identify and locate unknown spin
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defects, as well as to design control sequences to initialize,
manipulate, and readout their quantum states. As a proof-
of-principle demonstration, we spectrally characterize two
unknown electron-nuclear spin defects in the environment
of a single NV center in diamond and create quantum
coherence among the three electron spins. These results
demonstrate a further step toward assembling large scale
quantum registers using electron spins in a solid.

Our experimental system consists of a single NV center
interacting through magnetic dipole-dipole interaction with
two electron-nuclear spin defects (X;, X,) randomly
created by implanting "N ions through nanometer-sized
apertures in an isotopically purified diamond crystal [34].
Each X spin consists of an electronic spin § = 1/2 strongly
coupled to a nearby nuclear spin / = 1/2, giving rise to
two resolved hyperfine doublets in the spin-echo double-
resonance (SEDOR) spectrum [Fig. 1(a)] [37]. Each hyper-
fine transition can be selectively addressed using resonant
microwave pulses with negligible crosstalk. Interestingly,
the X spins are stable under optical illumination, enabling
repetitive readout of their quantum state [33].

Our approach to solving the system identification prob-
lem consists in estimating the parameters of the spin
Hamiltonian describing each of the two electron-nuclear
spin defects

H<93¢):ﬁe§g§+§él_gnﬂn§lv (1)

where B = B(@, ¢) is the static magnetic field vector of
norm B, A is the hyperfine interaction tensor, g (g,) is the g

tensor (g factor) of the electron (nuclear) spin, and f3, ($,,) is
the Bohr (nuclear) magneton (we set A = 1).
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FIG.1. Identifying two unknown spin defects in diamond. (a) A

single nitrogen-vacancy center (NV) interacts with two electron-
nuclear spin defects (X;, X,) in diamond. The spin-echo
double-resonance (SEDOR) spectrum measured by applying a
recoupling 7 pulse at a variable frequency Uy during a spin-echo
on the NV electron spin exhibits two resolved hyperfine doublets
centered around the free-electron spin resonance frequency
v, = y.By, where y, is the gyromagnetic ratio of the free electron
and By = 171.8 G is the strength of the static magnetic field
oriented along the molecular axis of the NV center. The solid line
is a fit to four Lorentzian spectral lines associated with the two
hyperfine resonances of X; (blue, outer spectral lines) and X,
(green, inner spectral lines) (b) The unknown parameters of the
hyperfine and dipolar tensors of the X spins are measured by
varying the strength and orientation of the magnetic field using a
permanent magnet. The polar and azimuthal angles parametrizing
the orientation of the magnetic field (6, ¢) and the principal axes
of the hyperfine tensors for the NV center (Ony = 54.7°,
¢ny = 0°) and X spins (ay, fy) are defined with respect to
the crystallographic axes (Xc,yc,Zc) of the diamond crystal.
(c) NV resonance frequency for various magnet positions. For
each magnet position, there exist multiple values of the strength
and orientation of the magnetic field that result in the same NV
resonance frequency (inset). (d) Electron-spin-echo envelope
modulation (ESEEM) spectroscopy of the NV center for various
magnet positions. The spectral components at the nuclear
frequencies result from hyperfine mixing with the host >N
nuclear spin in the presence of a nonaxial magnetic field. For
each magnet position, the field strength (B,) and polar angle (0)
are unambiguously determined by finding the simulated spectrum
(dotted lines) that best matches the measured spectrum. The
frequency wrapping for large magnet positions is an artifact of
bandlimited sampling that is captured by our model.

To extract the energy eigenvalues of H(6,¢), we
perform double-resonance spectroscopy for different ori-
entations of the magnetic field [Fig. 1(b)] by translating and
rotating a permanent magnet with respect to the diamond
sample. However, simply measuring the resonance fre-
quency of the NV electron spin on only one of its electronic
spin transitions, e.g., via ¢cw-ESR in the m, € {0,—1}
manifold [Fig. 1(c)], is not sufficient to uniquely character-
ize B(0,¢) [38,39]; indeed, multiple admissible pairs of
(By,0) exist resulting in the same resonance frequency

[inset of Fig. 1(c)]. To resolve this ambiguity, we measure
the frequencies of the electron spin-echo envelope modu-
lation (ESEEM) [40] caused by the strong dipolar coupling
to the "N nuclear spin [Fig. 1(d)]. When the magnetic field
is misaligned with respect to the NV molecular axis ((111)
crystallographic axis), the energy levels of the NV electron
and nuclear spins are mixed, such that the spin-echo signal
is modulated at the nuclear frequencies and their combi-
nations, {vy, vy, v, £ vy }. Performing a numerical fit to the
ESEEM spectrum [41], we unambiguously determine the
magnetic field strength and polar angle at each magnet
position [34].

To estimate the parameters of the hyperfine tensors, we
follow an approach akin to tomographic imaging recon-
struction. Geometrically, the hyperfine tensor can be
represented as an ellipsoid, whose dimensions are given
by the principal components, {A,,A,,A_}, and principal
angles, {ay, fx,7x}, of the hyperfine tensor. Rotating the
magnetic field around a fixed axis generates multiple
tomographic cuts of the ellipsoid from which the hyperfine
parameters can be estimated.

Specifically, we estimate the hyperfine parameters by
monitoring the change in the hyperfine splitting of the X
spins as a function of the orientation of the magnetic field
(Fig. 2). To simplify the reconstruction problem, we
assume the hyperfine tensors A to be axially symmetric
(A, =A,=A)), neglect the nuclear Zeeman term, and
choose the ¢ tensor to be isotropic with its principal value
equal to the electron spin ¢ factor (g = g, -1). These

assumptions are consistent with our measurements, which
could be further extended to distinguish between an axially
symmetric tensor and a full tensor [34].

Thus, characterizing the hyperfine tensor involves meas-
uring a set of four unknown parameters, {A,, A}, ay, fx},
which we experimentally determine by simultaneously
fitting the measured hyperfine strengths to the parametric
equations for the eigenvalues of H (8, ¢). Thus, we obtain
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FIG. 2. Characterizing the hyperfine tensors of two spin defects
in diamond. (a) Measured hyperfine strengths for various polar
angles of the magnetic field (6) plotted with respect to the polar
angle of the NV center (fyy) in the azimuthal plane ¢ = 0°.
(b) Measured hyperfine strengths for various azimuthal angles of
the static magnetic field (¢) in the polar plane 6 = 90°. The solid
lines are the curves of best least-square fit of both sets of data to
the eigenvalues of an axially symmetric hyperfine tensor with
four free parameters.
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AL =172(3), A =29.4(2), axy = 0(2), fx = 87(2) for
Xy and A =1.6(3), A =11.2(2), ay =45(2), fx =
66(2) for X,. We did not find any defects sharing these
parameters in the literature [42-48], suggesting that they
may never have been detected using conventional spec-
troscopy methods. These defects are possibly nitrogen- or
silicon-related centers resulting from nitrogen-ion implan-
tation through a 10-nm amorphous SiO, layer introduced to
mitigate ion channeling [49]. Further triple-resonance
measurements on the X nuclear spins should enable
unambiguous identification of the nuclear spin species.

To spatially locate the two defects, we measure the
change in dipolar interaction strengths as we rotate the
polar angle @ of the magnetic field in the azimuthal plane
¢ = 0. Because the NV and X electron spins are quantized
along different axes, the transformation of the dipolar
interaction tensor under rotation of the magnetic field is
nontrivial [34]. Another complication is that, as the
magnetic field is rotated away from the NV molecular
axis, the NV coherence signal becomes modulated by the
hyperfine interaction with the >N nuclear spin, in addition
to the desired modulation due to the dipolar interaction with
the recoupled X electron spin [Fig. 3(a)].

To generate probability distribution maps for the location
of the X spins with respect to the NV center [Figs. 3(c) and
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FIG. 3. Locating two spin defects in diamond. (a) Typical
dipolar oscillations measured using a recoupled spin-echo se-
quence in the presence of a nonaxial magnetic field. The slow
modulation (solid blue line) is caused by the dipolar interaction
between the NV electron spin and the X electron spin, whereas
the fast modulation is caused by the hyperfine mixing with the
NV nuclear spin. (b) Measured dipolar coupling strengths
between the NV electron spin and the X; (blue) and X, (green)
electron spins for various magnet positions. The solid line is the
best least-square fit to the eigenvalues of the interacting spin
Hamiltonian with three free parameters (r, , &, see [34]), which
parametrize the relative position of the two X spins with respect to
the NV center. (c) and (d) Probability distribution maps of the
location of the X; (top) and X, (bottom) spins defined with
respect to the coordinate frame of the NV center placed at the
origin. The darker color indicates a higher probability of finding
the X spin at this specific location.

3(d)], we evaluate the least-square error between the dipolar
strengths computed for various admissible locations of the
defects and the dipolar strengths measured from the low-
frequency components of the SEDOR signal [Fig. 3(b)]. At
the most probable location, we estimate the distance from
the NV center to be r; = 9.23(3) nm and r, = 6.58(3) nm
for X; and X,, respectively. We searched for signatures of
coherent interaction between X; and X, but could not
resolve any, indicating that the two defects are farther apart
from each other than from the NV center.

Having partially identified and located the two X defects,
now, we have a consistent description of the three-spin
system that is sufficient for designing control protocols to
engineer its quantum state and create correlated states of
multiple spins. To demonstrate control of the two X spins
[34], we create quantum coherence among the three
electron spins, taking a first step toward the creation of
genuine tripartite entanglement. Our control protocol
(Fig. 4) is based on (1) initializing the three-spin system
in a pure state using coherent spin exchange with the
optically polarized NV spin, (2) creating three-spin coher-
ence using a series of entangling CNOT gates, and

(@)
X] (HHZ)-
X, X "
LA 'Ady = 27/10
X @EBAT:W/IU
(b) (©
N | m— Hon | 1
1 |
1
: 1| >
4 l g
(I . | I I I 'I‘n-
J_I_ILI_I_(”IEH_I_, 0

5. 10
Phase modulation rate [1/10]

FIG. 4. Creating and detecting three-spin coherence. (a) and
(b) The dissipative channel ® removes entropy out of the
quantum system by optically pumping the NV center (green
box). The swaP gates implemented using Hartmann-Hahn cross
polarization with z/2 pulses along the +y axis (bright and pale
red box) and continuous driving along the £x axis (bright and
pale blue box) exchange the state of the NV and X spins,
effectively polarizing the X spins. A series of Hadamard (H)
and CNOT gates implemented using z/2 and 7 pulses realize an
entangling and disentangling gate to create and detect three-spin
coherence, which is protected against dephasing by a series of X
gates. The three-spin coherence is mapped back into a population
state of the NV spin using a series of disentangling gates and
measured projectively in the Z basis (green box). The phase of the
pulses of the disentangling gate on the NV, X, and X, spins are
incremented by steps of A¢yny = 57/10, A¢p, = 2x/10, and
A¢; = /10, respectively, to spectrally label the spin coherence
terms. (c) The power spectrum of the signal shows parity
oscillations [50] at the sum of the three modulation rates
(Ags = 87/10), thus, indicating the creation of three-spin
coherence [34].
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(3) mapping the coherence back into a population differ-
ence on the NV spin using a series of disentangling CNOT
gates with modulated phases.

Specifically, because the X spins lack a known mecha-
nism for dissipative state preparation, first, we initialize its
quantum state using multiple rounds of Hartmann-Hahn
cross polarization [51-53], which relies on simultaneously
driving both spins at the same Rabi frequency to engineer
coherent spin exchange in the rotating frame at a rate given
by the dipolar coupling strength.

Then, we create three-spin coherence by synthesizing
entangling gates using the recoupled spin-echo sequence
[37], which decouples the NV spin from its environment
using a spin-echo sequence while selectively recoupling the
dipolar interaction with the X spin with a recoupling #
pulse. The recoupled spin-echo sequence correlates the two
spins, but does not necessarily create entanglement in the
presence of control imperfections.

Finally, we quantify the amount of three-spin coherence
created after the entangling gate by mapping it back into a
measurable population difference on the NV spin. To
distinguish between the creation of single-spin and multi-
spin coherence, we increment the phase of the pulses of the
disentangling gates after each realization of the experiment
by steps of 57/10, 2z/10, and z/10 for the NV, X, and X,
spins, respectively. Although this method [54,55] does not
provide full state tomography, the modulation of the phases
results in a modulation of the polarization signal [Fig. 4(c)]
at a rate given by the sum of the three increment rates
(87/10), thus, indicating the creation of three-spin coher-
ence without significant leakage to other coherence terms
and showing a first step toward the creation of genuine
tripartite entanglement, which could be used to achieve
quantum-enhanced sensing [33].

In conclusion, we have demonstrated an approach to
identify and control electron-nuclear spin defects in the
environment of a quantum probe using double-resonance
spectroscopy. This approach will be useful in characterizing
unknown spin defects in solids so as to better understand
their formation mechanisms, mitigate their detrimental
influence, and harness their favorable spin, charge, and
optical properties. This approach will also be useful in
identifying spin systems of greater complexity, including
unknown molecular structures placed near the surface of
diamond [30,31]. Instead of more abundant species, such as
substitutional nitrogen defects (P1 centers) and free elec-
trons, harnessing proximal electron-nuclear spin defects will
enable better spectral separability in a crowded spectrum and
better stability against photoionization. Controlling their
nuclear spins, e.g., by direct driving at the Larmor frequency
using radio-frequency pulses in triple-resonance experi-
ments, will provide further access to quantum resources
for processing and storing quantum information.
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