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Detecting individual spins–including stable and metastable states–represents a fundamental chal-
lenge in quantum sensing with broad applications across condensed matter physics, quantum chem-
istry, and single-molecule magnetic resonance imaging. While nitrogen-vacancy (NV) centers in
diamond have emerged as powerful nanoscale sensors, their performance for single-spin detection
remains constrained by substantial environmental noise and restricted sensing volume. Here, we pro-
pose and demonstrate an entanglement-enhanced sensing protocol that overcomes these limitations
through the strategic use of entangled NV pairs. Our approach achieves a 3.4-fold enhancement
in sensitivity and a 1.6-fold reduction in spatial resolution relative to single NV centers under am-
bient conditions. The protocol employs carefully engineered entangled states that amplify target
spin signals through quantum interference while suppressing environmental noise. Crucially, we
extend these capabilities to resolve metastable single-spin dynamics, directly observing stochastic
transitions between different spin states by identifying state-dependent coupling strengths. This
dual functionality enables simultaneous detection of static and dynamic spin species for studying
complex quantum systems. The achieved performance establishes entanglement-enhanced sensing
as a viable pathway toward atomic-scale characterization of quantum materials and interface.

Quantum sensing, enabled by individual nanoscale
quantum sensors, is becoming a transformative technol-
ogy, offering unparalleled precision in characterizing mi-
croscopic structures [1–9] and unraveling fundamental
microscopic mechanisms [10–14]. A pivotal strategy for
advancing this technology lies in leveraging quantum en-
tanglement to surpass the limitations of individual quan-
tum sensors. While entangled quantum sensing has been
extensively explored to approach the fundamental preci-
sion limits dictated by quantum physics [15–18], the prac-
tical integration of quantum entanglement into nanoscale
quantum sensing systems with superiority remains a sig-
nificant and ongoing challenge. This challenge primar-
ily stems from the inherent fragility of quantum entan-
glement, particularly for quantum sensors operating in
close proximity to the interfaces or material surfaces,
which results in severe decoherence[19–22]. The result-
ing ultra-short entanglement coherence time can lead to
even worse performance than single-nanoscale quantum
sensors, especially when accounting for the overhead as-
sociated with entangled state preparation and detection
[23].

Here we present a general approach to suppressing en-
vironmental noises while maintaining sensitivity to the
target single spin. The key idea is to develop strongly
coupled quantum sensors positioned in close proximity to
each other, enabling superior entangled nanoscale quan-
tum sensing (Fig.1A and B). By preparing entangled
states in subspaces with an average zero quantum num-

ber (such as 1√
2
(|↑↓⟩+ |↓↑⟩), ↑ (↓) denotes ms = + 1

2 (−
1
2 )

for spin-1/2 system), the sensors exhibit reduced cou-
pling strength across most of the surface (blue region
in Fig.1B), making them effectively immune to common
surface noise. Importantly, the sensing system also re-
tains the sensitivity to single-spin targets located in con-
fined surface regions (red region in Fig.1B), achieving
enhanced spatial resolution.

A critical requirement for this entangled sensing
scheme, preserving all the advantages of entanglement,
is precise control over the locations of the quantum sen-
sors to ensure their separation (s) is small relative to
their depth (d) from the interface bath. Fig.1C and
D illustrate the performance in spatial resolution and
spin coherence time at different separations. At large
separation, each quantum sensor interacts with an in-
dependent spin bath, leading to a degraded spatial res-
olution and enhanced docoherence rate for the entan-
gled state. In contrast, at relatively smaller separations,
a 1.6-fold improvement in spatial resolution is achieved
(Fig.1C). Combined with the enhanced spin coherence
time, entangled nanoscale sensing demonstrates superior
performance in detecting individual spin targets’ coher-
ent monotonic oscillation signature within a dense spin
bath (Fig.1B Right). This scheme can be readily im-
plemented in various nanoscale sensors, such as spin de-
fects in silicon-carbide [24, 25] and single molecule spin
probes[26], offering superior performance across a wide
range of applications.
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FIG. 1. Schematic of entangled nanoscale sensing with spin sensors. A. Nanoscale single-spin sensing within a substantial
noise from the interface spin bath (Left). The red regions highlight optimal locations for single-spin target detection, where
the coupling strength Azz is dominant, thereby determining the spatial resolution (Methods). Spectral crowding, caused by
coupling to multiple spin targets and the limited coherence time of the spin sensor, prevents reliable discrimination of single-spin
signals (Right). B. Entangled nanoscale sensing with two strongly coupled spin sensors seperated by a horizontal distance of s
(Left). As the spatial resolution (red regions) improves, and the coupling strength selectively amplifies, a single-spin oscillation
signature is successfully observed in the coherence evolution of the entangled sensors (Right). C. Spatial resolution dynamics
for sensor configurations in different depths and separations. The size of the blue circles (single spin sensor) and red circles
(entangled sensors) indicates the corresponding spatial resolution. The red (blue) region marks entangled nanoscale sensing
with increased (reduced) spatial resolution relative to the single spin sensor. D. Entangled states 1√

2
(|↑↓⟩+ |↓↑⟩) show distinct

free-induction time for close and large sensor seperations. The results are calculated using d = 9 nm, s = 4 nm (red line),
s = 16 nm (green line), and interface spin density of 0.01 nm−2 by averaging over 1000 randomly generated surface spin
distributions.

We demonstrate the scheme using nitrogen-vacancy
(NV) centers in diamond, a leading nanoscale quantum
sensor widely applied in biology, condensed matter, and
material science [27–36]. An NV pair oriented along dif-
ferent crystallographic axes is fabricated within the opti-
mal performance locations of nanopillars that can func-
tion as a scanning magnetometry tip [37] (Fig.2A). The
fabrication process utilizes an isotopically pure diamond
consisting of 99.999% 12C [38] and employs nanometer
precision self-aligned techniques for nitrogen ion implan-
tation [39]. This yields strongly coupled NV centers with
an average depth of 20(7) nm for nanoscale sensing. This
shallow depth results in a spin coherence time T2 of 14.5
and 10.2 µs for NV1 and NV2, respectively, which are
dominated by the diamond surface noise [38]. Under a

static magnetic field, B0 = 89 G aligned along the NV1
axis, double electron-electron resonance (DEER) mea-
surements reveal a strong coupling strength of 414(3)
kHz, corresponding to a 5.2(3) nm separation between
two NV centers (Fig.2A, Extended Data.

This short separation significantly reduces the over-
head associated with entangled state preparation and
detection. With a primary time cost of τ1 =
1/(8ANV1,NV2) ∼ 0.2 µs for the interaction, we
prepared two types of entangled states, |ψ1⟩ =
(|⇑⇑⟩+ i |⇓⇓⟩) /

√
2, |ψ2⟩ = (|⇑⇓⟩+ i |⇓⇑⟩) /

√
2, using the

sequence shown in Fig.2B, where ⇑ (⇓) denotes ms =
+1(−1) for spin-1 system. These two states exhibit
complementary sensitivities to the surface electronic spin
bath (Fig.2D). As a result, we observe an enhanced co-
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FIG. 2. Entangled-states-based spectroscopy of individual dark spins. A. Schematic diagram of nanopillar structures with
NV pairs in its central region. B. DEER spectroscopy of dark spin (DS) targets utilizing NV1-NV2 entangled states. The
selective coupling of DS targets to NV1-NV2 entangled states is achieved by a functional π pulse (DS) with the corresponding
resonant frequency f . Ent denotes the standard pulse sequence for preparing entangled states. φ = 0 for |ψ1⟩, and φ = π/2 for
|ψ2⟩. C. Ent sequence with varying evolution time τ determines both the coupling strength ANV1,NV2 = 414(3)kHz between
NV1 and NV2 and the optimal evolution time τ1 = 1/8ANV1,NV2 for preparing entangled states. D. Spin coherence decay
for both separated states (NV1 and NV2) and entangled states (|ψ1⟩ and |ψ2⟩) measured using Hahn echo sequences. The
calculated coupling strength of |ψ1⟩ and |ψ2⟩ to the surface spin bath shows distinct spatial patterns, with enhanced (red)
and suppressed (blue) regions relative to single-spin coupling, directly explaining the state-dependent coherence times. E. DS
frequency scanning using |ψ2⟩ revealed the distinct spectral peaks of dark spins under B0 = 89 Gauss.

herence time of 21.9 µs for state |ψ2⟩ and a reduced co-
herence time of 4.8 µs for state |ψ1⟩. These results starkly
contrast with previous entangled NV pairs, which exhibit
identical coherence times due to a large separation of 25
nm [40].

We employ ψ2 based DEER spectroscopy to achieve en-
tangled nanoscale sensing of dark spins (Fig.2B). When
the frequency of the target spin’s π-flip pulse matches its
resonance frequency, the interaction between target spins
and ψ2 remains coupled, inducing a detectable phase shift
in ψ2 during disentanglement. Frequency scanning re-
veals three distinct resonance peaks at 0.0854, 0.2495,
and 0.6940 GHz (Fig.2E), corresponding to individual
dark electron spins. To verify single-spin origin, we mea-
sure each dark spin-induced phase dynamics as a func-
tion of the evolution time t. The persistence of coher-
ent monotonic oscillations at all the resonance frequen-
cies (Fig.3A) unambiguously confirms single-spin signa-
tures, as ensemble spins would average the oscillation and
yield decoherence-like signals. The oscillation frequency
(Fig.3B) is governed by the differential dipole-dipole cou-
pling between the dark spin and the two NV centers.

Nanoscale spin sensing enables simultaneous identifi-
cation and spatial mapping of dark spins through their
unique magnetic fingerprints. By analyzing their mag-
netic field-dependent energy splitting (Fig.3C, Extended
Data), we identify distinct spin configurations: DS1
exhibits characteristic spin-1/2 behavior with isotropic
Zeeman splitting with susceptibility of 2.8 MHz/Gauss
across different orientations, while DS2 displays spin
triplet characteristics featuring zero-field splitting with
axial term D = 0.2966 GHz and non-axial term E =
0.3003 GHz (SI), manifested as two separate peaks at
zero magnetic field and nonlinear energy-field depen-
dence at finite magnetic fields.

Leveraging the anisotropic nature of dipole-dipole in-
teractions, we establish a protocol for nanoscale spatial
mapping of dark spins. This approach capitalizes on the
interaction’s dual dependence on (1) inter-spin distance
(r−3 scaling) and (2) orientation relative to the applied
vector magnetic field B0. By systematically varying B0

and measuring resultant coupling strengths, we recon-
struct the three-dimensional spin distribution with ∼ 0.3
nm positional uncertainty (Extended Data). The recon-
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FIG. 3. Stable dark spin imaging with enhanced detection sensitivity via quantum entanglement. A. Coherent phase evolution
in |ψ2⟩ by coupling to individual dark spins. The oscillation frequency depends on the specific coupling strength. A shorter
coherence time (Top) than detecting DS2 (Bottom) is due to the simultaneous inversion of the spin-1/2 bath on the diamond
surface in detecting DS1. B. The corresponding Fast Fourier Transform (FFT) for signals in A. The dotted line represents the
calculated coupling difference between two NV centers and target spins according to the spatial mapping results in D. The |ψ2⟩
enhances the coupling strength of DS2 while diminishing that of DS1. C. Identification of spin number and Hamiltonian via
the |ψ2⟩-based spectroscopy of dark spins under different external magnetic fields. The solid lines are the calculated resonance
frequencies for spin-1/2 (red) and spin-1 (blue and light blue) (see SI). D. Dark spins imaging utilizing the dipole-dipole
interaction dependence on external magnetic fields (Extended Data) as in B and the spin property in C. The upper right
subplot displays the determined principal axis orientations of NV1, NV2, and DS2. E. Sensitivity analysis for detecting DS1
and DS2 via |ψ2⟩. The left and right plots depict the reciprocal sensitivity (1/η) for dark spins DS2+ and DS1 (See methods).
|ψ2⟩ achieves an optimal sensitivity, surpassing the NV1 single-spin performance by 5.28 dB for detecting DS2+, while showing
a sensitivity degradation of -0.98 dB for detecting DS1. The squares (solid lines) represent experimental results (predictions).
F. Sensitivity gain of the entangled state sensor compared to NV1 with the same sensing duration tDEER.

structed map (Fig.3D) reveals a clustered spin arrange-
ment with a characteristic spacing of ∼ 3.0 nm, and these
two dark spins are located inside the diamond crystal.

The entangled sensor state ψ2 exhibits strongly con-
trasting responses to DS1 and DS2 (Fig.3E), arising from
their distinct spatial configurations relative to the NV
pair. This spatial selectivity enables simultaneous en-
hancement of the DS2 coupling strength and suppression
of DS1 signals. We quantify the sensitivity by modeling
the dipole-dipole interaction as an effective magnetic field
(Methods). Quantitative analysis shows that ψ2 provides
an optimal 5.28 dB sensitivity enhancement over single-
NV detection for DS2 while simultaneously suppressing
unwanted DS1 signals by -0.98 dB. These results estab-
lish entanglement engineering as a powerful strategy for
nanoscale spin discrimination, particularly in dense spin
environments where traditional detection methods may
fail.

Building on established techniques that employ iso-
lated dark spins as auxiliary sensors with extended sens-
ing range [41, 42], we integrate this approach with our
entangled nanoscale sensing protocol to achieve single-
spin detection. Entangled NV1-DS1 sensor pairs are ex-
plored to detect the interficial spins for their proximal
location near the diamond-air interface. The experiment
sequence begins with a SWAP-gate-mediated polariza-
tion transfer to DS1, followed by preparation of an en-
tangled state |ϕ⟩SQ = (|⇓, ↑⟩ − i |0, ↓⟩)/

√
2 between NV1

(ms = 0,−1) and DS1, and finally proceeds to implemen-
tation of interface-sensitive DEER measurements target-
ing dominant spin-1/2 species (Fig.4A). The measure-
ments reveal a metastable dark spin exhibiting stochas-
tic switching between spin-1/2 and spin-0 configurations.
When in the spin-1/2 state, we observe clear coherent os-
cillations, while these oscillations completely vanish dur-
ing spin-0 intervals. The measured coupling strength of
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and induces a clear oscillation signature (square). State-2 (Spin off): The spin disappears during the measurement, resulting in
a pure-decay (circular) with the same decoherence rate as in State-1. State-3 (Spin switching): The spin switches between two
spin-states during measurement, causing an additional decoherence (rhombus). Each experimental point spends a measurement
time of 180 seconds. Solid lines represent the fitting curve. The DS1 and interficial dark spin share the same π pulse in the
inset sequence. B. Real-time T2 tracks (Left) and their statistics (Right) for three different spin states: 1√

2
|(|↓⟩+ |↑⟩)⟩DS1,

|ϕ⟩SQ, and |ϕ⟩DQ.

27(7) kHz (corresponding to an estimated 11 nm above
the pair) and switching dynamics suggest that this spin
is located within the interfacial charge trapping layer
[43], where local electrical environments likely drive its
metastable behavior.

Metastable spins play a dual role in quantum sensing
applications, functioning as sensitive nanoscale probes
and potential noise sources. These dynamic spin systems
facilitate the investigation of rapid chemical processes
[44, 45] and interfacial charge trapping dynamics [46],
where our entanglement protocol can enhance the cou-
pling strength, thereby reducing the detection time for
fast sampling. However, they simultaneously introduce
significant decoherence channels (Fig.4B) that degrade
the sensitivity of detecting stable target spins. To address
this, we engineer the entangled states |ϕ⟩DQ = (|⇓, ↑⟩ −
i |⇑, ↓⟩)/

√
2, which demonstrates remarkable noise re-

silience by extending coherence times from 6 µs (DS1
alone) to 15 µs. This 2.5 times improvement stems from
enhanced coupling cancellation, as the NV1-metastable
spin coupling doubles in |ϕ⟩DQ, approaching the cou-

pling strength between DS1 and the target at relatively
short distances (Fig.4A inset). This dual functionality of-
fers new avenues for studying complex quantum systems
where static and dynamic spin species coexist.

DISCUSSION AND OUTLOOK

The emergence of diverse atomic and molecular sys-
tems as nanoscale quantum sensors has provided the
toolset for revolutionizing structural analysis and mi-
croscopic investigation with unprecedented precision and
spatial resolution. The present work has demonstrated
a universal and scalable approach to enhance nanoscale
sensing by harnessing quantum entanglement in realistic
noise environments. A central achievement of our work
lies in developing a robust framework that maintains the
full benefits of quantum entanglement while effectively
addressing its fundamental challenges. Through the ded-
icated engineering of quantum sensor arrays to form
large-scale entangled systems, coupled with high-fidelity
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quantum control and readout protocols, our methodol-
ogy pushes the boundaries of nanoscale quantum sensing
toward its fundamental physical limits.

Another immediate application of this technology in-
volves developing entangled quantum sensors into func-
tional scanning probe systems capable of deterministic
specimen positioning at optimized locations. This ad-
vancement would dramatically enhance both measure-
ment precision and operational reliability for various
nanoscale quantum sensing applications.

METHODS

Diamond sample fabrication

The diamond substrate used in the experiment is a 50
mum-thick (100)-oriented diamond with an isotopically
enriched (99.999% 12C) epitaxially grown layer. The NV
pairs in diamond pillars are fabricated via a self-aligned
patterning technique, where 15-nm-radius mask holes in
a PMMA layer confine the NVs in close proximity and in
the centra region of diamond pillars. These NV centers
are generated by implanting 15 keV 15N+ ions, with the
ion dose controlled to ensure approximately 10 ions are
implanted per mask hole.

Spatial resolution

The spatial resolution of our NV center-based quantum
sensor is fundamentally determined by its effective sens-
ing area for surface dark electron spins, following the es-
tablished effective sensing volume methodology [30]. For
a dense layer of surface spins interacting via dipolar cou-
pling Aeff,i, we first index all spins in descending order
of their coupling strengths Aeff,1 ≥ Aeff,2 ≥ .... The
cumulative signal contribution is quantified as S(N) =√∑N

i=1A
2
eff,i, from which we define the effective sens-

ing area as the spatial extent containing the minimum
number of spins (Neff) that contribute 70% of the total
detectable signal S(N = Neff)/S(N = inf) = 70%. A
single spin within this region can be effectively distin-
guished from other spins.

Spin-detection Sensitivity

We quantify the sensitivity of target spins detection
through dipole-dipole interaction, treating these interac-
tions as an effective magnetic field. For a DEER detec-
tion sequence with the sensing time (t = tDEER), the
sensitivity can be expressed as [22]

η =
1

πAeff
√
τe−(tDEER/T2)

p

√
1 +

1

C2navg

√
1 +

text
tDEER

, where T2 is the coherence time and p is the stretched
exponential parameter characterizing local spin environ-
ments. navg denotes the average photon count per read-
out (experimentally determined as navg = 0.12 for |ψ2⟩
and navg = 0.06 for a single NV center), and C is the
measurement contrast. Furthermore, the optical initial-
ization time, readout time, and other external times are
represented by text = tI + tR + tother. Complete experi-
mental parameters and detailed derivations are provided
in the Supplementary Information.

Spin localization

The spatial positioning of target spins is achieved
through precise characterization of their magnetic dipole
interactions. For spin-1/2 systems (e.g., DS1), the dipole
moment aligns directly with the external magnetic field
Bext. However, for spin-1 systems (NV1, NV2, DS2),
the dipole orientation is determined by the interplay be-
tween their intrinsic anisotropy axes and Bext. Given
their distinct principal axis orientations, we first define
the dipole moment in each spin’s principal coordinate
system ([Dx

i ,D
y
i ,D

z
i , ]),

Φi
j = ⟨ϕij |Sx|ϕij⟩Dx

i + ⟨ϕij |Sy|ϕij⟩D
y
i + ⟨ϕij |Sz|ϕij⟩Dz

i

, where ϕji represents the j-th eigenstate of the spin’s
Hamiltonian under Bext. For coupled spin-1 pairs, the
interaction strength between states Φi

j1
andΦi

j2
follows

the dipolar coupling formula

νj1,j2 ∝ a

r3

[
Φi

j1Φ
i
j2 − 3

(Φi
j1
· r)(Φi

j2
· r))

r2

]
.

The experimentally measurable coupling strength for
transitions Φi

j1
→ Φi

j′1
(sensor) and Φi

j2
→ Φi

j′2
(target) is

Aj1→j′1,j2→j′2
= (νj1,j2 − νj1,j′2)− (νj′1,j2 − νj′1,j′2).

The localization method then involves: (1) measuring
coupling strengths under varying Bext; (2) numerically
searching for the position vector r that best reproduces
all observed couplings; (3) determining the intersection
of solutions from multiple field orientations.
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