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Mapping Single Electron Spins with Magnetic Tomography
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Mapping the positions of single electron spins is a highly desired capability for applications such as
nanoscale magnetic resonance imaging and quantum network characterization. Here, we demonstrate a
method based on rotating an external magnetic field to identify the precise location of single electron spins
in the vicinity of a quantum spin sensor. We use a nitrogen-vacancy center in diamond as a quantum sensor
and modulate the dipolar coupling to a proximate electron spin in the crystal by varying the magnetic
field vector. The modulation of the dipolar coupling contains information on the coordinates of the spin,
from which we extract its position with an uncertainty of 0.9 Å. We show that the method can be used
to locate electron spins with nanometer precision up to 10 nm away from the sensor. We discuss the
applicability of the method to mapping hyperfine coupled electron spins and show that it may be applied
to locating nitroxide radicals. The magnetic tomography method can be utilized for distance measurements
for studying the structure of individual molecules.
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I. INTRODUCTION

Magnetic resonance spectroscopy (MRS) has been
indispensable for determining the structure and function
of biomolecules, such as proteins [1,2]. Electron param-
agnetic resonance (EPR), for example, is used to study the
structure of organic molecules by measuring the distance
between two radicals with unpaired electrons attached to
predetermined parts of the molecule (i.e., spin labels) [3,4].
Conventional magnetic resonance techniques rely on the
signal from large ensembles of molecules and thus mea-
sure a mean value. Nanoscale techniques that are sensitive
to specific ensemble constituents may augment ensemble
techniques and reveal new information.

The nitrogen-vacancy (N-V) center in diamond is an
atomic defect in the diamond crystal that can function as
a quantum sensor of magnetic fields in nanoscale volumes
[5]. Quantum sensing with the N-V center is a promising
platform for nanoscale MRS [6], potentially extending the
methods down to the single-molecule limit. In recent years,
nanoscale nuclear magnetic resonance using N-V centers
has been demonstrated [7,8], down to the single-protein
level [9], as well as N-V–based EPR spectroscopy of single
molecules [10,11].

By mapping the precise positions of spin labels attached
to individual organic molecules, it would be possible
to elucidate the structure of a single molecule. Map-
ping the positions of individual electron spins is likewise
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relevant for characterizing organic quantum networks, a
proposed platform for quantum processors [12]. Such map-
ping has been demonstrated with magnetic resonance force
microscopy [13], scanning tunneling microscopy [14,15],
and an N-V–based magnetometer coupled with a scanning
magnetic tip [16].

Mapping the positions of nuclear spins is a related
endeavor. Recent studies have mapped 13C spin clusters
in a diamond lattice around an N-V–center sensor based
on detecting the Larmor precession of the spins [17–19].
However, this is usually impractical for electron spins due
to the similarity between the gyromagnetic factors of the
sensor and target spin.

In this paper, we discuss a protocol for locating elec-
tron spins in the vicinity of a quantum spin sensor using a
varying magnetic field vector, which modulates the dipo-
lar coupling frequency between a target spin and the sensor
spin (see Fig. 1). The concept has been proposed for map-
ping nuclear spins [6], used to map quantum reporter spins
on the surface of a diamond for proton magnetic resonance
[20] and locating electron-nuclear spin defects within a
diamond [21]. Here, we demonstrate that the method can
locate electron spins with Ångstrom-scale precision, a ten-
fold improvement in accuracy, and discuss its applicability
for electron spin mapping.

II. MAPPING PROTOCOL

In our protocol, we measure the dipolar coupling ωdd
between the sensor spin and a target spin as a function of
the orientation of the external magnetic field (B0). To do so,
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FIG. 1. The simulation of the dipolar coupling frequency mod-
ulation by a tilted magnetic field. The curves show distinct
dipolar coupling oscillations for two target spin positions. The
inset depicts the positions relative to the sensor. The simulation
is done for a magnetic field tilted at a polar angle θB = 29◦ and
a varying azimuth ϕB. The amplitude, offset, and phase of the
oscillation contain information on the target spin position.

we tilt the magnetic field from the axis of the sensor and
sweep along a full 360◦ trajectory around the axis, analo-
gous to computerized tomography [22]. The orientation of
B0 modulates the dipolar coupling, such that the position
of the spin is encoded in the modulation.

We consider a system of a sensor spin (Snv) with an
axial symmetric zero-field splitting (D), coupled to a prox-
imate target spin (Se), under an external magnetic field
(B = B0b̂). The N-V center in diamond is the archetypal
sensor; however, other candidate solid-state spin defects
may meet these criteria, e.g., Si-V in SiC [23].

For sufficiently distant spins (� 1.5 nm) [24], we can
approximate the sensor-target spin interaction to a dipole-
dipole interaction, denoted by Hdd. We choose our coor-
dinate system such that ẑ is the zero-field splitting axis;
γnv (γe) is the sensor (target) spin gyromagnetic ratio.
The sensor-target spin system is thus described by the
following Hamiltonian:

H/� = DSz
nv

2 + γnvB · Snv + γeB · Se + Hdd/�. (1)

We consider a regime where Hdd � γnv/eB0 � D, so that
the eigenstates of the sensor spin are dominated by the
zero-field term and the eigenstates of the target spin are
dominated by its Zeeman term. We invoke the secular
approximation and neglect the components of the sensor
and target spin operator that do not commute with Sz

nv =
Snv · ẑ, Sb

e = Se · b̂, accordingly. We obtain the following

approximated term for the dipole-dipole interaction:

Hdd/� ≈ −μ0γnvγe�

2r3

(
3

(
ẑ · r̂

) (
b̂ · r̂

)
− ẑ · r̂

)
Sz

nvSb
e

≡ ωdd(r, b̂)Sz
nvSb

e (2)

r = rr̂ is the vector connecting the two spins and we define
ωdd(r, b̂), the field-dependent dipolar coupling strength.

It is convenient to analyze the system in spherical coor-
dinates, where the position of the sensor is set as the origin,
and the target position is given by the distance r, a polar
angle θ , and azimuth ϕ. We describe the magnetic field
orientation by the polar angle θB (the tilt from ẑ) and the
azimuth ϕB. We then write the dipolar coupling strength as
a function of the target spin coordinates and the magnetic
field orientation:

ωdd(r, b̂) = −μ0γnvγe�

2r3

[ (
3 cos2 θ − 1

)
cos θB

+ 3
2

sin θB sin 2θ cos (ϕB − ϕ)

]
. (3)

For the case of B ‖ ẑ, a field aligned with the axis of the
sensor, the second term of Eq. (3) vanishes and the dipolar
coupling becomes a function of r and θ alone. However,
sampling ωdd at several magnetic field orientations [i.e.,
several sets of (θB, ϕB)] provides information to identify
the target spin position.

To extract the available information on the position of
the target spin from the dipolar coupling, we consider
an experiment where we vary the magnetic field orienta-
tion to extract (r, θ , ϕ). Equation (3) has the form of a
shifted sine, so it is convenient to perform a tomography-
like sweep of the azimuth ϕB of the magnetic field at a
constant tilt angle θB, estimating ωdd at each orientation.
ωdd oscillates over ϕB with parameters encoding the posi-
tion of the spin. The azimuth of the spin ϕ is encoded in
the phase of the sine; the distance r, and polar angle θ ,
may be extracted numerically by solving a set of nonlinear
equations for the offset and amplitude of the sine.

We illustrate a sweep of the magnetic field azimuth for
two different target spin positions in Fig. 1, exhibiting dis-
tinct sine curves. To extract three variables, three sampling
points are sufficient. However, utilizing the added infor-
mation of the sinusoidal shape will provide a more robust
estimation and validate the theory.

III. EXPERIMENTAL RESULTS

We demonstrate single-spin mapping using magnetic
tomography on a system composed of a shallow (approx-
imately 8 nm depth) N-V center in diamond as the sensor
and a single proximate unpaired electron as the target spin.
The target spin is possibly a stable surface spin [16,20,25]
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FIG. 2. Measurement of the dipolar coupling of proximate
spins with DEER. (a) The top panel depicts the DEER pulse
sequence to measure the electron spin resonance of spins proxi-
mate to the sensor. The blue dots in the plot are the sensor signal
as a function of the DEER frequency ωe and the orange curve is a
fit to squared sinc function. Here, B0 = 35 G and is aligned with
the axis of the sensor. (b) The top panel shows the DEER pulse
sequence to measure the dipolar coupling strength. We set ωe to
the resonance frequency [obtained in (a)] and the duration of the
spin echo τ is varied. The orange line is a fit to a decaying sine.

but its precise nature is unknown. We apply a constant
magnetic field (B0) with a permanent magnet and control
the magnitude and direction by moving the magnet. We
detect electron spins coupled to the sensor by a double
electron-electron resonance (DEER) protocol, which has
been discussed in the past in this context [11,16,26,27].
The pulse sequence (see Fig. 2) consists of a spin echo
(Hahn) on the sensor spin, decoupling it from the sur-
rounding spin bath to extend the coherence of the sensor
[27]. Flipping the target spin midway through the spin echo

couples the evolution of the sensor spin with the field of
the target spin. We acquire a resonance spectrum of sur-
rounding spins by sweeping the frequency ωe of the target
spin pulses. Sweeping the duration (τ ) of the spin-echo
evolution modulates the interaction time and the resulting
signal will be modulated according to the dipolar cou-
pling strength of the spins (see Refs. [11,16]; see also the
Supplemental Material [28]).

The spin evolution of the sensor is usually affected by a
large ensemble of spins (the bath) but due to the r−3 scal-
ing of the dipolar interaction, most of the signal originates
from a volume of several nanometers radius around the
sensor. If there are a few spins in this volume, their dipo-
lar coupling frequencies will dominate, while the distant
spin bath will manifest as decoherence [25]. For a single
target spin, the signal will oscillate at twice the dipolar
coupling frequency (see the derivation in the Supplemental
Material [28]).

To map the position of the proximate spin, we estimate
the dipolar coupling strength at various orientations of the
magnetic field. We measure at a low magnetic field (B0 ≈
38 G) to minimize contrast loss due to a transverse mag-
netic field [29]. Figure 3 presents the results for a sweep
of the magnetic field azimuth ϕB ∈ [0, 360◦]. In Fig. 3(b),
it is apparent that ωdd (ϕB) oscillates over a single period,
consistent with Eq. (3). The magnetic field is tilted at an
average angle of 〈θB〉 = 19.4◦ but the tilt angle θB varies
over the sweep due to limited control of the magnetic field.
We factor in θB variation by measuring the value of θB with
the N-V center for each data point. We then fit the set of
measured ωdd (ϕB, θB) to Eq. (3) such that the fit function
slightly deviates from a smooth sine shape as expected if

(a) (b) (c)

FIG. 3. Locating a spin by magnetic tomography. (a) Examples of dipolar coupling measurements for two different magnetic field
azimuths ϕB, exhibiting two distinct dipolar coupling frequencies. The lines are fits to f (τ ) = A sin

( 1
2ωddτ + φ

)
e− τ

T2 . (b) The dipolar
coupling frequency as a function of the magnetic field azimuth ϕB, oscillating over a single period. The black line is a fit to Eq. (3),
incorporating variations in θB. We extract the target spin coordinates (r, θ , ϕ) from the fit. (c),(d) Probability maps for the position of
the target spin, as extracted from the data in (b), presented in a ρ-z plot (ρ ≡

√
x2 + y2) and an x-y plot.

054016-3



YUDILEVICH, STÖHR, DENISENKO, and FINKLER PHYS. REV. APPLIED 18, 054016 (2022)

ωdd is a function of only ϕB (for details on data fitting, see
the Supplemental Material [28]). From the fit, we obtain
the target spin coordinates:

r = 4.89 ± 0.02 nm; θ = 9.0 ± 0.9◦; ϕ = −98 ± 6◦.
(4)

We repeat the experiment for several trajectories of the
magnet, corresponding to different values of magnetic field
tilt θB. The ωdd modulation gradually increases for larger
field tilts, consistent with Eq. (3) (for the data, see the
Supplemental Material [28]).

IV. SPIN-LOCATION PRECISION

To quantify the precision of the measurement, we define
a location uncertainty based on the coordinate uncertainties
obtained when fitting data to Eq. (3):

	R ≡ (
8r2 sin (θ)	r	θ	ϕ

) 1
3 , (5)

where 	xi is the interval of confidence for coordinate xi.
From the fit of the experimental data [Fig. 3(b)], we

estimate the uncertainty of the target spin position to be
	R = 0.09 nm. Figure 3(c) depicts the target-spin-position
probability map. The largest uncertainty is along the ϕ̂

axis, with r sin (θ) 	ϕ = 0.09 nm.
To study the relevance of the method, we study the

dependence of the location precision 	R on the position of
the spin and the characteristics of the sensor. Underlying
	R is the dipolar frequency sensitivity, which depends on
the system parameters (e.g., the sensor decoherence time
T2) and the specific protocol [30]. To focus the discus-
sion on unique aspects of this measurement, we assume a
given frequency uncertainty 	ωdd and calculate the depen-
dence of the uncertainty on the position of a target spin.
The location uncertainty is proportional to the frequency
uncertainty (	R ∝ 	ωdd), so the functional dependence of
	R (r) is independent of the choice of 	ωdd. For the dis-
cussion, we use 	ωdd = 2π × 20 kHz (in our experiment,
the uncertainty is in the range of 12–28 kHz) and calcu-
late 	R (r, θ), plotted in Fig. 4. Due to the symmetry of
ωdd(r, b̂), 	R does not depend on the azimuth ϕ of the
target spin.

We find that the uncertainty is minimal for θ → 0
and maximal for θ → 90◦. At θ = 90◦, the second term
of Eq. (3) vanishes, eliminating the information on the
azimuth ϕ of the spin, such that for spins near θ = 90◦,
we can infer only the distance r and polar angle θ . Also,
Eq. (3) is centrosymmetric, so there will always be (at
least) two solutions for every data set. In many scenar-
ios, however, these ambiguities may be resolved with prior
information on the system. For example, when imaging a
sample on the surface of the crystal, target spins will be
in a thin slice on the surface, within a single hemisphere

FIG. 4. The location precision of the electron spins. The loca-
tion uncertainty 	R versus the target spin coordinates (x =
r sin θ , z = r cos θ ), assuming 	ωdd = 20 kHz. The contours
denote equal levels of uncertainty. The blue star marks the spin
position of the experiment.

around the sensor [7]. Nonetheless, target spins over 10 nm
away from the sensor in the range of θ ∈ [0, 45◦] may be
located with a precision better than 2 nm. This fact makes
it appealing to use sensors the axis of which is normal to
the surface, e.g., an N-V center in a diamond crystal cut
along the (111) crystal plane [31].

The protocol is based on a tilted magnetic field and we
also explore the impact of the field parameters—the mag-
nitude B0 and the tilt θB—for the case of an N-V–center
sensor. The function of the N-V center as a magnetometer
usually relies on an optical measurement of the spin state
within a two-state subspace of the spin-1 states, e.g., |ms =
0〉, |ms = +1〉. The optical contrast between the states is
maximal for a field aligned with the zero-field splitting
axis of the center and decreases in the presence of a trans-
verse field [29]. As the measurement requires a transverse
magnetic field to modulate the dipolar coupling, there is
a competition between the modulation amplitude and the
contrast drop. To find the optimal conditions, we calculate
the uncertainty as a function of the magnetic field B0 and
the field tilt angle θB and incorporate the optical contrast.
At fields near 500 G, there is a sharp decrease in contrast
for any finite transverse field and the uncertainty is large.
For any field satisfying the condition Hdd � ω0 � D, the
dipolar coupling modulation amplitude does not depend on
B0 but only on θB. The criterion is satisfied for B0 � 10 G
and so we calculate the expected uncertainty by solving
the Hamiltonian of the system. We find that the uncer-
tainty is minimized for a maximal tilt of θB ≈ 85◦ and
minimal field B0 ∼ 10 G (for details, see the Supplemental
Material [28]).
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V. APPLICABILITY TO NITROXIDE SPIN
LABELS

So far, we have discussed locating an electron spin
that does not interact with nuclear spins. However, in
many scenarios, the target electron spin may have sig-
nificant interactions with nearby nuclear spins, as is the
case with nitroxide radicals, the most common type of spin
labels. Adding a hyperfine interaction term with a nucleus,
Se · Ahf · I, modifies the spin Hamiltonian [Eq. (1)]. We

expect a subsequent modification to ωdd

(
r, b̂

)
[Eq. (3)],

as the assumption that the Zeeman term dominates the
eigenstates of the target spin is no longer valid.

For this discussion, we focus on the case of nitroxide
radicals, where the electron spin is coupled by hyperfine
constants of approximately 2π × 100 MHz to the adja-
cent nitrogen nuclear spin (14N or 15N) [32]. At fields of
tens of gauss, the hyperfine term is comparable to γeB0.
We study the applicability of the magnetic tomography
method to nitroxide spin labels by numerically simulating
a magnetic azimuth sweep of the dipolar coupling between
an N-V sensor and a nitroxide spin label. We use typi-
cal hyperfine coupling parameters for a nitroxide radical
with an 14N nuclear spin (A‖ = 2π × 101.4 MHz, A⊥ =
2π × 14.7 MHz) [32].

We calculate the modulation of the dipolar coupling
with a spin label at an arbitrary position and orientation,
under B0 fields in the range of 20–100 G. We assume that
the spin label is in a thermal state of the nuclear spin, i.e.,
equal probabilities of the nucleus spin-1 states. The sim-
ulations are presented in Fig. 5 and compared with the
theoretical model for ωdd

(
r, b̂

)
[Eq. (3)]. At 20 G, the

simulated azimuth sweep deviates significantly from the
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FIG. 5. The magnetic azimuth sweep of nitroxide spin labels.
A comparison of numerically calculated azimuth sweeps of a
nitroxide radical (14N) at different field magnitudes. The elec-
tron spin is arbitrarily positioned, with an arbitrary orientation
of the hyperfine axes. The curves are compared to the theoretical
model for ωdd

(
r, b̂

)
. At B0 � 100 G, the calculated curve is well

approximated by the theoretical model.

model and approaches it gradually for higher fields. At a
field of B0 = 100 G the simulated curve is well approx-
imated by the theoretical model. While a field of 100 G
entails a decrease in precision due to the transverse field,
our calculations show that it allows mapping spins with
Ångstrom precision (see the Supplemental Material [28]).
For the case of a hyperfine coupled spin, however, a more
precise location estimation may be obtained by fitting to a
calculated ωdd (r, B), instead of the analytical term.

The magnetic tomography model ωdd

(
r, b̂

)
of Eq. (3)

applies for a hyperfine coupled spin already at a mod-
erate field of 100 G, despite the Zeeman term being on
the same order of magnitude as the hyperfine parameter
(A‖ ≈ 2π × 101.4 MHz ∼ γeB0 ≈ 2π × 280 MHz) and
thus not being negligible. This stems from the fact that,
for a thermal ensemble of the nuclear spin states at 100 G,
the expectation value of the target electron spin operator
perpendicular to the field axis b̂ satisfies

∣∣〈S⊥
e 〉 / 〈Sb

e 〉
∣∣ �

1 (see the Supplemental Material [28]). It follows that
the secular approximation holds for this scenario as well
and so Eq. (3) constitutes a valid approximation. Thus,
the magnetic tomography method may also be applica-
ble to mapping nitroxide spin labels and other similar
hyperfine-coupled electron spins.

VI. DISCUSSION AND CONCLUSIONS

N-V centers in diamond are a leading platform for
nanoscale magnetometry, particularly for single-molecule
magnetic resonance tasks. Here, we demonstrate a method
for mapping the locations of spins in the vicinity of an
N-V–center sensor with Ångstrom-scale precision. The
location precision of the spin that we demonstrate here
is one order of magnitude higher than previously reported
for a similar magnetic-field-scanning experiment (approx-
imately 1 nm) [20] and a spin-imaging technique based on
a scanning magnetic tip (1.5 nm) [16]. Magnetic resonance
imaging demonstrated recently with a scanning tunneling
microscope has exhibited superior precision but requires
strict conditions [15,33]. Notably, the magnetic tomogra-
phy method does not require a scanning probe setup, which
is operationally complex, and the method is operable at
both ambient and cryogenic conditions.

Spin mapping with Ångstrom resolution may provide
added value for applications such as single-molecule dis-
tance measurements. For this, we would measure the posi-
tions of a pair of spin labels attached to a biomolecule,
from which we can infer the distance. To do so, the dipolar
coupling to each spin needs to be measured as a func-
tion of the magnetic field direction and fitted to ωdd

(
r, b̂

)

[Eq. (3)]. A minimal frequency resolution is needed to dis-
tinguish between the dipolar coupling of two or more spins
and it is given by the coherence time of the sensor δω ∼
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1/T2. Another approach is selective addressing by sepa-
rating the electron spin resonances of the targets, which
allows measurement of the dipolar coupling of each spin
separately [21]. Selective addressing may also be achieved
by attaching spin labels with distinct resonance spectra,
such as nitroxide radicals with different nitrogen isotopes
(14N, 15N) [34,35].

The uncertainty of the measurement is proportional to
the frequency-estimation uncertainty, so techniques that
lengthen the coherence time and improve the sensor read-
out efficiency would enhance the spin-location precision.
Nonetheless, with nanometer precision up to 10 nm away
from the sensor, the method can be used for sensing spin
labels on molecules external to the diamond crystal. Thus,
the magnetic tomography method is relevant for studying
the structure of individual molecules by spin-label dis-
tance measurements or high-resolution characterization of
quantum spin networks.
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