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ABSTRACT: Paramagnetic ions and radicals play essential roles in biology and
medicine, but detecting them requires highly sensitive and ambient-operable sensors.
Optically addressable spin color centers in 3D semiconductors are useful for detecting
paramagnetic spins due to their sensitivity to spin magnetic noise. However, creating
high-quality spin defects near the surface of 3D materials is challenging. Here, we show
that spin qubits in hexagonal boron nitride (hBN), a layered van der Waals (vdW)
material, can efficiently detect paramagnetic spins in liquids at nanoscales. We create
shallow spin defects near the hBN surface, which maintain high-contrast optically
detected magnetic resonance (ODMR) in liquids. Then, we detect paramagnetic ions in
water using spin relaxation measurements, with a sensitivity of about 10−18 mol/
for Gd3+ ions. Finally, we show that paramagnetic ions reduce the contrast of spin-
dependent fluorescence, enabling efficient detection by continuous wave ODMR. Our results demonstrate the potential of ultrathin
hBN quantum sensors for chemical and biological applications.
KEYWORDS: spin defects, hexagonal boron nitride, quantum sensing, paramagnetic ions

■ INTRODUCTION
Quantum sensing has emerged as a powerful technique for
detecting and measuring a wide range of physical and chemical
quantities.1,2 It has been shown to be highly sensitive and have
applications in material science, biology, and medicine.3−6

Recently, optically active spin defects in hexagonal boron
nitride (hBN)7−10 are emerging as promising platforms for
quantum sensing.11 The 2D nature of hBN allows for spin
defects to be embedded in atomically thin layers while
maintaining high spin qualities,12 enabling the sensor to be
in close proximity to the target sample, thereby improving
sensitivity. Also, a 2D vdW material can be readily integrated
into other devices and form multifunctional heterostructures,
which opens prospects for in situ quantum sensing.13 So far,
hBN spin defects have been used for sensing multiple physical
quantities in solids, including static magnetic fields,14,15 spin
noise in solids,14,16 temperature,15,17,18 strain,19,20 and nuclear
spins.21 However, quantum sensing of paramagnetic ions in
liquids with hBN spin defects has not been reported, even
though paramagnetic ions play critical roles in chemical,
biological, and medical sciences. It is still not clear whether
water may degrade the properties of shallow hBN spin
defects.22

Paramagnetic ions and radicals contain at least one unpaired
electron and are involved in various physiological processes
including cell signaling23 and immune response to infection.24

Some paramagnetic ions can be potentially used as biomarkers
for monitoring disease states.25 For example, gadolinium ions

(Gd3+) are widely invoked as relaxation agents and play a
major role in magnetic resonance imaging (MRI).26−29 Iron
ions participate in many activities in the human body,
including oxygen transport, enzyme function, and mitochon-
drial energy provision.30,31 The detection of paramagnetic ions
under physiological conditions is highly desired due to their
multiple roles in biological and medical sciences.

Previous studies have shown that optically addressable spin
color centers in bulk 3D materials, such as nitrogen vacancy
(NV) center in diamond, can be used as promising sensors for
detecting paramagnetic spins.32−38 The measurements rely on
detecting magnetic noise from fluctuating spins of para-
magnetic ions. However, the noise signal Γ decays significantly
as the distance d between the sensor and target spins increases,
following Γ ∝ 1/d6 for a single target spin. Therefore, these
measurements require the sensor to be in close proximity to
the target samples. However, creating high-quality spin color
centers near the surface of 3D bulk materials remains
challenging due to the inevitable dangling bonds on the
surface of bulk 3D materials.
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Spin defects in hBN17,39 provide a promising solution to the
challenges of creating high-quality spin color centers near
surfaces.12,40 hBN can be stable at the limit of a monolayer and
have no dangling bond on the surface. Spin defects can be
readily created close to the hBN surface while sustaining high
stability and spin properties without any further surface
treatment. Moreover, hBN can be exfoliated into thin flakes
and produced in large quantities, which can significantly
reduce the cost of production. Here, we report the first
quantum sensing of Gd3+ paramagnetic ions in liquids using
negatively charged boron vacancy (VB

−) spin defects in hBN in
a microfluid structure (Figure 1a). Employing spin relaxom-
etry, we observe a reduction of T1 relaxation time in the
presence of paramagnetic ions. We also present a sensing
technique based on the contrast of photoluminescence (PL)
emission with and without microwaves. Our results offer new
opportunities for the development of highly sensitive and
portable sensors for paramagnetic ions with potential
applications in medicine, biology, and chemistry.

■ METHODS
The VB

− spin defect is a color center in hBN consisting of a
missing boron atom at its lattice site in a negatively charged
state7,41−45 (Figure 1b). The symmetry axis of VB

− defects is
always along the c-axis perpendicular to the hBN 2D lattice,
making VB

− well suited for ensemble measurements. The VB
− has

an S = 1 triplet ground state with a zero field splitting of Dgs ≈
3.47 GHz (Figure 1c). The spin-dependent PL emission,
together with spin polarization via laser excitation, enables
optically detected magnetic resonance (ODMR) experiments.

Our sensors are composed of ensembles of VB
− defects in hBN

nanosheets, created by low-energy helium ions. The average
depths (d) of VB

− defects are 6.4 nm for Sensor 1 (created using
a 600 eV He+ ion beam with a dose density of 1015 cm−2) and
4.5 nm for Sensor 2 (created using a 400 eV He+ ion beam
with a dose density of 5 × 1013 cm−2),46 enabling small sensor-
sample separations. The thickness of the hBN nanosheet is
typically in the range of 30−50 nm for achieving a strong
plasmonic enhancement of the PL intensity on a gold
microwave waveguide.12 The lateral size of the hBN nanosheet
is usually larger than 10 μm.

Figure 1a,d illustrates our experimental setup for sensing
paramagnetic ions with shallow spin defects in hBN. First, we
transfer an hBN nanosheet with VB

− defects onto a gold
microwave transmission line with a width of 35 μm. A
coverslip is then placed on top of the microwave waveguide,
spaced by double-sided tapes. Two pipes are connected to the
two sides of the coverslip for delivering and changing solutions,
and the entire device is sealed with epoxy to form a microfluid
cell. Figure 1e shows a picture of the prepared device. In the
experiment, we use a green laser (532 nm) to excite the VB

−

defects, and collect photon emission with a 750 nm long pass
filter. A confocal PL map shows the nearly homogeneous
distribution of VB

− defects over the hBN nanosheet. We first
characterize VB

− spin defects in the transferred hBN nanosheet
in air. We then slowly inject deionized (DI) water into the
microfluid cell. Continuous wave (CW) ODMR measurements
confirm that VB

− defects maintain high-contrast (about 20%)
ODMR signals in the liquid environment (Figure 1f). In the

Figure 1. In-solution quantum sensing with shallow spin defects in hBN. (a) Schematic of the experimental setup. An hBN nanosheet with VB
− spin

defects is transferred onto a gold stripline microwave (MW) waveguide on a sapphire substrate. A glass coverslip is placed on top of the waveguide
and spaced by double-sided tapes. Two tubes are connected to two sides of the coverslip for delivering and switching solutions. The device is sealed
with epoxy. An objective lens focuses a 532 nm green laser to excite VB

− defect spins and collects the emission from VB
− defect spins. A microwave is

delivered by the waveguide to drive spin defects. (b) Atomic structure of a VB
− defect. The c-axis is perpendicular to the hBN 2D lattice. (c)

Simplified energy levels of a VB
− defect, which include a triplet (S = 1) ground state, a triplet (S = 1) excited state, and a singlet metastable state. (d)

Schematic of the microfluid channel. Gd3+ ions in water are slowly pumped into the fluid cell through the tubes. (e) Picture of the microfluid
channel on a gold stripline microwave waveguide. The hBN nanosheet is at the center narrow regime of the gold stripline. The scale bar is 1 cm. (f)
ODMR spectra of hBN VB

− spin defects in water without a magnetic field (blue circles), in water with a 13 mT magnetic field (red squares) and in
air without a magnetic field (black triangles). The microwave power is 1 W, and the excitation laser power is 3 mW. The experiment is performed at
room temperature.
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following discussion, all experiments are performed in liquids,
and DI water is used to characterize VB

− defects as a reference.

■ RESULTS
We use spin relaxometry to detect surrounding paramagnetic
ions by measuring the spin relaxation time (T1) of shallow VB

−

spin defects (Figure 2a). In a low magnetic field, free diffusing
paramagnetic ions exhibit a zero average magnetic field but
nonzero root-mean-square (RMS) field due to spin fluctua-
tions. Such stochastic fields can speed up spin relaxation of
nearby spin qubits. In our experiment, we first perform
coherent control of the VB

− spins and extract the Rabi frequency
for generating a π pulse for T1 relaxometry measurements. A
1.5 μs green laser pulse is used for spin initialization and
readout, and a microwave pulse is used to drive the spin to
oscillate between the |ms = 0⟩ and |ms = −1⟩ states. As shown
in Figure 2b, by varying the microwave pulse duration, we see
an oscillation of the PL intensity with a period of around 46.3
ns ( f Rabi = 21.6 MHz). Then, the longitudinal relaxation time
T1 is characterized by using the pulse sequence as depicted in
Figure 2c. In DI water, the T1,DI of Sensor 1 (d = 6.4 nm) is
measured to be 11.24 ± 0.17 μs, which is close to T1 in air for
this hBN nanosheet. They are relatively short due to the high
doping density that we used to obtain high PL count rates.47 In
the presence of Gd3+ ions (prepared by dissolving Gd(NO3)3
in water), we observe reduced T1 relaxation times. The
measured spin relaxation times are T1 = 9.54 ± 0.32 μs for 1 M
Gd3+ ions and T1 = 10.17 ± 0.50 μs for 0.5 M Gd3+ ions
(Figure 2d). Using DI water as the reference, the Gd3+-induced
spin relaxation rates can be obtained as Γ1,Gd = 1/T1 − 1/T1,DI.
They are found to be Γ1,Gd = 15.8 ± 3.8 ms−1 for 1 M Gd3+

ions and Γ1,Gd = 9.4 ± 5.0 ms−1 for 0.5 M Gd3+ ions. To
improve the detection of spin noise from Gd3+ ions, we create
VB

− defects with an averaged depth of 4.5 nm (Sensor 2) that
give a smaller distance between the sensor and Gd3+ ions. In
this case, we observe a more significant reduction of T1
relaxation time of VB

− spins from 13.9 ± 0.75 μs in DI water
to 8.74 ± 0.51 μs in a 1 M Gd3+ solution (Figure 2e). The
measured average values are significantly larger than the
uncertainties of our measurements, showing that we have
detected paramagnetic ions in water with hBN spin defects.

The paramagnetic-ion-induced spin relaxation rates Γ1,Gd
depend on the corresponding RMS magnetic field and its
spectral density S ( ) 2/ / ( )Gd Gd L

2
Gd
2= · [ + ],

where ωL is the Larmor frequency of Gd3+ and ωGd is the
composite relaxation rate of Gd3+ spins, which is on the order
of tens of gigahertz. In a low magnetic field, ωL is negligible
compares to ωGd, and hence SGd is dominated by statistical
polarization and substantial broadening effects of fluctua-
tions.32 When the thickness of the Gd3+ solution is far larger
than the average depth d of VB

− spins, we can assume that Gd3+

ions exist everywhere in the half-infinite space above hBN.
Then, the Gd3+ induced decay rate Γ1,Gd of VB

− spins is32

N C21 10
8d

( )

4 D s
1,Gd

3
A Gd

3
0 e Gd

2
Gd

Gd
2 2

g
2

·
+ (1)

where CGd is the Gd3+ concentration in mol·l−1, NA is the
Avogadro number, μ0 is the vacuum permeability, d is the
average mean depth of the VB

− defects, and γGd ≈ γe ≈ 28.0
GHz/T is the gyromagnetic ratio of electrons. ωGd ≈ 50 × 109

s−1 + CGd · (77 × 109 s−1 M−1).32 Invoking this relaxation

Figure 2. Effects of liquid paramagnetic ions on T1 of shallow hBN spin defects. (a) Illustration of paramagnetic ions in a liquid that induce spin
relaxation in nearby spin qubits. The average depths d of VB

− defects from the top hBN surface are 6.4 nm for Sensor 1 and 4.5 nm for Sensor 2.
Inset: An optical image of an hBN nanosheet on the gold waveguide. The scale bar is 35 μm. (b) Rabi oscillation of VB

− spin defects measured in
water at 13 mT. The Rabi frequency is fitted as f Rabi = 21.6 MHz. (c) Schematic of the pulse sequence for T1 relaxometry measurements. An initial
pumping laser polarizes the VB

− defect spins to |ms = 0⟩. After a waiting time of τ, a microwave π pulse followed by another laser pulse is applied to
read out the final spin state. (d) Experimental results of T1 relaxometry in DI water and Gd3+ solutions for sensor 1 (d = 6.4 nm). Two different
concentrations of Gd3+ are used here. The relaxation times are fitted as 11.24 ± 0.17, 10.17 ± 0.50, and 9.54 ± 0.32 μs for DI water (blue
triangles), 0.5 M Gd3+ solution (green squares), and 1 M Gd3+ solution (red circles), respectively. (e) Experimental results of T1 relaxometry in DI
water and Gd3+ solutions for sensor 2 (d = 4.5 nm). The relaxation times are fitted as 13.9 ± 0.75, 9.75 ± 0.59, and 8.74 ± 0.51 μs for DI water
(blue triangles), 0.5 M Gd3+ solution (green squares), and 1 M Gd3+ solution (red circles), respectively. (f) Experimental and theoretical results of
Gd3+-induced spin relaxation rates as functions of Gd3+ concentration for two different average depths.
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model, the theoretical prediction shows good agreement with
the experimental results for both sensors with different depths
as shown in Figure 2f. This agreement further confirms that we
have observed paramagnetic spin noise in liquids with hBN
spin defects.

For the spin relaxometry measurements, the signal-to-noise
ratio (SNR) of measuring the Gd3+ induced spin relaxation
rate Γ1,Gd can be estimated by48

T t
e

SNR
2

1,Gd

1

int

(2)

where Γ1 is the intrinsic relaxation rate of the spin defects, is
the contrast, is the photon count rate under CW optical
illumination, Tint is the width of the integration time window
for each pulsed measurement, and Δt is the total acquisition
time. With a typical photon count rate of 2 × 105 counts/s, a
contrast of 0.1, an integration time of Tint = 200 ns, and an
intrinsic relaxation rate of 1/(14 μs), the smallest Gd3+-
induced relaxation rate Γ1,Gd that can be detected with an SNR
of 1 is around 31 (ms) / Hz1 . Based on Figure 2f, this
corresponds to a Gd3+ concentration sensitivity of about 0.5
M/ Hz for Sensor 2 (d = 4.5 nm). Due to the small sensing
volume (∼10−21 m3), the corresponding detection sensitivity
of the amount of Gd3+ ions is about 10−18 mol/ Hz .

After demonstrating the capability of spin relaxometry, we
develop another detection method based on the reduction of
the ODMR contrast of hBN spin defects due to paramagnetic
ions. In the pulsed spin relaxometry measurements, we observe
a decrease in the contrast of VB

− spin relaxation signal in the
presence of Gd3+ ions (Figure 2d). Similar phenomena can also
be observed in CW ODMR experiments. In DI water, VB

−

defects (Sensor 1, d = 6.4 nm) exhibit ∼7% ODMR contrast
under a 50 mW microwave driving (Figure 3a). Once the 0.5
M Gd3+ water solution replaces the DI water, we observe a
dramatic reduction of ODMR contrast to less than 5% (Figure
3b). The ODMR contrast will resume after pumping the DI
water back into the microfluid cell (Figure 3c) and will
decrease again in the presence of Gd3+ solution (Figure 3d).
Thus, the reduction of ODMR contrast due to paramagnetic
ions is reversible and repeatable (Figure 3e). This method

allows us to detect paramagnetic ions by monitoring the
change in CW ODMR contrasts.

To quantify the dependence of the ODMR contrast on
paramagnetic ion concentration, we perform the CW ODMR
experiments in Gd3+ solutions with different concentrations
from 0 to 1 M. As the concentration of Gd3+ increases, we
observe a continuous reduction in the ODMR contrast (Figure
4). To quantify this concentration dependency, we select data
points within the frequency range of 3.40−3.45 GHz and
calculate the average ODMR contrasts (Figure 4b,d). The
effect of Gd3+ ions at a concentration as low as 10 mM is
observable. This method requires only a few ODMR data
points to calculate the average integrated ODMR contrast and

Figure 3. Reproducibility of the reduction of the ODMR contrast of shallow hBN spin defects due to liquid paramagnetic ions. Top panels:
Illustration of CW ODMR experiments in DI water (a), 0.5 M Gd3+ solution (b), DI water (c), and 0.5 M Gd3+ solution (d). Steps 1−4 are
performed in sequence. Bottom panels: CW ODMR results of Steps 1−4. Step 2 and Step 4 show the same amount of reduction in ODMR
contrasts due to 0.5 M Gd3+ solutions. (e) Summary of the ODMR spectra in (a)−(d) for comparison. No external magnetic field is applied. The
average depth of spin defects is 6.4 nm (Sensor 1).

Figure 4. Effects of Gd3+ concentration on the VB
− ODMR contrast.

(a) ODMR spectra for several different Gd3+-ion concentrations taken
with Sensor 1 (d = 6.4 nm). All measurements are performed under a
50 mW microwave drive. (b) Averaged ODMR contrast in the 3.40
GHz to 3.45 GHz frequency range (gray box in (a)) as a function of
Gd3+-ion concentration. (c) ODMR spectra of Sensor 2 (d = 4.5 nm)
in DI water (red squares), 1 M Na+ solution (violet circles), and 1 M
Gd3+ solution (blue diamonds). (d) Averaged ODMR contrast in the
3.40−3.45 GHz frequency range (gray box in (c)) as a function of
Gd3+- or Na+-ion concentration. Gd3+ ions have a much larger effect
on the ODMR contrast than Na+ ions.
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does not rely on pulsed laser excitation, precise microwave
manipulation, fast photodetectors, or multichannel pulse
generators. This simplicity allows for rapid detection of
paramagnetic ions in liquids, making it ideal for real-world
applications.

The reduction of the ODMR contrast can be explained by
the Gd3+ induced depopulation of the ms = 0 ground state
during the laser initialization, which has also been observed
with diamond NV centers.37,38 While a green laser tries to
initialize spin defects to the ms = 0 state, high-frequency
magnetic noise will drive spin transitions from the ms = 0 state
to the ms = ± 1 states. In a solution of paramagnetic ions, a
higher spin concentration gives rise to more magnetic noise
due to spin fluctuations. A stronger spin relaxation effect due
to spin noise will result in a lower spin polarization level for a
given laser power, which gives rise to the concentration-
dependent ODMR contrast reduction in shallow hBN spin
defects. Additionally, Gd3+ ions can affect solution conductivity
and cause slight microwave absorption, which can also impact
the ODMR contrast of hBN spin defects. To identify the
source of the ODMR contrast reduction, we compare the
effects of Gd3+ ions and Na+ ions on Sensor 2 (d = 4.5 nm).
Na+ ions are prepared by dissolving NaCl in water. Both the
Na+ and Cl− ions are nonparamagnetic ions that will not
generate spin noise at the location of VB

− spin defects, and thus
the reduction of the ODMR contrast in a NaCl solution comes
from the microwave absorption by the solution. The observed
reduction of ODMR contrast due to a NaCl solution is much
smaller than that due to Gd3+ ions (Figure 4c,d). This indicates
that the spin noise of Gd3+ ions is the major source of Gd3+-
induced ODMR contrast reduction. In the future, to mitigate
the effect of microwave absorption, we can reduce the width of
the microfluid channel to expose only a small portion of the
microwave waveguide to the ionic solution. Furthermore, we
can employ two hBN nanosheets with spin defects at two
different depths: shallow spin defects can detect the spin noise
of paramagnetic ions, while deep spin defects can monitor any
potential ODMR contrast reduction due to microwave
absorption by the ionic solution. Overall, the concentration-
sensitive ODMR contrast allows for efficient detection of
paramagnetic ions in liquids using CW ODMR, which is much
simpler to implement than pulsed sensing protocols.

■ CONCLUSIONS
In conclusion, we have demonstrated the first detection of spin
noise from paramagnetic ions in liquids using a vdW sensor
based on hBN spin defects. Our spin relaxometry measure-
ments reveal the characteristic behavior of the Gd3+-induced
spin relaxation, which increases with increasing Gd3+

concentration. By using the CW ODMR technique, we are
also able to detect the Gd3+ ions via the contrast reduction of
the spin-dependent PL. Our work represents an initial
demonstration of the potential of hBN spin defects for
paramagnetic ion sensing in liquids. There are many ways for
further improvement. For instance, the sensitivity can be
further improved by optimizing the hBN sensor, including
reducing the depth of spin defects and improving the collection
efficiency of the spin-dependent fluorescence. Future studies
can also explore the sensing performance of hBN spin defects
in more complex chemical and biological environments.
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