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SPECIAL TOPIC — Quantum computing and quantum sensing
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Quantum enhanced metrology has the potential to go beyond the standard quantum limit and eventually to the ultimate
Heisenberg bound. In particular, quantum probes prepared in nonclassical coherent states have recently been recognized
as a useful resource for metrology. Hence, there has been considerable interest in constructing magnetic quantum sensors
that combine high resolution and high sensitivity. Here, we explore a nanoscale magnetometer with quantum-enhanced
sensitivity, based on 123Sb (I = 7/2) nuclear spin doped in silicon, that takes advantage of techniques of spin-squeezing
and coherent control. With the optimal squeezed initial state, the magnetic field sensitivity may be expected to approach
6 aT·Hz−1/2·cm−3/2 and 603 nT·Hz−1/2 at the single-spin level. This magnetic sensor may provide a novel sensitive and
high-resolution route to microscopic mapping of magnetic fields as well as other applications.

Keywords: quantum magnetometer, silicon quantum qubit, nuclear electrical resonance
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1. Introduction

Quantum sensors capable of detecting very weak mag-
netic fields have attracted tremendous interest in recent
years.[1] They hold great promise, especially in the areas
of testing fundamental physics,[2,3] probing condensed mat-
ter systems,[4] magnetoencephalography[5] and magnetic res-
onance imaging,[6] to name a few. A significant challenge in
this field is to construct magnetometers with both high sensi-
tivity and high spatial resolution, which are critical for a va-
riety of applications such as local mapping of fields in nan-
odevices, probing magnetic single molecules,[7] and close-up
biological imaging. For instance, superconducting quantum
interference devices[8] and atomic magnetometers[9,10] are at
the forefront of magnetic sensitivities, but their detection vol-
umes are limited by the bulky size of the order of cm3. On the
other hand, certain platforms including those with atoms,[11]

ions,[12] or quantum defects in solids[13] may achieve spatial
resolution on scales from micrometers to nanometers, but this
advantage is offset by a relatively low sensitivity. One promi-
nent example is the nitrogen-vacancy (NV) center in diamond,
which features excellent quantum coherence properties and
atomic-scale size,[14–19] yet still needs substantial improve-
ment to reach the theoretical sensitivity limit.[19] Therefore,

enhancing the sensitivity of nanoscale magnetometers contin-
ues to be a topic of active research.

The paradigm for nanoscale sensing is a single quantum
system, such as a single atom[20,21] or the electron spin of a
single NV center,[14,15] being coupled to an environment un-
der investigation. Two energy levels of the system are chosen
to probe the environmental magnetic field, following the Ram-
sey measurement protocol. The achievable precision is known
to be bounded by the standard quantum limit (SQL). To ob-
tain better accuracy without sacrificing much spatial resolu-
tion, it is natural to go beyond two-level magnetometry. That
is, we can involve more energy levels in the sensing process
so that quantum properties will play a non-trivial role. First,
this allows the creation of higher-order quantum coherences,
which increase the accumulated phase during the interroga-
tion time. For instance, it has been demonstrated for NV cen-
ters in diamond that double-quantum magnetometry using all
three magnetic sublevels of electrons can be twice as sensi-
tive as single-quantum magnetometry.[22] Then, nonclassical
states can be harnessed to extend sensing capabilities. Over
the years, magnetometry utilizing quantum effects like squeez-
ing or entanglement has been extensively studied on various
platforms.[10,23] Overall, quantum-enhanced sensing can gen-
erally achieve increase of precision by a factor intermediate
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between the SQL and the Heisenberg limit.
Recent successes in coherent electrical control and sin-

gle shot readout of single high-spin nuclei in quantum dots
have opened new possibilities for physical realizations of mul-
tilevel magnetometry.[24,25] In this work, we study this candi-
date magnetometer system with a focus on sensitivity. Sev-
eral previous works have demonstrated how quadrupole inter-
actions can be used to generate quantum squeezing for ensem-
bles of nuclear spins.[26,27] In the following, we analogously
exploit the physical properties of quadrupolar nuclei to gen-
erate nonclassical states such that the uncertainty is reduced
along the detection direction to achieve quantum enhanced
sensitivity. The crucial difference here is that we are using
a single nucleus and thus have the advantage of high spatial
resolution.

2. Scheme
The magnetometer is provided by an ionized atom (123Sb)

implanted in a metal–oxide–semiconductor nanostructure with
isotopically enriched 28Si fabricated on it; see Fig. 1(a). The
123Sb donor is confined in a nanoscale region (about 10 nm
in size) and hence can be brought in direct proximity to a
magnetic-field source, such as an electron or nuclear spin.
123Sb has a nuclear spin quantum number I = 7/2 so that the
dimension of the Hilbert space 2I+1 = 8. Under a large quan-
tization magnetic field 𝐵0 = B0ẑ, the nuclear spin eigenstates
can be seen as separable from those of the electron spin. Then,
via an electron spin assisted pumping technique developed in
Ref. [24], the 123Sb nucleus can be spin-polarized in any state
|m⟩ (m = −7/2, . . . ,7/2). The structure contains some elec-
trostatic gates to control the electrochemical potential of the
donor. For measurement, a single-electron transistor (SET)
based on energy-selective electron tunneling into a cold charge
reservoir is employed for single-shot electron spin readout.

The canonical approach for detecting magnetic field em-
ploys the Ramsey-type sequence as shown in Fig. 1(b). The
system starts from the state |ψi⟩= |+7/2⟩, and then is rotated
by an angle π/2 about the y-axis in the equatorial plane, giv-
ing a state pointing in the x-axis direction. The state then un-
dergoes an evolution of duration t governed by the Hamilto-
nian Ĥ = ω Îz induced by the magnetic field B to be detected,
here ω = γB, with γ being the gyromagnetic ratio of the nu-
cleus. During this evolution, a phase φ = ωt parameter is en-
coded into the system dynamics. Finally, in the measurement
stage, the information of the encoded phase φ is extracted
from measuring the spin component Ix of the final state. It
is a well-known result that this basic Ramsey measurement
scheme for estimating φ leads to a minimum phase uncer-
tainty ∆φSQL = 1/

√
2I, corresponding to the standard quantum

limit.[28]

Now let us look at the general metrology scheme,[29] as
shown in Fig. 1(c). Before magnetic field sensing, we apply
a unitary transform to get a general probe state |ψp⟩. There
is a certain direction 𝑛̂ to which the evolution of |ψp⟩ is most
magnetic-sensitive. We can simply add a frame transformation
that turns 𝑛̂ into the magnetic field direction that we intend to
measure. Suppose at the measurement time t we arrive at the
state |ψt⟩ = e−iφ Îz |ψp⟩, and we make measurements on the
observable 𝒪̂. The expectation value will be

⟨𝒪̂⟩= ⟨ψp|e−iφ Îz𝒪̂ e iφ Îz |ψp⟩. (1)

According to the parameter estimation theory, the unavoidable
fluctuation of the outcomes of 𝒪̂ induces uncertainty on the
estimation of φ , which can be characterized by the error prop-
agation formula ∆φ =∆𝒪̂ ·

∣∣∂φ ⟨𝒪̂⟩
∣∣−1

, where
∣∣∂φ ⟨𝒪̂⟩

∣∣ denotes
the derivative of the measurement value with respect to φ .
From Eq. (1), this derivative can be readily evaluated as

∂φ ⟨𝒪̂⟩ = −i⟨ψt |Iz𝒪̂|ψt⟩+ i⟨ψt |𝒪̂Iz|ψt⟩ (2)

= −i⟨ψt |[Îz,𝒪̂]|ψt⟩.

Now, it is clear that we would prefer those probe states that
make

∣∣⟨ψt |[Îz,𝒪̂]|ψt⟩
∣∣ as large as possible and moreover, the

working point of the magnetometer is chosen to be the posi-
tion of minimum ∆𝒪̂.
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Fig. 1. (a) The false-color scanning electron micrograph of the sili-
con metal–oxide–semiconductor device. Eight-level structure of a single
donor high-spin nucleus 123Sb. (b) The schematic diagram of Ramsey
measurement procedure, where Y (X) indicates the linear polarization of
the microwave pulse in the laboratory frame. The accumulated phase of
a superposition state during an interrogation time t allows for inference
of the ambient magnetic field. (c) A general metrological experiment can
be divided into three distinct parts: the preparation of a probe state, its
interaction with the system to be measured and the probe readout. A
spin coherent state is a specific quantum state of a spin system that most
closely resembles a classical spin.

3. Beyond quantum standard limit
According to quantum metrology theory, non-classical

states can achieve the goal of surpassing the SQL.[30] To gen-
erate non-classical states possessing such properties, we ex-
ploit the natural quadrupole Hamiltonian of the sample. The
123Sb nucleus has non-zero electric quadrupole moment Q as
it has a non-spherical charge distribution.[31] Additionally, due
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to the different thermal contractions of Al and Si, the alu-
minum gates can cause considerable lattice strain at low tem-
peratures, then resulting in an electric field gradient (EFG),
described as Vi j = ∂ 2V/∂xi∂x j, where V is the local electrical
potential of the crystal. The EFG is a real, traceless, and sym-
metric tensor. Working in the frame of EFG principal axes,
only the diagonal components Vxx, Vyy, Vzz survive, the nuclear
quadrupole Hamiltonian then goes[32]

ĤQ =
fQ

6
[
3Î2

z − Î2 +η(Î2
x − Î2

y )
]
, (3)

in which fQ = 3eQVzz/(2I(2I − 1)), Î2 = I(I + 1), and η =

(Vxx −Vyy)/Vzz (0 ≤ η ≤ 1) is the EFG biaxiality parameter
indicating the asymmetry of EFG. Note that ĤQ is quadratic in
the nuclear spin operators, hence this nonlinear Hamiltonian
could be used to generate non-classical spin states. Indeed,
the two extreme cases of the quadrupole Hamiltonian ĤQ in
Eq. (3), namely, ĤQ(η = 0) ∝ ĤOAT = Î2

z and ĤQ(η = 1) ∝

ĤTAC = (Î2
z − Î2

y ), correspond to the one-axis twisting (OAT)
Hamiltonian and the two-axis countertwisting (TAC) Hamil-
tonian, respectively, which are routine for creating squeezed
spin states.[33] In general cases, ĤQ is a combination of OAT
and TAC, and is referred to as the mixed-axis twisting (MAT)
Hamiltonian.[27,34]

(a)

(b)
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Fig. 2. (a) An illustration of the pulse sequence for generating nonclas-
sical states via the natural quadrupole Hamiltonian, and the associated
spin distributions on Bloch spheres. The system starts from |+7/2⟩.
After a π/2 pulse, the state |ψc⟩ has the uncertainties ∆Îx = 0 and
∆Îy = ∆Îz =

√
I/2. Then ĤQ twists the uncertainties so that they are

redistributed, where fQ sets the time scale of the twisting dynamics. The
effect is that ∆Îy is reduced to a certain degree depending on the twist-
ing parameter τ fQ. (b) Simulated metrological gain for three different η

values, with varying the sequence parameters τ fQ and α .

The scheme is shown in Fig. 2(a). The rotational opera-
tions are implemented with Rabi driving much faster than the
quadrupole interaction so that the latter can be neglected dur-
ing the rotation. The state |ψp⟩ produced after the nonlinear
dynamics by ĤQ has redistributed uncertainties between cer-
tain orthogonal components in the yz plane. The consequence

is that, the best magnetic sensitivity is achieved for a rotation
axis 𝑛̂max in the yz plane coinciding with the direction of the
maximal spin projection variance. To detect magnetic field in
the z direction, we apply a frame transformation R̂x(α) that
turns 𝑛̂max into 𝑧. Hence, the sequence in Fig. 2(a) results in
the following state at the measurement stage:

|ψt⟩= e−iφ Îz R̂x(α)e−iτĤQ R̂y(π/2) |+7/2⟩ . (4)

Because the uncertainty ∆Îy has been reduced, so the mea-
surement operator is chosen to be 𝒪̂ = Îy, giving ∆φ

∣∣|ψt ⟩ =

∆Îy/|⟨ψt |Îx|ψt⟩|. To study how the application of ĤQ en-
hances the magnetic sensitivity, we use the quantification
of the increase of sensitivity by the metrological gain G =

(∆φSQL/∆φ)2 and evaluate G with respect to the duration τ

and the rotation angle α . The simulation results are presented
in Fig. 2(b). In the case of η = 0, pure OAT leads to a maxi-
mum gain G = 2.61 reached for τ fQ = 0.51 and α = π/3. On
the other hand, when η = 1 pure TAC leads to a maximum
gain G = 2.80 for τ fQ = 0.39 and α = π/4. The data are in
good agreement with the predictions in Ref. [33]. In the evalu-
ation of G, there are three critical experimental parameters η ,
fQ, and τ . The parameter η reflects the asymmetry of the elec-
tric field gradient (EFG). Once the sample is prepared, η is a
fixed value ranging between 0 and 1. The parameter fQ, ap-
proximately 66 kHz, represents the stark shift due to the elec-
tric quadrupole moment observed in current experiments.[24]

According to simulations, the evolution time can be estimated
to be τ ≈ 0.5/ fQ = 7.57 µs for G ≈ 2.8, which is feasible
in experiments since the experimental coherence time signifi-
cantly exceeds τ . It can be seen from the figure that, for a fixed
fQ, the TAC reaches faster the optimal nonclassical state than
the OAT. While theoretically TAC allows improved sensitiv-
ity scaling over OAT, for the present relatively small spin size,
the two Hamiltonian models yield almost the same sensitivity
gain.

4. Achieving the Heisenberg limit
It should be noted that the previously mentioned scheme

does not yet achieve the Heisenberg limit. Here, we pro-
pose a new scheme designed to reach the Heisenberg limit,
which involves the following three steps. First, we prepare a
non-classical state with enhanced quantum coherence, specif-
ically a spin cat state, to serve as our probe state. This
presents a slight challenge due to the inherent strain effect
η in the system’s Hamiltonian as depicted in Eq. (3), which
cannot be switched off. As illustrated in Fig. 3, we intro-
duce a scheme capable of generating a cat state using a pe-
riodic multi-pulse sequence. This cat-state generation proce-
dure is effective for any value of η . The basic sequence com-
prises [τc/4–R̂−z(π/2)–τc/2–R̂z(π/2)–τc/4], where free evo-
lution and pulses alternate. Here, τc/2 denotes the free time
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evolution e−iĤQτc/2 of the Hamiltonian ĤQ, and R̂z(π/2) rep-
resents the π/2 pulse around the z-axis. Thus, the evolution
operator for a single period can be expressed as follows:

U = e−iτc/4ĤQ R̂z(π/2)e−iτc/2ĤQ R̂†
z (π/2)e−iτc/4ĤQ .

Then, we repeat the period m times, the total evolution oper-
ator Utot = Um. Using the relation Î2

x + Î2
y + Î2

z = Î2 and the
Baker–Campbell–Hausdorff formula,[35] we find

Utot ≈ exp
[
−iτc

fQ

6
(
3Î2

z − Î2)] . (5)

In this way, we effectively turn off the effect η . If we re-
quire the condition mτc fQ/2 = π/2, the whole sequence for
the preparation of the probe state as shown in Fig. 3 would
lead to a cat state of the form[28]

|ψp⟩ = Rx(π/2)UmRy(π/2)|+7/2⟩

= e−i5π/4 (|+7/2⟩+ |−7/2⟩)/
√

2. (6)

Second, we perform the evolution e−iωtIz to encode target
parameter ω . Then we obtain the final state with ω infor-
mation by |ψt⟩ = e−iωtIz |ψp⟩. Third, we measure the final
state |ψt⟩ to extract target parameter ω . Because |ψp⟩ is a
superposition between the maximally polarized states of op-
posite orientation, the coherence of this state cannot be probed
using the common magnetization measurement. Instead, we
perform the parity measurement 𝒪̂ = Π̂ with Π̂ defined by
Π̂ |m⟩ = (−1)I−m|m⟩.[28,36] In this framework, the parity os-
cillation expected for the state |ψp⟩ yields a metrological gain
G = 2I = 7.[28] This corresponds to the Heisenberg limit for
the spin I. Here, dynamical decoupling (DD) schemes can be
utilized to extract the target parameter if it is an AC signal.
The conventional Ramsey protocol is ineffective in this case
because the accumulated phase φ = ωt will be zero for AC
signals. Instead, the DD scheme can be employed to reverse
the time evolution of the qubit, allowing the phase to accu-
mulate continuously. It also achieves longer coherence times,
bounded by T2 and not T *

2 as in the Ramsey sequence.

Y X Y
τc



τc



τc


↩Z Z

Repeat m times

Cat state preparation Evolution Measurement

ψp>ψi> ψt>

exp(-iωtIz)
^

AC
...

Π̂

Fig. 3. An illustration of the proposed scheme to achieve the Heisenberg
limit is outlined, consisting of three steps. Initially, a periodic multi-pulse
sequence is used to prepare the spin cat state. This is followed by dynam-
ical evolution that encodes the target parameter ω . Finally, a parity mea-
surement is conducted. In this scheme, X , Y , and Z represent π/2 pulses
around the x, y, and z axes, respectively, and τc denotes the free time evo-
lution under the Hamiltonian ĤQ. For AC signals, the DD schemes can
be used to accumulate the phase continuously. The black bars represent
the π DD pulses used for detecting AC signals.

5. The sensitivity analysis

The sensitivity of the magnetometer is affected by var-
ious practical noises, including spin projection noise, ambi-
ent magnetic field noise, and quantum noise. Spin projection
noise represents the most fundamental source of estimation
uncertainty, as it depends on the number of spin projection
measurements. The presence of ambient magnetic field noise
around qubits leads to decoherence during the sensing period,
thereby reducing the sensitivity by a factor of eχ(t). Here,
χ(t) represents the decoherence function, which characterizes
the noise processes from the ambient magnetic field noise,
such as χ(t) = t/T *

2 for unentangled states and χ(t) = 4I2t/T *
2

for spin-I cat states. In addition to the previously mentioned
noises, other quantum noises such as state initialization and
qubit manipulation errors also impact the sensitivity. These
errors similarly result in a reduction of sensitivity by a factor
β . Unlike the decoherence effect, this reduction is indepen-
dent of the sensing time because β is a constant. The factor
β < 1 can be defined as the fidelity of the final state, tak-
ing into account the infidelity of spin initialization and control
imperfections.[37] After considering these noises, the sensitiv-
ity ∆B can be defined as[38]

∆Bsingle =
eχ(t)

βγ
√

t
∆𝒪̂

|∂ ⟨𝒪̂⟩/∂φ |
, ∆Bensemble =

∆Bsingle
√

n
. (7)

Here, γ and T *
2 represent the gyromagnetic ratio and dephasing

time of the spin, respectively. n indicates the spin density per
unit volume. |∂ ⟨𝒪̂⟩/∂φ | is the derivative of the measurement
outcome with respect to φ = γBt. Employing non-classical
states and high-spin nuclei can reduce the phase uncertainty,
∆φ = ∆𝒪̂

|∂ ⟨𝒪̂⟩/∂φ | . For example, in our proposed scheme, ∆φ

can achieve a minimum value of 1/(2I), reaching the Heisen-
berg limit. While increasing the phase accumulation time t
enhances sensitivity, it must be noted that the free precession
signal may decay due to environmental perturbations. This
constitutes the main finding of our paper.

Magnetometers based on high spin nuclei, such as the
123Sb nucleus, exhibit distinct features compared with NV
center magnetometers, in terms of sensitivity and applica-
tions. The sensitivity, denoted as ∆B, primarily depends on
several key factors: the gyromagnetic ratio γ , the dephas-
ing time T *

2 , the spin density n, and the spin quantum num-
ber I. The magnetic sensitivities for high spin nuclei and

NV centers can be respectively written as ∆Bn =
e4I2t/T*2
2Iβγ

√
nt and

∆Be =
et/T*2

βγ
√

nt . For instance, the 123Sb nucleus has a spin quan-
tum number I = 7/2, compared to I = 1 for NV electrons,
yielding an enhanced sensitivity. Additionally, the nuclear
gyromagnetic ratio of 123Sb is γn = −5.553 MHz/T, lower
than the electron gyromagnetic ratio of γe = 27.97 GHz/T,
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which results in a decrease by about 5000 times. Regard-
ing the coherence time, the nuclear spin in silicon has a de-
phasing time T *

2 = 600 ms,[39] significantly longer than the
36 µs observed for electron spins,[40] thus improving by a fac-
tor of approximately 130. Moreover, experimental data sug-
gest that β values for 123Sb can exceed 90%,[41] whereas for
NV centers, β ∼ 1.[37] For spin density, NV centers main-
tain a safe density of 1016 cm−3 without destroying coherence
time,[15] while nuclear spins can reach up to 1022 cm−3 due to
the significantly smaller gyromagnetic ratio.[42] An estimated
sensitivity of ∆Bensemble for 123Sb-based magnetometers may
reach 6 aT·Hz−1/2·cm−3/2, better than the roughly estimated
139 aT·Hz−1/2·cm−3/2 for NV centers. Additionally, similar
to NV centers, 123Sb can be engineered into a single-spin sen-
sor with sub-10 nm spatial resolution when placed near the
bulk silicon surface within a probe setup, ideal for nanoscale
magnetic detection and imaging. Unlike NV centers that re-
quire lasers for initialization and readout, which can dam-
age light-sensitive samples, this sensor utilizes local electronic
fields for these processes, making them preferable for applica-
tions involving photosensitive samples.

6. Conclusion and outlook
In conclusion, we have demonstrated a novel highly nu-

clear spin magnetometer with quantum-enhanced effect. This
constitutes a solid-state magnetic sensor, holding the promise
of miniaturization. We use quadrupolar coupling to drive
the nuclear spin I = 7/2 of 123Sb doped in silicon under
a non-linear one-axis twisting Hamiltonian. We exploit the
quadrupolar nuclei to generate spin-squeezed state, perform-
ing as the initial state of Ramsey experiment. Decreased quan-
tum fluctuation yields higher sensitivity beyond the shot-noise
limit. In future, to further push the sensitivity limit, we can
exploit advanced dynamical decoupling techniques (e.g., spin
echo, CPMG[43] or MREV[44,45] pulse sequences) to make the
spin experience an isotropic Hamiltonian commuted with sig-
nal perturbation, then inducing desired evolution. Since NER
has much in common with NV center, it is thence reasonable
that quantum optimal control[46] and robust control[47] that
already proved useful in NV sensing should also be applica-
ble here. Related theoretical works include variational opti-
mization algorithms.[48–51] Alkali-metal atomic magnetome-
ters, based on detection of Larmor spin precession of op-
tically pumped atoms in a magnetic field, have comparable
sensitivity with large measurement volumes, then have much
lower sensitivity and resolution in magnetic imaging applica-
tions with more compact designs.[52] Recently there has also
been theoretical work[53] that reveals some fundamental limit
in respect of the trade-off between sensitivity and resolution.
Our sensor will find applications in fundamental physics tests,
quantum computing, medical and biological imaging, surface

physics and material science. Future work will also investigate
the potential of NER magnetometer working in challenging
environments.[54] As a solid-state platform for compact quan-
tum sensors, NER is promising to perform.
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