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Nuclear magnetic resonance (NMR) is a powerful method for determining the

structure of molecules and proteins'. Whereas conventional NMR requires averaging
over large ensembles, recent progress with single-spin quantum sensors>® has
created the prospect of magnetic imaging of individual molecules'® ™. As aninitial

step towards this goal, isolated nuclear spins and spin pairs have been mappe

d14f21

However, large clusters of interacting spins—such as those found in molecules—result
in highly complex spectra. Imaging these complex systems is challenging because it
requires high spectral resolution and efficient spatial reconstruction with sub-
angstrom precision. Here we realize such atomic-scale imaging using a single nitrogen
vacancy centre as aquantum sensor, and demonstrate it on amodel system of 27
coupled BC nuclear spins in diamond. We present a multidimensional spectroscopy
method thatisolates individual nuclear-nuclear spininteractions with high spectral
resolution (less than 80 millihertz) and high accuracy (2 millihertz). We show that
these interactions encode the composition and inter-connectivity of the cluster, and
develop methods to extract the three-dimensional structure of the cluster with sub-
angstrom resolution. Our results demonstrate a key capability towards magnetic

imaging of individual molecules and other complex spin systems

9-13

Thenitrogenvacancy (NV) centre in diamond has emerged as a powerful
quantumsensor®*?23 The NV electron spin provides long coherence
times>** and high-contrast optical readout>**?, enabling high sensitiv-
ity over alarge range of temperatures>**°?2%_Pioneering experiments
with near-surface NV centres have demonstrated spectroscopy of small
ensembles of nuclear spins in nanoscale volumes>**® and electron-
spin-labelled proteins*. Furthermore, single-nuclear-spin sensitivity
hasbeendemonstrated, and isolated individual nuclear spins and spin
pairs have been mapped™ 2. Together, these results have established
the NV centre as a promising platform for magnetic imaging of complex
spin systems and single molecules® ™%,

Here, werealize akey step towards that goal: the three-dimensional
(3D) imaging of large nuclear-spin structures with atomic resolution.
The mainidea behind our method is to obtain structural information
by accessing the couplings between individual nuclear spins. Our
approachhasthreekey elements: (1) realizing high spectral resolution
so that small couplings can be accessed, (2) isolating such couplings
from complex spectra, and (3) transforming the revealed connectivity
into a 3D spatial structure with sub-angstrom precision.

The basic elements of our experiment are illustrated in Fig. 1a. We
consideracluster of ®C nuclear spinsin the vicinity of asingle NV centre
indiamond at4 K. This cluster provides amodel system for the magnetic
imaging of single molecules and spin structures external to the diamond.
Fach®C spinhasashifted frequency owing to the hyperfine interaction
with the electron spin, resembling achemical shift in traditional NMR"%.
These shifts allow us to distinguish different nuclear spinsin the cluster.

We use the NV electron spin as a sensor to probe nuclear-nuclear
interactions (Fig. 1b). Inspired by NMR spectroscopy*¥, we develop
sequences that employ spin-echo double-resonance techniques to
isolate and measure individual couplings with high spectral resolu-
tion. First, we polarize a nuclear ‘probe’ spin (frequency RF1) using
recently developed quantum sensing sequences that can detect spins
inany direction fromthe NV, enabling access to alarge number of spins
(see Methods)®. Second, we let this probe spin evolve for a time t and
apply Necho pulses that decouple it fromthe other spins and from envi-
ronmental noise. Simultaneously, pulses ona ‘target’spinin the cluster
(frequency RF2) re-coupleitto the probespin, selecting the interaction
betweenthese two spins. Finally, asecond sensing sequence detects the
resulting polarization of the probe spin through high-contrast readout
ofthe electron spin (see Methods), which enables fast data collection.
This double-resonance sequence provides a high spectral resolution
through a long nuclear phase accumulation time. Importantly, the
resolutionis not limited by the relatively short coherence time of the
electron-spin sensor (see Methods)*?,

Itisinstructive tofirst consider the case without echo pulses (N=0).
In such a Ramsey-type measurement®* 2423 all couplings act simul-
taneously. This results in complex spectra that indicate the presence
of multiple spins and many nuclear-nuclear spin interactions in the
cluster (Fig. 1c). However, this one-dimensional (1D) measurement
gives no direct information on the connectivity between spins. Addi-
tionally, the underlying structure of individual spins and couplings is
obscured by the many frequencies (2 for coupling toj spins) and by
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Fig.1|Basic concepts of the experiment. a, We consider anindividual cluster
of ®C nuclear spins near asingle NV centre in diamond. To obtain the 3D
structure of the cluster we use the NV electron spin as aquantum sensor to
measure nuclear-nuclear spin couplings. b, Experimental sequence. The NV
sensorisused to polarize and detect the ‘probe’ spin(s) at frequency RF1
(seeMethods). A double-resonance sequence of Necho pulsesis applied
simultaneously on the probe spin(s) (RF1) and the ‘target’ spin(s) (RF2), so that
the couplingbetween these spinsis selectively detected. See Extended Data
Fig.1forthe detailed sequence.c, ARamsey signal (N=0) for anuclear spinin
the cluster (detuningf, =5kHzrelative to RF1=455.37 kHz). Because all
couplings are probed simultaneously, the power spectral density (PSD) yields a
complex non-resolvable spectrum. See Extended Data Fig. 2 for more

the low spectral resolution of >30 Hz full-width at half-maximum
(FWHM), whichis set by the dipolar-broadened linewidth of the nuclear
spins and is inversely proportional to the dephasing time, T5.

By contrast, our double-resonance sequence enables couplings
between specific spins to be isolated and measured with high resolu-
tion. Wefirst scan the target frequency RF2 for afixed probe frequency
RF1(Fig.1d). This reveals the spectral positions of nuclear spins coupled
tothe probe spin. We then sweep the evolution time tand apply a Fourier
transformto the signal to quantify the coupling strengths (Fig. 1e). For
asingle pulse (N=1), the nuclear-spin coherence time is 7,=0.58(2) s
(allgivenuncertainties are one standard deviation), yielding a spectral
resolution of 1.807(7) Hz and a centre frequency accuracy of 10 mHz.
The spectralresolutionis set by the coherence of the sample spins and
can be further enhanced by applying more echo pulses. For N=256, a
resolution of 78(1) mHzand anaccuracy of 2mHz are obtained, making
it possible to detect sub-hertzinteractions (Fig. 1f). The obtained reso-
lution is improved by a factor about 10° compared with Ramsey-type
spectroscopy on the same type of sample (Fig. 1c)'®%?*2?° and is an
order of magnitude higher thanthatachieved in previous experiments
on other spin samples® 823031,

To characterize the entire cluster, we perform 3D spectroscopy by
varying the probe frequency RF1, the target frequency RF2 and the
evolution time t. The combinations of RF1and RF2 reveal the spectral
positions of the spins in the cluster. The coupling between spins is
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examples.d, Double-resonance spectroscopy (N=1). Sweeping the target
frequency (RF2) reveals all spins that couple to the probe spin(s). For larger
t,more peaks appear as weaker couplings become visible. Here,

RF1=463.27 kHz. e, Sweeping the evolutiontime ¢t for afixed RF1and RF2
reveals the coupling strength between spins. This examplerevealsa

235.96(1) Hz coupling between two spins with aspectral resolution of

1.807(7) HzFWHM. Here, RF1=463.27 kHzand RF2=455.37 kHz. f, An example
with N=256 echo pulses showing a coherence time 0f10.9(5) s, which enables
selective measurements of sub-hertz couplings with high spectral resolution
(78(1) mHz) and precision (2mHz). Here, RF1=408.32kHz and RF2=413.48 kHz.
See Methods for the fit functions of allgraphs. Error bars are one standard
deviation. a.u.,arbitrary units.

retrieved fromthe Fourier transform along the time dimension ¢. This
yieldsa3D dataset thatin principle encodes the composition and con-
nectivity of the spin cluster (Fig. 2).

In general, multiple spins can have (near-) identical precession fre-
quencies. This has two consequences. First, the echo pulses will invert
these spins simultaneously, so that multiple couplings are probed at
the same time. Figure 3a shows an example with one probe spin and
threetarget spins. This exampleillustrates that, although the resulting
spectraare more complex, the high spectral resolution of our method
enables retrieval of the underlying nuclear-nuclear couplings, even
when several spins overlap spectrally.

Second, to determine the number of spins in the cluster and to
assign the measured couplings to them, we need to resolve the ambi-
guity introduced by the fact that multiple spins can overlap spectrally.
For example, the observation of a coupling between frequencies
{RF1, RF2} ={f,, f.} and a coupling between frequencies {f,, f.} is by
itself not enough to determine if there are one or two spins with fre-
quency f.. Our method resolves such ambiguities by extracting an
over-determined dataset with many couplings that together constrain
the problem. This enables individual spins to be uniquely identified
from their connections to the rest of the cluster (see Fig. 3b for an
example).

Transforming the 3D spectrainto aspatial structure requiresaprecise
relation between the measured couplings and the relative positions



Signal (a.u.) Signal (a.u.)

Signal (a.u.)

Fig.2|3D spectroscopy. By varying the probe frequency RF1, the target
frequency RF2 and the evolution time ¢, we obtain a3D dataset thatencodes the
composition of the spinsin the cluster and their couplings. The observation of
asignal at {RF1, RF2}indicates the presence of one or more spins at both
frequencies and acoupling between them. The Fourier transformalong the
time dimension ¢t reveals the spin-spin coupling strengths. Examples for three
different RF1values are shown.

of the spins. A complication is that the presence of electronic spins
can modify the nuclear couplings®, causing the measured value to
deviate from a basic dipole-dipole coupling. We use perturbation
theory to derive a set of many-body corrections that depend on the
electron-nuclear and nuclear-nuclear couplings and on the magnetic-
fielddirection (see Methods). For the type of cluster considered here,
the corrections could be non-negligible. However, the signs of the
leading terms depend on the electron spin state. By averaging the meas-
ured couplings for the m,=+1 and m, = —1states (m,, spin projection),
the deviations are strongly reduced. Together with the use of a novel
method to align the magnetic field along the NV axis to within 0.07°
(see Methods), this enables us to approximate the nuclear-nuclear
couplings as dipolar.

Finally, we determine the structure of the spin cluster. Figure 4a
summarizes all extracted couplings. We identify M= 27 nuclear spins
and retrieve 171 pairwise couplings out of the total of M(M -1)/2 =351
couplings. The structure of the cluster is fully described by 3M -4 =77
spatial coordinates (see Methods), so the problemis over-determined.
However, owing to the large number of parameters and local minima,
adirect least-squares minimization'is challenging. Instead, we build
the structure sequentially by progressively adding spins while keep-
ing track of all possible structures that match the measured couplings
within a certain tolerance.

We use two different methods. The first method constrains the spin
coordinates to the diamond lattice. The second method discretizes
spaceinageneral cubiclattice, with voxel spacingaslowas5x10~nm
(about1/70 of the lattice constant; see Methods). Although this second
method is more computationally intensive, it uses minimum a priori
knowledge and can be applied to arbitrary spin systems. We run these
analyses in parallel with the measurements, so that sets of the most

PSD (a.u.)

Frequency (Hz)

<1.2 Hz

Fig.3|Spectrally overlapping spins. a, Retrieving couplings when multiple
spinsarere-coupled simultaneously. Example inwhich the echo pulsesinvert
threetargetspins (quadruple resonance). The PSD reveals acomplex, yet
resolvable, spectrum. Red linesindicate the eight frequenciesf=+f, +f, +f;,
wheref,=17.17(2) Hz, f,=7.05(3) Hzand f; = 3.21(4) Hz are the extracted
couplings of the probe spinto three target spins. Grey dotted (dot-dashed)
lines mark additional frequency components that appear owing to failures to
invert one (two) of the target spins (see Supplementary Fig.1for detailed
analysis). b, Overcoming ambiguity inidentifying spins and assigning
couplings. Shownis an example from the data. Spins C2,C3, C6, C14, C15and
Cl8allyielda coupling signal to the same RF2 frequency. Because the couplings
betweenthesesix spinsreveal thatthey are part of two spatially separated sub-
clusters, it follows that the signals at RF2 must originate from two distinct spins
(C24and C27).

promising spinassignments and structures are regularly created. These
yield predictions for which unmeasured couplings (combinations of
RF1and RF2) are required to choose between different assignments
and structures, which we use to guide the experiments and reduce the
total measurement time (see Methods).

Figure 4b shows the structure obtained for the 27 spins using the
diamond lattice. The blue lines show the strongest couplings (>3 Hz)
and visualize the inter-connectivity of the cluster. The cubic-lattice
methodyields anearly identical structure (see Methods); the average
distance between the spin positions for the two solutions is 0.58 A, a
fraction of the bond length of about1.54 A. As a final step, we use these
structures as inputs for least-squares minimization, where the x, y, z
coordinates are allowed to relax to any value. The solution obtained
lies close to the initial guess, with an average distance of 0.46 A. The
uncertainties for the spatial coordinates (6x, §y, 6z) are below one dia-
mond bond length for all 27 spins (Fig. 4c, d), indicating atomic-scale
imaging of the complete 27-spin cluster.

Additionally, we determine the position of the NV sensor relative
to the cluster. Although not required to reconstruct the cluster, this
provides a control experiment. We measure the coupling of the *N
nuclear spin to12 of the ®*C spins (Extended DataFig. 4). This unambigu-
ously determines the location of both the *N atom and the vacancy (fit
uncertainties <0.3 A). We can now compare the electron-C hyperfine
couplings to previous density functional theory (DFT) calculations
for 5 of our spins®. All 5 couplings agree with the DFT calculations
(Extended Data Fig. 4), providing an independent corroboration of
the extracted structure, aswellasadirect test of the DFT calculations.
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Fig.4|Atomic-scaleimaging of the 27-nuclear-spin cluster. a, Two-
dimensional (2D) plot summarizingall couplings between the 27 spins
identified by 3D spectroscopy (Fig.2), includingidentification of spins with
overlapping frequencies. The size and colour of each pointindicate the
strength of the measured coupling, averaged over the electron m,=+land
mg=-1states. Dashed grey linesindicate the nuclear spin frequencies (m,=-1
state). Solid grey lines indicate the bare *C Larmor frequency. Total
measurement time, ~400 h. See Supplementary Tables 2-4 for numerical
values and uncertainties. b, 3D structure of the nuclear spins, obtained using
the diamond-lattice method (see text). Blue lines indicate couplings greater

Looking beyond quantum sensing, this precise microscopic characteri-
zation of the NV environment provides new opportunities forimproved
control of quantum bits for quantum information*?*2332 and for
investigating many-body physics in coupled spin systems.

In our method, the NV sensor spin is exclusively used to create and
detect polarization (Fig. 1b). Therefore, the two main requirements for
the sensor spin are (1) a high-contrast readout to keep measurement
times manageable and (2) that it does not limit the spectral resolution
by disturbing the evolution of the nuclear spins through relaxation®3%2.,
We satisfy these requirements by working at 4 K, so that the electron
relaxation is negligible (7,=3.6(3) x10°s)?°, and high-fidelity readout
is obtained through resonant optical excitation (see Methods). Recent
experiments have demonstrated both these requirements up to room
temperature>>?%3%3. The electron-spin relaxation—milliseconds at room
temperature—can be decoupled from the sample spins through laser
illumination®** or sequential weak measurements®?®, High-contrast
readout hasbeen demonstrated by usinganuclear spinasamemory that
canberead out repeatedly>*’. Nuclear spins themselves are well isolated
fromtemperature effects®. Therefore, when combined with those meth-
ods, theideas presented here could be extended to ambient conditions.

Inconclusion, we have developed and demonstrated 3D atomic-scale
imaging of large clusters of nuclear spins using a single-spin quantum
sensor. Our approach is compatible with room-temperature opera-
tion??%*%3and could be extended to larger structures, as the number
of required measurements scales linearly with the number of spins.
Future improvements in the data acquisition and the computation
of 3D structures can further reduce time requirements. In particular,
recent methods to polarize and measure nuclear spins are expected to
improve sensitivity?>?, especially for samples with weak couplings to
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than3Hzandillustrate the connectivity of the cluster. See Supplementary
Video1foravisualization and Extended Data Fig. 3 for zoom-ins of strongly
coupledsubclusters. ¢, Distance Arbetween the obtained spin positions from
the diamond-lattice method (see text) and from aleast-squares optimization.
Deviations are generally below one diamond bond length (-1.54 A, dashed line).
d, The uncertainties for the 77 spatial coordinates of the cluster from aleast-
squares optimization are smaller than the bond length, indicating atomic-scale
resolution. See Supplementary Figs. 4-6 and Supplementary Table 5 for in-
depth comparisons between the structures and uncertainties obtained with
different methods.

the NV sensor. Optimized sampling of the measurements and adaptive
algorithms based on real-time structure analysis can further reduce the
total number of required measurements. Therefore, when combined
withrecentadvancesinnanoscale NMR with near-surface NV centres® 5,
our results provide a path towards magnetic imaging of individual
molecules and complex spin structures external to diamond™® ™,
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Methods

Sample and NV centre sensor

We use anaturally occurring NV centre in a diamond grown homoepi-
taxially by chemical vapour deposition witha1.1% (natural) abundance
of BC and a (111) crystal orientation (Element Six). The NV is placed in
asolid-immersion lens to enhance the photon-collection efficiency*.
The NV centre was selected for the absence of ®C spins with hyperfine
couplings >500 kHz. The NV electron-spin dephasing time is
T5=4.9(2) ps and the echo coherence timeis T, =1.182(5) ms. We work
at4K, so that the electron relaxation is negligible (7, =3.6(3) x 10%s)*
and use high-fidelity readout through resonant optical excitation (aver-
age fidelity F=94.5%).

The observed nuclear-spin dephasing times rangefrom75=3 msto
17 ms, corresponding to an inhomogeneous linewidth of about
30-150 Hz. Owing to the frequency differences between nuclear spins
inm,=+1(Supplementary Table1), spin diffusionis strongly suppressed
and the longitudinal relaxation of the nuclear spinsis 7, > 6 min (ref. ).

Magnetic-field alignment

Amagneticfield of -403 Gis applied using aroom-temperature perma-
nent magnet, whichis installed on an XYZ translation stage to control
thestrength and the direction of the magnetic field. Our methods use
echo pulses and are therefore robust against slow fluctuations in the
magnetic-field strength. Although magnetic-field drift has a negligible
effect on the measured nuclear-nuclear couplings, we stabilize the
magnetic field to <3 mG using temperature stabilization of the magnet
and an automatic re-calibration procedure (every few hours).

We align the magnetic field along the NV axis to avoid electron-
mediated shifts that cause the measured couplings to deviate from
nuclear-nuclear dipolar coupling (see Supplementary Information
section III). We use a ‘thermal’ echo sequence, which was previously
used to measure the temperature® (see Extended Data Fig. 5). In this
sequence, the electron evolves half of the time in a superposition of
the states m, = 0 and m,=-1and the other halfin a superposition of
m,=0and m,=+1.Becausethe energies of the states m,=+1 are shifted
by equal and opposite amounts by Hamiltonian terms proportional
to the spin operator S,, the effects of such terms are cancelled.
However, Hamiltonian terms that shift the energies of m, = +1in the
same way (such as the magnetic field perpendicular to z) do not can-
cel. Therefore, the sequence decouples the main source of noise (the
magnetic-field fluctuations along z from the surrounding spin bath)
while remaining sensitive to shifts caused by anon-zero magnetic field
in the x, y directions. This sequence extends the sensing time from
the dephasing time 77 = 5 ps to the echo coherence time 7, =1 ms, res-
ultinginanuncertainty of 0.07°in the alignment (Extended DataFig. 5).

Quantum sensing sequences

We employ two different sensing sequences (see the polarization and
detection blocks in Fig. 1b). Sequence A consists of dynamical decou-
pling sequences of N’ equally spaced 1t pulses on the electron spin of
the form*¢8 (7, - - r,)V. This sequence is sensitive only to nuclear
spins with a substantial electron-nuclear hyperfine component per-
pendicular to the applied magnetic field*. The inter-pulse spacing 2z,
determines the spin frequency that is being probed.

Sequence B is arecently developed method, described in detail in
Bradley et al.?8, that interleaves the dynamical decoupling sequence
withradiofrequency (RF) pulses. This method enables the detection of
spins withaweak or negligible perpendicular hyperfine component®-°,
For this sequence, the frequency of the RF pulse sets the targeted spin
frequency, whereas t, can be chosen freely®. Importantly, the ampli-
tudes and phases of the RF pulses are set so that together they build up
to the desired evolution®. The added RF field imprints a deterministic
phase on the electron-spin sensor?, which we compensate by calibrat-
ing the phase of the electron 1t/2 pulses.

Electron-nuclear spectroscopy

Asastarting point, we use the electron spin as asensor to roughly char-
acterize some of the nuclear spinsin the cluster. We perform spectros-
copy by sweeping the interpulse delay 7, in sequence A (see, for
example, Abobeih et al.?°) and the RF frequency for sequence B
(ref.?®). Thisidentifies the frequency range in which spins are present
inthe cluster and provides the parameters to polarize and detect sev-
eral spins*. We note that the resolution of this spectroscopy technique
is limited by the electron spin T, and the nuclear spin 7.

Nuclear-nuclear double-resonance spectroscopy

Thesequence for the double-resonance experimentsis shownin Fig.1b
and Extended Data Fig. 1. To polarize and detect the probe spin, we
use either sequence A (without the RF1 pulses in the dashed box) or
sequence B (with the RF1 pulses), depending on whether the perpendic-
ular hyperfine coupling to the electron spinis sufficiently large or not.
For sequence A, we set the interpulse delay as 7, = (2k - 1)1t/(w, + RF1),
withkaninteger and w, the *C Larmor frequency for the m,=0 electron
state, and calibrate the number of pulses N’ to maximize the signal®®.
For sequence B we calibrate the RF power to maximize the signal.

We create nuclear polarization by projective measurements?*. First
theelectronis preparedinasuperposition state through resonant exci-
tation** and a /2 pulse. Second, the sensing sequence correlates the
phase of the electron with the nuclear spin state. Finally, the electron
is read out so that the nuclear spin is projected to a polarized state®*.
To enhance the signal-to-noise ratio and to ensure that the electron
measurement does not disturb the nuclear-spin evolution, we perform
the double-resonance sequence onlyifa photonis detected during the
electron readout®. The resulting signal contrast for different spins
varies from 20% to 96%.

Because the correlation dataare read out and stored in the electron-
ics, the ultimate limit for the spectral resolution of our method—that
is, when applied on hypothetical signals with infinitesimal spectral
width—is set by the precision of the 10-MHz reference clock used for
the timing of the waveform generator”*#°, For the double-resonance
sequence, the phases ofthe RF1echo pulses are calibrated so that their
phase differenceis 0 or /2 with respect to the polarization axis, which
is determined by the direction of the hyperfine interaction'***, For
the target spins, the phase of the RF2 pulse does not affect the signal
and is set arbitrarily.

Tomitigate pulse errors, we alternate the phases of the pulses follow-
ing the XY8 scheme*?, for both the electron and nuclear spins. For the
electronspin, we use Hermite pulse envelopes* with a Rabi frequency
of-14 MHz to obtain effective microwave pulses without initialization
of theintrinsic™*N nuclear spin. The nuclear-spin Rabi frequencies are
intherange 0.3-0.7 kHz.

Data analysis

We extract the spin-spin couplings fand their uncertainties from fitting
the time-domain double-resonance signals (for example, Fig. 1e, f, top)
with S=a+Ae /" cos(2mft + ¢), where a, A, ¢ and T, are fit param-
etersthataccount for the offset, amplitude, phase and coherence time
ofthesignal, respectively. The PSDis obtained from a Fourier transform
of the time-domain signal with zero filling' and the d.c. component
filtered out (for example, Fig. 1e, f, bottom). The spectral resolution
(FWHM) is obtained from a Gaussian fit of the PSD. Alternatively, we
can define the spectral resolution (FWHM) directly from the time-
domain signal as Zm/(nTz) . This yields a spectral resolution of
0.91(3) Hz for Fig. 1e. For the spinin Fig. 1f, using N=1yields a spectral
resolution of 0.8(1) Hzand using N=256 yields 49(2) mHz. We note that
nosaturationis observedintheimprovement of the spectral resolution
with the number of pulses. Therefore, with more pulses (and longer
measurement times) higher spectral resolutions and more precise
measurements are feasible.



Electron-mediated interactions

We calculate corrections to the nuclear-nuclear couplings caused
by the presence of the electron spin using perturbation theory up to
second order. The effect of other nuclear spins on nuclear-nuclear
couplings was found by numerical simulations to be negligible (of the
order of millihertz). In contrast to previous results for strong electron-
nuclear couplings®***, here many-body interactions due to non-secular
nuclear-nuclear couplings must be taken into account. The resulting
frequency in a double-resonance experiment is of the form (see Sup-
plementary Information section III)

fon (= 51) = 1IC + My (m) + My(m) + M(m)| (1)

where Cis the parallel (zz) component of the dipole-dipole interaction
betweenthe nuclear spins and AA;are correction terms accounting for
the presence of the electron spin. See Supplementary Information for
the full analysis of all terms.

The dominant correction for our parameter regime is AA,, which
depends on both the electron-nuclear and nuclear-nuclear interac-
tions. We make a Taylor expansionup tofirstorderin A(z"z)/(ych), where
A(z’z) is the parallel electron-nuclear hyperfine coupling for spinj, y. is
the nuclear gyromagneticratio and B, is the component of the magnetic
field along the NV axis. This yields an expression of the form
AA,(my) = msA/l(zm + A)l(zl),where theleading (zeroth-order) correction
mSA/l(ZO)is given by

(2 A2)ca (- 2)c, o
VB:

A =

where A(Z"} (C,)and Ag (C,,) are the perpendicular electron—-nuclear
(nuclear-nuclear) coupling components. We cancel this term by aver-
aging the double-resonance frequencies measured for the m, = 1
electron-spin projections.

Theremainingelectron-mediated corrections depend onthe angles
ofthe electron-nuclear hyperfine interactions. Because these angles
are unknown, we estimate the maximum possible shift for each spin-
spininteraction by maximizing over all angles. For our cluster (Fig.4),
most of these maximum possible shifts are small (their average value
is~0.03 Hz). Inrare cases, the maximum possible correction runs up to
0.6 Hz (see Supplementary Information section 1V) but, as the locations
of theinvolved spins are already precisely fixed through strong (>20 Hz)
interactions with several other spins, this would have a negligible effect
ontheobtainedstructure. Therefore, we can base the structural analysis
ondipole-dipoleinteractions.

3D structure analysis

The 3D structure of the nuclear spins is obtained using the dipole-
dipole coupling formula, whichrelates the zz couplings C;to the spatial
coordinatesx, y, zof spinsiand, as

= A3 2
Arj Arj

where Ar; = A/(xj —X)2+ 0~ 3P+ (2= 2)% @ = Hovh/(410), iy is the
permeability of free space, y;is the gyromagnetic ratio of nuclear spin
i,and his the reduced Planck constant.

The goal is to minimize the sum of squares {=3; |Aj§ |2, where
Af;=f;—[ICjl/(4m)] are the residuals and f; are the measured coupling
frequencies. For M =27 spins, there are 3M — 4 = 77 free coordinates
and M(M-1)/2 =351 pairwise couplings, of which171were determined
in this work. £ can in principle be minimized using standard fitting
methods; however, tests with randomly generated spin clustersindicate
that theinitial guess for the coordinates should be within~0.5 Ain order
for the fit to converge to the correct solution. For 27 spins, this

corresponds to an intractable ~10'°° possible initial guesses. Instead,
we sequentially build the structure by adding spins one by one.

For the diamond-lattice positioning method, we first use the strong-
estmeasured couplingto any spinthatis already positioned toreduce
the position of anew spin to anumber of possible lattice coordinates.
Foreach possible coordinate, we then check ifthe predicted couplings
toall other spins satisfy Af, <7,where 7=11 Hzisatolerance thatis
chosentoensure that all promising configurations are included while
maintaining reasonable computation time. Configurations are dis-
carded if they do not satisfy this requirement for one or more of the
pairwise couplings. If more than X_,,,+= 5,000 possible configurations
areidentified, only the best X, Solutions are kept, according to their
Evalues.

For the cubic-lattice positioning method, the same procedure is
followed, with the key difference being that the lattice is adaptively
generated depending on the strongest coupling to a spin already posi-
tioned inthe cluster (see Supplementary Information sectionIll). This
ensures thatin each case thelattice spacingis fine enough to appropri-
ately sample the volume associated with the dipole-dipole coupling
between the nuclear spins.

Robustness of the analysis

The method is robust to failure. The problem is generally highly over-
determined, so that discarding the correct configuration because of
X.uoe Will lead to no solution at all, instead of an erroneous solution.
Given enough computational resources, a correct solution is always
expected to be found. As a test, we used the cubic-lattice reconstruc-
tion method on 17 randomly generated 30-spin clusters with added
noise, and no erroneous structures were returned (see Supplementary
Information section IV).

Comparison to 1D Ramsey spectroscopy

Extended Data Fig. 2 compares the 1D Ramsey signal with spectrarecon-
structed using 3D spectroscopy. This comparisonillustrates our meth-
od’s effective resolution improvement and its ability to resolve dense
spectra. We note that, apart from the spectral resolution, the signals
should not be compared directly, because the Ramsey experiment is
difficult to interpret quantitatively. First, the Ramsey signals prob-
ably contain contributions from multiple spins, due to both spectral
overlap and higher-order contributions®**%, Second, any inadvertent
polarization of other spins in the cluster or the environment modi-
fies the spectrum. These effects are difficult to separate from actual
nuclear-nuclear couplings, and the fact that the spectraare asymmetric
indicates that they play a non-negligible role. Our 3D spectroscopy
method resolves these issues.

Finding the position of the NV centre
Because the NV electron wavefunctionis not known a priori, we cannot
use the electron—nuclear couplings to find the NV position. In particu-
lar, DFT calculations® indicate that for electron-nuclear couplingsin
therange observed here, assuming a point-dipole model for the elec-
tronspincanleadtolarge discrepancies andis therefore notjustified.
Ourapproachistomeasure the couplings between the *Cspinsand the
NV nitrogen nuclear spin, for whichthe point-dipole approximationisaccu-
rate. The nitrogen-C couplings canbe measured using adouble-resonance
proceduresimilar to that used for measuring *C-C couplings. We use the
nitrogen spinasthe probespin, whichgivesbetter spectral resolution owing
toitslonger coherence time (7,=2.3(2) s)*. Weinitialize the nitrogen spin
inthe state m,=0 using measurement-basedinitialization®* and manipulate
thespinstate using RF pulses (m;, nuclear-spin projection) . Extended Data
Fig.4b shows the measured couplings between the nitrogen and ®C spins.
Using the couplings, the nitrogen spin is added to the *C nuclear-
spin cluster using the diamond-lattice positioning method, with
¥, Va=2m % 0.3077 kHz G (y, is the nitrogen gyromagnetic ratio),
in equation (3). Determining the nitrogen lattice site also allows the
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vacancy site to be determined on the basis of the known NV distance
and the alignment with the magnetic field along z, thereby giving the
location and the orientation of the NV centre with respect to the *C
nuclear-spin cluster. Theresulting 3D plot of the best solution is shown
in Extended Data Fig. 4a. The nitrogen spin coordinate is the same for
all 5,000 configurations identified. Extended Data Fig. 4c gives the
results of aleast-squares fit.

Comparisonto DFT

Now that we have independently determined the position of the ®C spins
relative to the NV centre, we can compare the hyperfine couplings to
DFT calculations without any prior assumptions. In Nizovtsev et al.>*,
hyperfine couplings are calculated for 510 lattice sites surrounding the
NV centre. Extended DataFig.4d shows thelattice positions giveninref.
», along with the coordinates of the C spins foundin this work. Tomatch
the coordinate frames, the *C spin coordinates are mirrored (z > —2)
and transformed so that the nitrogen spinis at the origin. Additionally,
ascaling factor of 1.02 is applied, which was found by comparing the
510 lattice sites from ref.** with the same sites in our work. Five of the 27
spinsidentified in this work were calculated inref. . The remaining spins
cannot yet be compared with DFT calculations. Extended Data Fig. 4e
shows the measured electron-">C hyperfine couplings (see Supplemen-
tary Table 1), as well as those predicted in ref. >, for the five spins. For
the DFT results, we take the average of the predicted couplings for the
possible C;, symmetric lattice sites. Additionally, we take the negative
ofthe predicted parallel component of the electron-nuclear coupling
A, forallspins (aglobal minus sign is possible because of the unknown
orientation of the magnetic field along z).

Data availability

The data that support the findings of this study are available from the
corresponding author uponrequest.
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Extended DataFig.1|Experimentalsequence. The pulse sequence consists of
five parts:sensor preparation, sensor initialization, polarization of the probe
spin, double resonance, and detection of the probe spin. Sensor preparation:
the NV centreis prepared by excitation with two 637-nm lasers for 150 ps and
counting of the detected photons (read-out (RO) laser resonant with the E,.
transition and initialization (Init) laser resonant with the £’ transition)®***. If the
number of photons exceeds a certain threshold, the NVisin the negative
chargestateand resonant withboth lasers, and we proceed to the next step.

If not, weapply a 515-nmlaser (charge reset (RS) laser,1ms) and repeat the
process****. Sensor initialization: the NV electron spinisinitialized in the m;=0
state through spin pumping (Init laser, 100 ps)**. Polarization of the probe spin:
first,the NVsensoris broughtintoasuperpositionstate usingam/2 pulse.
Then, adynamical decoupling sequence of N’ equally spaced t pulses of the

form (r,-1t—17,)"isapplied to the electronspin. This sequence correlates the
state of the nuclear spin(s) with the phase of the electron spin. We use two
different sequences (see Methods). For sequence B, the microwave (MW) it
pulsesareinterleaved with RF pulses (RF1) that resonantly drive the probe
spin(s) (dashed box); see Bradley et al.?® for details. Asecond 1/2 pulse maps the
electron phase to the population and the electronspinis read out (RO laser).
Doubleresonance: Necho pulses are applied simultaneously on the probe
spin(s) (RF1) and the target spin(s) (RF2), so that the coupling between these
spinsisisolated. Tomitigate pulse errors, we alternate the phases of the pulses
following the XY8 scheme*2. Detection of the probe spin: the detection
sequenceisthesame as the polarization sequence except for the final RO laser
pulse, whichisapplied for 10 psand with higher power.
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Extended DataFig.2 | Ramsey experiments and reconstructed spectra.

a, Schematic of the pulse sequence used in the Ramsey experiment (equivalent
to correlation spectroscopy); see Methods and Extended Data Fig.1for details.
b, Ramsey signal for C2 and the corresponding PSD (5kHz detuning). The red
line represents the central frequency f,. Green lines are the 27 frequencies

based onthe seven strongest coupling strengths extracted from our high-
resolution double-resonance spectroscopy (Supplementary Table 4). These
frequenciesaregivenbyf, +fi+f, +f3+f,  f £f  +f;, wheref tof,aretheseven
largest measured coupling strengths for C2. c-e, The same experiment for C3
(c; ~-SkHz detuning), C15(d; -1 kHz detuning) and C5 (e; ~2 kHz detuning).
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Extended DataFig.3|Strongly coupled subclusters. 3D plots showing the T; (see, forexample, Extended DataFig. 2). a, Eight-spin subcluster. b, Four-spin
structure of two strongly coupled subclusters (orange boxes) within thelarger subcluster. Couplings above 3 Hz are marked blue, above 20 Hz green and
cluster (showninthe centre). Ramsey measurements performed on spins above 50 Hzred. Grey points show the 2D projections of the diamond-lattice

within these subclusters show clear beating signals within their dephasingtime  coordinates.
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Extended DataFig.4|Finding the position of the NV centre. a, 3D plot
showing the 27-nuclear-spin cluster shownin Fig. 4, with the position of the
nitrogen spin (green) and vacancy (purple) lattice sites calculated from the
measured nitrogen->C couplings. The grey dots show the 2D projections of the
diamond-lattice coordinates. b, Bar plot showing the measured couplings f;y
between'*Cspiniandthe nitrogenspin (grey), as well as the theoretically
calculated couplings |C;l/41 (green). Error bars are one standard deviation.
See Supplementary Table 4 for the numerical values. ¢, Bar plots of Arfor the
fitted position of the nitrogen spin (black) and fit errors 5x (blue), §y (orange)

and 6z (green), where the ®C spins are fixed at the diamond-lattice solution.

d, Plotof zversus Fy=1 x?2 +y2 for alllattice positionsusedinthe DFT
calculation from Nizovtsev etal.® (blue) and for the appropriately transformed
BC coordinates found in this work (orange). Spins 5, 6,9,12and 19 matchaDFT
lattice position, whereas therest of the identified spins are outside the 510
lattice sites simulated. e, Measured electron-"*C parallel (top) and
perpendicular (bottom) hyperfine couplings for the five spins that are within
the DFT calculation volume (red; from Supplementary Table 1), compared with
the DFT results fromref. > (blue).
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Extended DataFig. 5| Aligning the magnetic field using athermal echo
sequence. a, Pulse sequence used for the thermal echo measurement®. The
electronspinis preparedinasuperposition of the statesm,=0and m,=-1inthe
first half of the sequence and then swapped to a superposition of m;=0and
m,=+1forthesecond half, usingasequence of three closely spaced mt pulses. By
sweeping 7, the average frequency fr: = (f.; +f.)/2 is obtained, whichis
minimized when B, =0.f,, arethe m;= 0 - m,=t1transition frequencies. The
NV nitrogenspinisinitialized in m, =0 (ref.>*). b, Magnetic-field alignment by
scanning the magnet positionin two orthogonal directions. The obtained

Magnet position Y-axis (mm)

Frequency difference (kHz)

thermal echo frequencies are fitted with a parabolic function to find the
optimum position (thatis, minimal f;). The plots show the frequency
differencef;;—2.877652 GHz. ¢, The magnetis placed at the optimum position
and the measurementis repeated 200 times (over a10-h period). The obtained
average frequency differenceis 0.13 kHz, with astandard deviation of 0.27 kHz,
whichis consistent with the statistical measurement error. Therefore, the total
uncertainty for the magnet alignmentis ~0.4 kHz, which correspondstoa
perpendicular field of 0.5 G or amisalignment angle of 0.07°.
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