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Entanglement witnesses of condensation for enhanced quantum sensing
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Quantum phenomena such as entanglement provide powerful resources for enhancing classical sensing. Here,
we theoretically show that collective entanglement of spin qubits, arising from a condensation of particle-hole
pairs, can strongly amplify transitions between ground and excited spin states, potentially improving signal
contrast in optically detected magnetic resonance. This collective state exhibits an O(+/N) enhancement of

the transition amplitude with respect to an applied microwave field, where N is the number of entangled spin
qubits. We computationally realize this amplification using an ensemble of N triplet spins with magnetic dipole
interactions, where the largest transition amplitudes occur at geometries for which the condensation of particle-
hole pairs is strongest. This effect, robust to noise, originates from the concentration of entanglement into a single

collective mode, reflected in a large eigenvalue of the particle-hole reduced density matrix—an entanglement
witness of condensation analogous to off-diagonal long-range order, though realized here in a finite system.
These results offer a design principle for quantum sensors that exploit condensation-inspired entanglement to

boost sensitivity in spin-based platforms.

DOLI: 10.1103/wqz6-9wcg

I. INTRODUCTION

Quantum sensors have the potential to lead to un-
precedented advances in condensed matter physics and the
biological sciences by harnessing the power of quantum
mechanics to offer noninvasive, quantitative, nanoscale reso-
lution measurements of physical parameters such as magnetic
fields [1-3], electric fields [4—6], and temperature [6—8]. Opti-
cally addressable spin qubits are a highly promising modality
for quantum sensing, demonstrating high-fidelity initializa-
tion, control, and readout of quantum states. In particular,
solid-state defect centers such as the nitrogen-vacancy (NV)
center in diamond have attracted much interest due to their
long coherence times and high-resolution optical readout
[3,9-13]. Other promising candidates include molecular sys-
tems and metal-organic frameworks, which have the added
benefits of controllable spatial resolution and high tunability
[14-16], as well as fluorescent proteins, which are genetically
expressible and easily integrated into biological systems [17].
However, despite recent advancements, the practical realiza-
tion of precise quantum measurements in noisy biological
environments remains an open challenge.

Recent efforts have sought to improve sensitivity in quan-
tum sensing both by increasing the number of sensing qubits
and by attempting to extend coherence lifetimes [18-22].
However, the sensitivity achievable with systems of uncorre-
lated qubits is fundamentally limited by the standard quantum
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limit, 66 > JLN’ which defines the minimum uncertainty pos-

sible with an increasing number of qubits N [23-25]. This
limit can be surpassed through the use of entangled qubits,
which collectively accumulate information about the physical
parameter being sensed and can lead to an up to ~/N-fold im-
provement in measurement precision, saturating the so-called
Heisenberg limit 66 > 1lv [23-25]. This makes the realization
of entangled states of sensing qubits a central goal in the field
of quantum sensing [26,27]. Experimental progress to date has
utilized systems such as trapped ions [28—-32], cavity-confined
atoms [33-36], and Bose-Einstein condensates [37-39]; how-
ever, such systems rely on cryogenic temperatures and are
generally unsuitable for biosensing applications. The search
is ongoing for a quantum sensing platform capable of har-
nessing the power of quantum entanglement to achieve
high-sensitivity measurements in a practical context.

In this work, we show that an entanglement witness of
condensation in finite ensembles of N spin qubits reveals
the concentration of particle-hole entanglement into a sin-
gle collective mode that drives an O(+/N) enhancement
in spin-transition amplitudes. The entanglement witness—a
large eigenvalue of the particle-hole reduced density matrix—
reveals a form of off-diagonal long-range order (ODLRO),
albeit realized here in a finite system. We use this entangle-
ment witness to demonstrate the presence of an entangled
collective state of spin qubits and an entanglement-enhanced
sensing pathway. We illustrate this mechanism in an interact-
ing array of triplet spins with magnetic dipole interactions,
where the entanglement witness and the transition ampli-
tudes are jointly maximized at specific geometries, revealing
an entanglement-dependent pathway for controlling the re-
sponse of spin-based quantum sensors. This increase in
spin-transition amplitudes can translate into greater spin-
dependent optical contrast and thus higher sensitivity to
experimentally relevant sensing targets via techniques such as

Published by the American Physical Society


https://orcid.org/0009-0005-9070-2202
https://orcid.org/0000-0002-0731-9693
https://orcid.org/0000-0002-6425-5219
https://orcid.org/0000-0002-6740-5243
https://orcid.org/0000-0002-9938-3886
https://ror.org/024mw5h28
https://crossmark.crossref.org/dialog/?doi=10.1103/wqz6-9wcg&domain=pdf&date_stamp=2026-05-05
https://doi.org/10.1103/wqz6-9wcg
https://creativecommons.org/licenses/by/4.0/

LILLIAN I. PAYNE TORRES et al.

PHYSICAL REVIEW RESEARCH 8, 023126 (2026)

optically detected magnetic resonance. Similar particle-hole
entangled states have demonstrated resilience to environ-
mental noise [40,41], which is highly advantageous for
high-precision quantum sensing, including in biological en-
vironments. Together, these results establish a general design
principle for improving the sensitivity of spin qubits with
potential applications to emerging quantum sensor platforms
such as molecular arrays and fluorescent proteins.

II. THEORETICAL BACKGROUND
A. Enhanced collective states

To improve signal to noise ratio and thus increase sensitiv-
ity, one can enhance the physical process responsible for the
signal. The quantum sensing capabilities of many spin qubits,
such as NV centers, are based around optical manipulation
and readout of the qubit spin states. One widely employed
set of techniques is optically detected magnetic resonance
(ODMR), wherein the population of the qubit spin states
is read out from the spin-dependent fluorescence spectrum
[16,42-46]. A significant dip in the fluorescence intensity
will occur for microwave frequencies resonant with the spin-
state transitions, allowing readout of any applied field due
to the proportionality between applied field strength and the
splitting of the spin sublevels [46,47]. The signal is thus
inherently dependent on the strength of the spin-state transi-
tions. The strength of the transition can be thought of as the
transition amplitude between the ground spin state and some
higher-energy spin state, (\De|f|\llg), where 7 is the transition
operator for the process.

One avenue for amplification of these transitions is through
the creation of an enhanced collective state, a state for which
there exists some transition operator having a large transition
amplitude between that state and the ground state [48]:

(W, |T W) > 1. (1)

The origins of such a state can be understood via the
particle-hole reduced density matrix (RDM), which is defined
generally as

Gy = (| afaala, |v) . )

where |W) is an N-particle wavefunction, and &ZT and g; are
the creation and annihilation operators for each spin state
[48-50]. Examining the particle-hole RDM for a particular ex-
cited spin state |V, ), we expand the expression for the matrix
elements as
2 ij SN At a
G = D (el afa; W) (Wl ayag W), (3)
s
where |W;) are the particle-hole states. In order to retain only
the particle-hole states created by single-spin transitions, we
subtract the components corresponding to a state-to-state pro-
jection to create the modified particle-hole RDM:
2 i j At a N
Gyl =Y (Wl aja; W) (Wl a]a, |W,) €
s#e
where |W;) corresponds to single-spin transitions from

|W,). The eigenvalues of this matrix correspond to the
occupations of the particle-hole states. In the noninteracting

limit, the eigenvalues will be either zero or one. However, in
the presence of correlation, larger-than-one eigenvalues can
form. The emergence of a large eigenvalue O(N) in this ma-
trix corresponds to the condensation of the particle-hole pairs
into a single collective, entangled state, known as ODLRO
[48,49].

To understand why transitions into such a state are en-
hanced, we define a one-body transition operator 7' from the
eigenvector corresponding to the large eigenvalue,

T =) Tala; 5)
ij

where T;; contains the components of the eigenvector corre-
sponding to the large eigenvalue. The large eigenvalue A can
thus be defined as

=Y TG T ©6)
ijkl
= Y TITE (W afa; (W) (Wl afay (W) (D)
s#e ijkl
=D (W T W) (| T |W,) ®)
s#e

The summation can be truncated, assuming that this transition
overlaps strongly with the ground state,

AR (W T (W) (W, | T7|W,) ©)

AT A (W, |T W) (10)

We can thus see that the transition amplitude, which is intrin-
sically linked to the eigenvalue of the modified particle-hole
RDM, will be large for a state with strong correlations be-
tween different spin transitions, reflected in a large A value.
As correlation increases, the transition amplitude will increase
concomitantly with A until A saturates the maximal value of
N/2 [48], corresponding to the maximal occupation of the
collective state and thus the maximal entanglement limit. For
this amplitude enhancement to be practically realized, two
conditions must be met: The transition operator must (1)
overlap strongly with the ground state such that a transition
between the ground state and the enhanced collective state is
possible and (2) correspond to a physically relevant process
such as a transition dipole.

The large eigenvalue of the particle-hole RDM has fre-
quently been discussed in the context of exciton condensation,
where it serves as a characteristic signature of the presence of
an exciton condensate [49,51-55]. In this context, the eigen-
values of the particle-hole RDM are the populations of the
excitonic states, and an eigenvalue larger than one indicates
more than one exciton occupying the same quantum state or
the beginnings of an exciton condensate. Similarly, we can
view a large eigenvalue in the particle-hole RDM for our
spin qubit system as corresponding to the occupation of a
strongly correlated collective spin state and the beginnings
of a kind of quantum condensate state of spin qubits. This
entangled collective state, observed in a finite spin system,
is not a macroscopic quantum condensate in the sense of
a traditional exciton or Bose-Einstein condensate. Rather, it
is a member of a family of entangled collective states, the
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FIG. 1. Schematic of model system. Three qubits, shown in gray,
are spaced equidistant along the Y axis with spins aligned along the Z
axis. The microwave, illustrated in blue, is applied via an oscillating
magnetic field in the XY plane as described by Eq. (15) (wave-
length not to scale). Interqubit spacing can be scaled, and qubits
can be rotated about the polar (f) and azimuthal (¢) axes. Above
the schematic of the model system are three examples of spin qubit
systems this model could apply to: (left to right) solid-state defect
centers, fluorescent protein qubits, or molecular lattice-based spin
qubits. While the model Hamiltonian in this work uses a zero-field
splitting parameter corresponding to NV centers, the Hamiltonian
could be easily modified to represent the other types of systems.

uniting characteristic of which is the presence of off-diagonal
elements in the particle-hole RDM, and of which macroscopic
exciton condensation is the extreme case.

B. Model

Our model system consists of an ensemble of N triplet
spins aligned along the Y axis in a d-dimensional array with
magnetic dipole interactions. A basic schematic of this system
is given in Fig. 1. An individual isolated spin can be described
by the following spin Hamiltonian:

HY =D(85 — 18%), (11)
where D is the axial zero-field splitting parameter and § =
(S’ v, Sy, 8 2 ) are the triplet spin operators [56]. In this work, we
use a value of D = 2.87 GHz, corresponding to the zero-field
splitting parameter for an NV center at ambient temperature
and pressure [13]. The eigenvectors of this Hamiltonian are
the spin sublevels |m; = 0) and |m, = +1), where the latter
are degenerate in the absence of a perturbative field [57]. In
the presence of a perturbative field such as a magnetic or
electric field, this degeneracy will be broken and the splitting
between the states will be proportional to the strength of the
field [46]. The total Hamiltonian for the interacting triplet
system is

N N
N — 5 (i) 5 (i)
Hinteracting - ZH U+ ZHdipole’ (12)

i=1 i<j

where A are the Hamiltonians for the individual triplet spins
and I{Vé;" ())le describes their mutual magnetic dipole interaction
[58,59]. The Hamiltonian for the magnetic dipole interaction

between the triplets is written as

i hy2 A A R N Ié
glin - “fe | & g0 3§ U Y8 2 ) |,
divole Ry P [ IRijl IRijl

13)

where $' and 8/ are the spin operators of each triplet, y, is
the electron gyromagnetic ratio, R; ; 1s the displacement vector
between the two triplets, and [R;;| is the magnitude of the
displacement vector. While the model discussed above uses
NV center zero-field splitting parameters, it is intended as a
simple example generalizable to any ensemble of triplet spin
qubits, as such highly ordered geometries may be challenging
to realize experimentally with solid-state defects such as NV
centers.

As the spin-state transitions in ODMR are induced via mi-
crowave radiation, the physically relevant transition operator
in this context is the microwave-interaction Hamiltonian [60]:

A~

T = Huicro = veB1 cos(wt)[Sx + Sy1, (14)

where B is the microwave magnetic field strength and w is
the microwave frequency. In the rotating frame, this is

Huicro = —w87 + yeBilcos(9)Sx +sin(@)Syl.  (15)
with the corresponding transition amplitude A:
A = (WelHnicrolms = 0,m; = 0,m; =0). (16

This microwave field is oriented in the XY plane, with phase
¢ set to 7 in the rotating frame, corresponding to rotations
about the Y axis on the Bloch sphere. The microwave magnetic
field strength B is set such that the transition amplitude in the

noninteracting limit is normalized to 1 arb. unit.

III. METHODS

All calculations are performed with Python and the QUTIP
quantum simulation package [61-63], and calculation re-
sults are plotted with MATPLOTLIB [64]. Transition amplitudes
are calculated from the eigenstates of the total Hamiltonian
I-Ali’r‘fter,clcting with the microwave Hamiltonian Hyicro as the tran-
sition operator. The particle-hole RDM is calculated for the
eigenstate of the total Hamiltonian with the largest transition
amplitude, with elements as given by Eq. (2).

For our triplet spin system, the overall particle-hole RDM
is composed of N? 9 x 9 submatrices, where each element is
the expectation value of the creation and annihilation operator
terms. To create the modified particle-hole RDM, we subtract
the elements corresponding to the state-to-state projection

2 A4, 2 iy Inyilpl
Gl =2Gi — 'l (17)

where the 'D terms are elements of the singe-particle RDMs
[49,65]. The eigenvalues and eigenvectors can then be calcu-
lated from this modified particle-hole RDM, with A being the
largest eigenvalue.
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IV. RESULTS

A. Sensitivity enhancement from spin qubit condensation

To determine whether our interacting spin qubit model can
manifest ODLRO in the particle-hole RDM, resembling an
enhanced collective state, we first calculate the transition am-
plitudes for transitions between the lowest-energy spin state
and each of the higher-energy spin states for a system of three
qubits with an interqubit separation of 5.125 A. This value
for interqubit separation is chosen arbitrarily to represent a
system of very closely spaced (and thus strongly interacting)
triplet spins. Similar triplet-triplet separations are found in
systems such as crystalline organic chromophores, which are
of interest for quantum sensing applications [66—68]. We find
that only the transition from the ground spin state to the first
excited spin state has a nonzero amplitude. We then calculate
the eigenvalues of the particle-hole RDM for that first excited
spin state, finding the value of the large eigenvalue entangle-
ment witness to be 1.36, indicating the presence of spin-state
particle-hole entanglement. To investigate the connection be-
tween the large eigenvalue and the transition amplitude, and
understand whether the presence of the entangled collective
state is indeed leading to transition enhancement, we calcu-
late the eigenvalues of the particle-hole RDM for the first
excited spin state and the transition amplitude for the ground
to first excited spin-state transition for a range of interqubit
separations from 2.0 to 22.0 A. This distance range is chosen
to be representative of the potential interqubit distances in
solid-state, molecular, or fluorescent protein-based spin qubit
systems. These results are plotted in Fig. 2(a). We find that the
large eigenvalue and the transition amplitude decay and then
plateau concurrently with increasing distance. The value of A
decreases with increasing distance, suggesting that the dipole
interaction is responsible for the emergence of ODLRO, and
as the dipole interaction strength decreases with increasing
distance, the strong correlation dissipates. The fact that A de-
cays concurrently with A supports the connection between the
entangled state and the transition amplitude and suggests the
presence of an enhanced collective state and corresponding
enhanced transition amplitude. Plotting the large eigenvalue
against the transition amplitude for each distance results in a
square-root relationship between A and A, as predicted in our
earlier derivation [Fig. 2(b)].

B. Increasing system size

As mentioned previously, increasing the number of sensing
qubits is a fundamental pathway for enhancing signal and
thus sensitivity in quantum sensing [23,24,69,70]. It is thus
desirable to understand how the signal enhancement from
the presence of an enhanced collective state is impacted by
increasing qubit number, and how this compares to the effect
of increasing qubit number for unentangled sensors. To this
end, we calculate A and A for systems with as many as nine
spin qubits, both with dipole interactions (as in the previous
calculations) and without such interactions. These results are
plotted in Fig. 3. We find that when dipole interactions are
present, increasing the number of spins causes an increase in
both A and the transition amplitude, with an approximately
square-root dependence on the number of qubits in each case.
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FIG. 2. (a) Largest transition amplitudes (green) and A value for
the corresponding excited spin state (blue) for three centers spaced
at increasing distances from each other along the axis of microwave
propagation. (b) Transition amplitude plotted against A for three
centers with increasing interaction strengths spaced at decreasing
distances from each other along the axis of microwave propagation.
The best-fit curve is obtained via nonlinear least-squares fit and
shows a square-root dependence of transition amplitude on X, as
predicated by Eq. (10).

However, in the noninteracting case, neither the large eigen-
value nor the transition amplitude increases with the number
of qubits. This means that, while there is still the possi-
bility for signal increase with increasing numbers of qubits
for noninteracting systems due to the combination of signals
from multiple degenerate transitions, there is no fundamental
enhancement of the transitions themselves. However, in the
case of an interacting system with ODLRO, increasing the
number of sensing qubits increases the size of the enhanced
collective state, leading to a larger A and thus greater transition
amplitude enhancement.

C. 2D systems

While in the above example we increased the number of
qubits in a one-dimensional (1D) chain along the Y axis,
precise alignments of spin qubits in a 1D chain would likely
be challenging in an experimental context. To understand the
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FIG. 3. The (top) largest transition amplitude and (bottom) A
value for the corresponding excited spin state for systems with
increasing numbers of spins, with and without dipole interactions.
Spins are spaced along the Y axis with 5.125 A separation. For the
noninteracting case, the maximum transition amplitudes and A values
are completely unchanging with increasing numbers of qubits. In the
presence of dipole interactions, both the transition amplitudes and
the values of A display an approximately radical dependence on the
number of qubits.

effect of additional qubits not aligned in a 1D chain, and thus
the addition of interactions in a direction other than that of
microwave propagation, we calculate A and A for increasing
numbers of qubits in two dimensions. A second layer of
qubits is added displaced 5.125 A along the Z axis or the X
axis. These arrangements will be referred to as ZY and XY,
respectively. A diagram showing the arrangement of qubits
and the order in which they are added is provided in Fig. 4 for
the ZY arrangement.

Plots of A and A for increasing numbers of qubits with
additional 2D interactions added are shown in Fig. 5 (top and
bottom) for both the ZY and XY arrangements. These results
demonstrate that adding additional qubits along a new axis
does not increase the size of the enhanced collective state
in the same way that adding new qubits in a 1D chain along
the axis of microwave propagation does. While the size of
the collective state in the ZY case does slowly increase, it
only truly increases as new qubits are added in the microwave

FIG. 4. Schematic of model system for probing two-dimensional
(2D) interactions. Spin qubits are spaced equidistant along the Y
axis, with additional row of qubits added offset 5.125 A in Z (or
X) direction. The microwave, illustrated in blue, is applied via an
oscillating magnetic field in the XY plane as described by Eq. (15)
(wavelength not to scale).
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FIG. 5. (Top) The largest transition amplitude for systems with
increasing numbers of spins for the ZY and XY arrangements. (Bot-
tom) The A value corresponding to the largest transition A and A
values for a 1D chain of spins spaced along the Y axis with 5.125
A separation are included for comparison.
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propagation direction—it takes six qubits to reach approxi-
mately the same A and A values exhibited by three qubits in the
1D chain. The size of the collective state in the XY case does
generally increase with the number of qubits, but displays
fluctuations that are absent in the 1D or 2D ZY cases. The
presence of these fluctuations suggests that additional interac-
tions in the X direction cause some amount of disruption to the
enhanced collective state, although not enough to fully quench
the entangled state. In general, these results imply that it is the
interactions along the axis of microwave propagation that are
most important for the generation of a robust enhanced col-
lective state, and alignment of qubits along this axis should be
maximized. However, it is promising that interactions along
other axes do not always appear to quench the enhanced col-
lective state, as a collective state is still present (A and A > 1)
in the presence of off-axis interactions, and still grows with
increasing numbers of qubits.

D. Impact of noise

The calculations discussed thus far have considered
pristine arrays of spin qubits with ideal, identical local en-
vironments. However, any experimentally prepared system
would include deviations from these idealized parameters. As
such, it is relevant to consider the effects of such deviations,
or “noise,” on the phenomena of an enhanced collective state.
One source of noise expected to be relevant in an experimental
context is deviations from the zero-field splitting D parameter,
which can be caused by variations in temperature, pressure,
and the lattice environment of the spin [71-73]. To consider
the effects of these variations, we add energy fluctuations
as Gaussian random noise to each of the individual center
Hamiltonians A in Eq. (12):

A = (D +8D)($; ~ §8%). (18)

where §D are Gaussian random variables with standard de-
viation o added to the zero-field splitting D parameter of
each center. The dipole-dipole interaction between triplets can
then be added according to Eq. (13), as in the noiseless case,
with maximum transition amplitude A and the corresponding
eigenvalue A calculated as discussed above. The effect of
increasing amounts of noise added to the zero-field parameter
can be modeled by increasing the standard deviation o of the
Gaussian distribution. The standard deviation is scaled from
0 to 1.5 times the ideal NV center D parameter, in order
to capture a realistic range of possible deviations from the
parameter [71-73].

To capture the effects of structural disorder, Gaussian
random noise is also added to the position vectors of the
qubits, which impacts the dipole interaction Hamiltonian as

in Eq. (19):
. A
A _ e e gi 4 3i~R+—%
dipole |Rij + 5R,-_,' |3 |Rij + 8R11|

o (37 Rutde, (19)
IRij + &, ] |

where dg,; are Gaussian random variables with standard devi-
ation oy added to the position of each qubit (random variable

added to the x, y, and z coordinates). We calculate A and A for
increasing amounts of noise added to the zero-field parameter
by increasing the standard deviation oy of the Gaussian distri-
bution from 0 to 2.5 A.

These two noisy Hamiltonians are combined to make a
total noise Hamiltonian, with A and A for increasing amounts
of each type of noise added (each standard deviation scaled
over the stated range). These results are provided in two
2D heat plots [Figs. 6(a) and 6(d)], where each data point
is the average of 100 repeated calculations. The results of
these calculations demonstrate that the enhanced collective
state is susceptible both to structural disorder and to distor-
tions of the zero-field splitting parameter, with both A and
X decreasing as each type of noise is increased. While noise
that impacts the zero-field splitting alone does not completely
quench the collective state for the range of standard deviation
o used here, evidenced by the A value never reaching the
uncorrelated value of 1.0 for o = 0.0 [Fig. 6(e), top], it
does significantly diminish the amount of correlation, suggest-
ing that large enough fluctuations in the zero-field splitting
parameter could eventually quench the enhanced collective
state. However, these fluctuations would have to be very large
in magnitude, falling outside of the range of reasonable D
parameter distortions upon which we based our standard devi-
ations [71-73]. The enhanced collective state can be quenched
by a significant amount of structural disorder alone, with A
reaching 1.0 for a random distortion with standard deviation
of 2.0 A added to the position of each qubit in the x, y, and z
directions [Fig. 6(f), top]. This is consistent with the findings
discussed in earlier sections, which highlight the importance
of interqubit alignment and spacing for the existence of an
enhanced collective state. In general, while large amounts of
both types of noise will disrupt the strong correlation in the
system and can eventually destroy the enhanced collective
state, the heat plots in Figs. 6(a) and 6(d) demonstrate a region
where an enhanced collective state is still present even in the
presence of both types of noise. This collective state may not
be as robust as in the pristine noiseless system, but entangle-
ment enhancement is still present, evidenced by the fact that
both A and A are above the noninteracting threshold values of
1.0. We believe that this result supports the potential, even in
the presence of noisy settings, for experimental preparation
of an enhanced collective state of spin qubits for quantum
sensing.

V. CONCLUSIONS AND OUTLOOK

In this work, we introduce a pathway for entanglement-
enhanced multiqubit quantum sensing based on the prepara-
tion of an enhanced collective state, defined by the existence
of a transition operator with a large transition amplitude
between that state and the ground state. This increased tran-
sition amplitude can lead to stronger spin-dependent optical
signals. Such a state displays a particular type of entangle-
ment, ODLRO in the particle-hole reduced density matrix,
whose signature is the presence of an eigenvalue greater than
one. This eigenvalue, denoted A, is an entanglement wit-
ness used previously in the context of exciton condensation
[48,49,51,74]. We show that an entangled state with ODLRO
can be prepared in a system of spin qubits with strong dipole
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FIG. 6. Heat plots of A [panel (a)] and associated A value [panel (d)] for a system of three spin qubits, with Gaussian noise added according
to Eqgs. (18) and (19) for increasing standard deviations o (increasing along the x axis of the plots) and oy (increasing along the y axis of the
plots). Each data point is the average of 100 repeated calculations. The A values for increasing o at constant oy values of 0.00 and 2.50 A
are plotted in panel (b), with the corresponding A values plotted in panel (e). The A values for increasing oy at constant o values of 0.00 and
4.305 GHz are plotted in panel (c), with the corresponding A values plotted in panel (f).

interactions, with strong particle-hole entanglement signified
by the emergence of a large value of L. Such a state can be
interpreted as a quantum condensate of spin qubits. Transi-
tions into this state exhibit increased transition amplitudes,
with the largest transition amplitudes occurring at geometries
that maximize the large eigenvalue.

The enhanced collective state explored in this work can
be viewed as one member of a broader family of col-
lective states unified by a common feature: the presence
of strong particle-hole entanglement, signaled by a large
eigenvalue of the particle-hole reduced density matrix. This
family includes entangled excitonic states in photosynthetic

light-harvesting complexes, where highly efficient energy
transfer is associated with a collective exciton delocalized
across multiple chromophores [40,41]. It also encompasses
macroscopic exciton condensation, which can be understood
as an extreme limit of an entangled particle-hole collective
state [51,75-77]. A further example is provided by molecular
J-aggregates, whose enhanced transition dipoles arise from
a correlated excitonic state and likewise scale as O(v/N)
[78-80]. Taken together, these examples illustrate how the
particle-hole entanglement witness offers a unifying lens
through which to connect systems and phenomena previously
regarded as unrelated.
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Our results present a strategy for harnessing entangle-
ment as a resource for high-precision quantum sensing.
The realization of entangled quantum sensors has been
an extremely desirable goal, with the potential to improve
sensitivity beyond the standard quantum limit [26,27,81].
However, experimental efforts thus far have been stymied
by the vulnerability of such systems to environmental noise
[26]. The type of entangled quantum sensing proposed here,
which utilizes a form of particle-hole entanglement previ-
ously predicted to be resilient in noisy biological systems
[40,41], offers a promising avenue for the practical realiza-
tion of entanglement-enhanced quantum sensing. Our results
highlight the sensitivity of the enhanced collective state to
structural features such as interqubit spacing and alignment,
suggesting that a high degree of controllability of these fea-
tures may be desirable for the physical realization of this
phenomenon. While NV center parameters are used in the
model Hamiltonian, such highly ordered geometries would be
challenging to realize experimentally with solid-state defect
systems such as NV centers. This motivates further inves-
tigation into qubit candidates with highly precise geometric
modifiability, which could include molecular spin qubit arrays
or fluorescent protein qubits [14—17]. In particular, we find
that the enhanced collective state is maximized when the
triplet spins are spaced closely together and aligned with the
axis of microwave propagation, an insight that could inform
experimental studies of the phenomenon. Interactions with
qubits not aligned with the axis of microwave propagation
do not appear to augment the enhanced collective state, but

they also do not quench it, suggesting that the phenomenon
may be feasible even without a pristine one-dimensional array
of qubits. Indeed, calculations that include Gaussian random
noise in both the zero-field splitting and the geometry of
the spin qubits demonstrate that the entanglement enhance-
ment can persist even in the presence of environmental noise
and structural disorder. Together, our results offer a design
principle for enhanced sensitivity in quantum sensing, which
may be applicable to newly developed quantum sensor candi-
dates such as molecular arrays and fluorescent proteins. As
these systems have the potential for high tunability, spatial
resolution, and easy integration into biological environments
[14—17], combining our approach with the increased sensitiv-
ity offered by enhanced collective states could lead to exciting
advances for quantum sensing in biological systems.
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