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Magnetic resonance spectroscopy of
an atomically thin material using a

single-spin qubit
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Two-dimensional (2D) materials offer a promising platform for exploring condensed
matter phenomena and developing technological applications. However, the reduction

of material dimensions to the atomic scale poses a challenge for traditional measurement
and interfacing techniques that typically couple to macroscopic observables. We
demonstrate a method for probing the properties of 2D materials via nanometer-scale
nuclear quadrupole resonance (NQR) spectroscopy using individual atomlike impurities

in diamond. Coherent manipulation of shallow nitrogen-vacancy (NV) color centers enables
the probing of nanoscale ensembles down to approximately 30 nuclear spins in atomically
thin hexagonal boron nitride (h-BN). The characterization of low-dimensional nanoscale
materials could enable the development of new quantum hybrid systems, combining
atomlike systems coherently coupled with individual atoms in 2D materials.

exagonal boron nitride (h-BN) is an in-

sulating material consisting of equal con-

centrations of boron (80% "B, 20% '°B) and

nitrogen (close to 100% “N) in a honey-

comb layered structure (7). The individual
atomic layers of h-BN are held together by weak
van der Waals interactions, allowing the prepa-
ration of samples with varying numbers of layers
via mechanical exfoliation (2). Nanometer-thick
h-BN flakes are being extensively used as dielec-
tric spacers and passivation layers for graphene
and transition metal dichalcogenides (7, 3). Re-
cent studies have shown that atomically thin h-BN
can be the host for interesting quantum defects
(4). We investigate both the electron density dis-
tribution and spin-spin interactions in nanoscale
h-BN volumes by analyzing the magnetic fields
produced by "B, 1°B, and N spins using nano-
scale nuclear quadrupole resonance (NQR) spec-
troscopy (5, 6).

Conventional NQR spectroscopy is a powerful
tool for chemical analysis that relies on detecting
the bulk magnetization of quadrupolar ( > 1/2)
nuclear spins in a weak magnetic field (7, 8). The
NQR spectrum is determined by the interaction
between the nuclear electric quadrupole moments
and the local electric field gradients (9) and is
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thus dependent on the electrostatic environment
of the measured spins. In the case when the tar-
get material is axially symmetric and no external
magnetic field is applied, the quadrupolar inter-
action defines a principal axis for the nuclear
spins. For the special case of I = 3/2, application
of a small magnetic field yields a set of perturbed
spin eigenstates, with energies that depend on
the orientation of the applied field with respect
to the principal axis (Fig. 1B). NQR spectroscopy
yields the transition frequencies and relaxation/
decoherence rates, which in turn can be related
to various material properties (10, 11) (e.g., chem-
ical composition, bond lengths, and angles). How-
ever, conventional magnetic resonance methods
require macroscopic samples (12) and are not
suitable for experiments with atomically thin
layers.

In our approach, individual NV centers in
diamond are used as sensitive, atomic-scale mag-
netic field sensors to probe nanoscale h-BN
samples under ambient conditions (5, 6, 13, 14).
Formed using ion implantation within several
nanometers from the diamond surface, NV cen-
ters can have sensing volumes that are many
orders of magnitude smaller than most conven-
tional magnetic sensing techniques (2, 15). In our
experiments, a target h-BN flake is transferred
onto the surface of a diamond (2), and a proximal
NV center is used to detect NQR signals from
small ensembles of nuclear spins within the h-BN
crystal (Fig. 1A). Importantly, the coherence prop-
erties of the NV spin are not affected by the
presence of the h-BN flake, indicating that the
generation of a new quantum interface between
a two-dimensional (2D) material and diamond is
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feasible. To use the NV center as a nanoscale
NQR spectrometer, the NV electronic spin state
is prepared in a coherent superposition of the
magnetic sublevels m; = 0 and m, = 1 and is
periodically modulated with & microwave (MW)
n pulses using a modified XY8-% pulse sequence
[see Fig. 1C and (2)]. When the local magnetic
field spectrum contains a Fourier component
near half of the modulation frequency, the NV spin
state accumulates a net phase (resulting in a
measurable population signal) while components
at other frequencies are efficiently cancelled (16).
Repetition of this sequence at different modula-
tion frequencies yields the NQR spectrum. Where-
as conventional NQR spectroscopy suffers from
poor sensitivity due to low thermal polarization
under small magnetic field (Z0), our method re-
lies on measuring the statistical fluctuations of
the spin polarization (proportional to /N, where
N is the number of nuclear spins in the sensing
volume), which is independent of the applied
field. In the limit of small NV, the statistical polar-
ization can be much larger than the thermal
polarization, resulting in effective polarizations
as high as ~3%.

Inthe "B (7 = 3/2 ) NQR spectrum of a ~30-nm-
thick h-BN flake, measured using an XY8-371
sequence (Fig. 2A), the resonance frequencies are
determined by the quadrupole coupling con-
stant @, which is the product of the scalar nuclear
electric quadrupole moment and the largest eigen-
value of the local electric field gradient tensor
(9). The extracted Q = 2.9221 + 0.0006 MHz is
in excellent agreement with values measured in
macroscopic NQR experiments (2.96 + 0.10 MHz)
(I7). The effective sensing volume is determined
by the depth of the NV center (6.8 + 0.1 nm) and
corresponds to ~20 atomic layers of h-BN mate-
rial (2). The external magnetic field (~30 G) is
applied parallel to the NV symmetry axis, which
forms a 54.7° angle with the surface normal. In
this configuration (Fig. 1B), the frequencies of the
central transitions (|m; = +1/2) — [+3/2)) are
degenerate, whereas the satellite peaks, corre-
sponding to dipole-forbidden |¥1/2) — [+3/2)
transitions, become weakly allowed due to mix-
ing by the magnetic field component perpen-
dicular to the h-BN principal axis. Rotation of
the polar angle of the magnetic field away from
the NV axis lifts the degeneracy of the central
transitions (Fig. 2D), in excellent agreement
with theoretical prediction (Fig. 2E). Figure 2,
B and C, shows that when the magnetic field is
increased so that the Zeeman and quadrupolar
interactions are of the same order, the NQR spec-
trum becomes very sensitive to the magnetic field
angle (sensitivity is ~80 kHz/degree at ~1700 G),
enabling precise measurement of the h-BN crys-
tal orientation (in our case perpendicular to the
interface).

Measurement of the spectral shifts and line-
widths sheds light on the dynamics and inter-
actions governing the nuclear spins. Figure 3A
shows the |+1/2) — |-3/2) B NQR resonance
alongside an externally applied calibration signal
(indicated by the black arrow), whose width cor-
responds to the Fourier limit, determined by the
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Fig. 1. Experimental setup and sensing scheme. (A) Schematic of experimental
setup. The h-BN flake (structure shown on top) is transferred onto a diamond sur-
face. A proximal shallow NV center is used to detect nuclear spins within the h-BN
crystal. (B) The dependence of the level structure of a quadrupolar nuclear spin on a
small applied magnetic field. The three configurations shown correspond to a spin-
3/2 object where the external magnetic field is applied parallel, at a 54.7° angle and
perpendicular to the principal axis. The central transitions are shown by blue ar-
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rows. In the middle configuration, the center transitions are degenerate (indicated
by *). As a specific example, these configurations are illustrated for the case of a
1B spin in h-BN, surrounded by its nearest five nitrogen atoms. (C) NV center is
subject to modified XY8-k pulse sequence used to measure the NQR spectrum.
The unit indicated by the dashed box is repeated [see (2)]. APD denotes the
photodetector measurement window. The magnetic field created by target
nuclear spins, containing several Fourier components, is shown at the bottom.
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Fig. 2. B NQR spectroscopy of multilayer h-BN flakes. (A) NQR spectrum of B using XY8-371 with mag-
netic field (30 G) aligned (approximately) to the angle at which the central transitions become degenerate. The
NMR contrast corresponds to the fluorescence difference of the ms = 0 and ms = 1 magnetic sublevels of the

data (as well as all subsequent spectra presented in this work) are fit to a theo-

retical model consisting of the local magnetic spectral density convolved with the detector filter function (2).

ng XY8-251 at ~1700 G taken at two different angles of the magnetic field. Here,
icated by the vertical dashed lines. (D) Dependence of the spectrum at 30 G on

the magnetic field angle. Here, the spectrum was measured in the region denoted by the dotted rectangle
56 in (A). The angle at which the central transitions are degenerate is indicated by the horizontal dashed line.
(E) Simulation of magnetic field angle dependence shown in (D).
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Fig. 3. NQR linewidth and quadrupole coupling constant measurements.
(A) NQR spectrum of [+1/2) - |-3/2) transition of "B using XY8-371at 30 G. A
calibration signal (indicated by black arrow) is applied at frequency 1.567 MHz
using an external coil. Spectral resolution of NQR signal shown by shaded
region. (B) 1°B NQR spectrum using XY8-371 at 30 G. The observed spectrum
corresponds (approximately) to the degenerate |0) - |£1), |£1) - [+2), and [£2) -
|£3) transitions. (C) N spectrum using XY8-187 taken at ~2000 G, with the
field aligned to the NV symmetry axis. At this special angle, the |0) - |£1)
transitions are degenerate. The quadrupole interaction is manifested as a small
shift of the N resonance (indicated by a dashed red line) relative to the Larmor
frequency (indicated by a dashed blue line, with uncertainty shown by a blue

band). (D) Pulse sequence used for time-domain measurement of linewidth (top).
The result of this measurement for B is shown at the bottom. The time trace is
the free induction decay of the B spin, where the slow decay envelope
(corresponding to the nuclear spin decoherence) is modulated by fast os-
cillations (corresponding to the ~2.9 MHz quadrupole coupling constant).
(E) Linewidths, measured in Fig. 3, A to D, of !B, 1°B, and N (blue bars) along
with simulated values (orange bars) based on dipolar coupling model (2). Error
bars, mean + 1 SD. (F) Measured quadrupole coupling constants of !B, 1°B, and
¥N (blue bars) along with theoretical values (orange bars) based on DFT. The
1-SD errors corresponding to !B, 1°B, and ¥*N are 370 Hz, 1.4 kHz, and 5.9 kHz,
respectively, and are too small to be visualized on the scale of this plot.

spin coherence time 7, of the NV sensor. Decon-
volution of this calibration signal from the "B
resonance gives the natural NQR linewidth. A
similar procedure yields the linewidth of °B (I = 3),
where the observed doublet (Fig. 3B) corresponds
to two sets of triply degenerate transitions. Fig-
ure 3C shows the ™N spectrum measured at
~2000 G, where the quadrupolar interaction is
manifested as a small shift from the nuclear
Larmor frequency (2). The resonance frequen-
cies and decoherence of NQR lines can also be
measured directly (without deconvolution) in
the time domain using correlation spectroscopy
(18) (Fig. 3D, top). Here, we apply two identical
pulse sequences (similar to XY8-k) separated by
a variable free evolution interval 7, which can be
longer than the coherence time 75, of the NV
sensor and is limited only by the NV popula-
tion relaxation time 73. As a result, this technique
yields improved spectral resolution at the ex-
pense of sensitivity (due to the additional free
precession interval 7). Figure 3D (bottom) shows
the resulting "B time evolution, where the en-
velope (consistent with the linewidth measured
in Fig. 3A, here modeled using a Gaussian decay)
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is modulated by fast oscillations (corresponding
to Q).

Figure 3E shows the measured "'B, '°B, and N
linewidths (blue bars) and the corresponding
simulated linewidths (orange bars), where we
assumed that the spins interact only via mag-
netic dipole-dipole coupling (2). The simulated
values are in excellent agreement with our mea-
surements, demonstrating that nanoscale volumes
of h-BN constitute nearly ideal, dipolar-coupled
spin systems. Figure 3F shows the measured values
of Q for B, °B, and N (blue bars), along with
calculated values (orange bars) based on density
functional theory (DFT) simulations. Here, we
used an all-electron model [see (2) for details]
in the local density approximation (LDA), which
yields the calculated quadrupole coupling con-
stants within 2% of the measured values.

Figure 4A shows the "B NQR spectrum of a
h-BN monolayer as compared to that of a thick
(>50 nm) flake. The monolayer was character-
ized using Raman spectroscopy, atomic force
microscopy (AFM), and second-harmonic gener-
ation microscopy [see (2)]. This monolayer signal
corresponds to approximately /N = 30 polar-
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ized ™B spins and exhibits a 17 + 3 kHz shift of Q
relative to the bulk value. Figure 4B shows the
shifts of @ and the corresponding linewidths for
measurements for several NV centers under a
monolayer flake (red) and a bilayer flake (green),
as compared to measurements on several thick
layers (blue). We find that the bilayer shifts are in
between the monolayer and bulk values, and the
signals for all the NV centers in both the mono-
layer and bilayer configurations shift in a con-
sistent manner.

The origin of the Q shifts can be understood
qualitatively by considering the reduction of
the dimensionality of the h-BN crystal. As the
number of layers in the crystal is reduced, we
expect that the electric field gradient experienced
by a nuclear spin will deviate from its bulk value.
A toy model in which in-plane sp® bonding elec-
trons are modeled as point charges placed at in-
terstitial sites between the boron and nitrogen
ions yields an electric field gradient shift in the
correct direction, although the magnitude is
smaller by a factor of ~20 than the observed
value (2). To study this effect quantitatively, we
performed DFT simulations of the electric field
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Fig. 4. NQR spectroscopy of a h-BN monolayer and bilayer. (A) !B NQR spectrum using XY8-187 of
thick (greater than 50 nm) h-BN flake (blue) as compared to a monolayer (red). Magnetic field is aligned
with respect to NV symmetry axis. Spectra have been normalized so that the resonances have the same
magnitude, for comparison. The integration time for the monolayer data was about 1 day, or 1 hour per data
point. (B) Values of the shift of O and deconvolved linewidths for several NV centers under a monolayer
flake (red), a bilayer flake (green), and five bulk flakes (blue). Error bars, mean 1 SD. (C) Visualization of
electron density for two layers of bulk h-BN, as calculated with DFT. A single contour, corresponding to a
density of ~1 A=3 is shown. Boron and nitrogen sites are indicated in the schematic of atomic structure
(top). (D) (Left) Visualization of the excess electron caps in the x/y plane (0.8 A above the atom plane). A
single unit cell is shown. The image corresponds to the difference between the monolayer and bulk electron
densities. (Right) Visualization of the excess electron caps in the x/z plane (y value indicated by dashed line
in left panel). Projected positions of boron and nitrogen ions are indicated.

gradient in the monolayer, bilayer, and bulk con-
figurations (2). These simulations indeed show
that reducing the number of layers in the crystal
shifts @ to lower frequencies. We find that the
calculated shifts (-15 kHz for bilayer, -25 kHz for
monolayer) are within 50% of the measured
values. Remarkably, DFT calculations show that
the contribution to the electric field gradient shift
resulting from the removal of the outer layers
(and their associated charges) accounts for only
~20% of the shift. The dominant contribution
arises from a partial redistribution of the elec-
tron density (at the level of 10~ of an elementary
charge) from its bulk configuration (see Fig. 4C)
into a pair of negative charge “caps” above and
below boron in the monolayer configuration
(Fig. 4D). The additional broadening observed
in some of the monolayer and bilayer spectra is
likely due to dipolar interactions with proximal
'H spins contained within the polycarbonate
stamp, as well as in the ubiquitous proton layer
at the diamond surface, associated with adsorbed
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hydrocarbons [see (19) and (2), where we probe
this layer directly via proton nuclear magnetic res-
onance ("H NMR)]. In addition to changes in the
electrostatic and magnetic environment due to
the reduction in layers, differences in lattice
strain between the bulk and 2D configurations
or the presence of the diamond and polycarbon-
ate substrates may also contribute to shifts and
broadening.

These observations provide new insight into
the local properties of 2D materials. The sensi-
tivity and spectral resolution can be improved
using spin-to-charge conversion readout (20) and
advanced photonic structures for improved col-
lection efficiency. With these improvements, in-
dividual ™B spins can be detected within 1 second
of integration time (2). The use of correlation
spectroscopy (Fig. 3D) provides a way of extend-
ing the sensing time beyond the coherence time
of the NV center. Combined with advanced nu-
clear decoupling pulse sequences (21) and mod-
est cooling of the diamond samples to ~100 K
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(22), this method can be used to improve the spec-
tral resolution down to the level of ~1 Hz. Scanning
diamond tips (23) or optical super-resolution tech-
niques (24) can be used for nanoscale imaging of
local strain fields, localized defects, piezoelectric
properties, and crystallinity in nanoscale materials
(3, 25, 26).

In addition to providing a new sensing mo-
dality, our approach can be used to observe and
coherently control dynamics of individual nu-
clear spins in 2D materials. In particular, NV
centers can be used as actuators to coherently
control nuclear spins in 2D materials (27-29).
Nuclear spin polarization and control can be
achieved by selectively pumping individual quanta
of polarization from the NV center to the desired
nuclear spin via Hartmann-Hahn double reso-
nance (27, 30), whereas interactions among nuclear
spins can be engineered via pulsed radio fre-
quency control (28). Our experiments show that
nuclear dynamics in 2D materials can be limited
by dipole-dipole interactions [the additional
broadening observed in some of our measure-
ments can likely be controlled by removing pro-
ton spins from the diamond surface (5)]. Such
a coherently coupled system can be used as a
novel hybrid platform for quantum informa-
tion processing (28) and for studying quantum
dynamics of isolated strongly interacting nuclear
spin systems (31).
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