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Dynamical nuclear polarization for dissipation-induced entanglement in NV centers
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(Received 12 July 2023; revised 8 October 2023; accepted 9 October 2023; published 13 November 2023)

We propose a practical implementation of a two-qubit entanglement engine which denotes a scheme to
generate quantum correlations through purely dissipative processes. On a diamond platform, the electron spin
transitions of two nitrogen-vacancy (NV) centers play the role of artificial atoms (qubits), interacting through a
dipole-dipole Hamiltonian. The surrounding carbon-13 nuclear spins act as spin baths playing the role of thermal
reservoirs at well-defined temperatures and exchanging heat through the NV center qubits. In our scheme, a key
challenge is therefore to create a temperature gradient between two spin baths, for which we propose to exploit
the recent progress in dynamical nuclear polarization, combined with microscopy superresolution methods. We
discuss how these techniques should allow us to initialize such a long lasting out-of-equilibrium polarization
situation between them, effectively leading to suitable conditions to run the entanglement engine successfully.
Within a quantum master equation approach, we make theoretical predictions using state-of-the-art values for
experimental parameters. We obtain promising values for the concurrence, reaching theoretical maxima.

DOI: 10.1103/PhysRevB.108.174418

I. INTRODUCTION

The generation of quantum entanglement is a crucial task
for quantum information processing. Typically, this requires
performing logical two-qubit unitary operations and limiting
the quantum systems’ interaction with their environment

These implementations require isolating the quantum
systems from their environment, and platform-dependent
techniques have been developed to achieve that, for super-
conducting circuits [1] and trapped ions [2], for instance.
However, avoiding all possible sorts of uncontrolled dissipa-
tion processes is impossible. In this context, natural questions
arises. Is it possible to exploit dissipation with thermal envi-
ronments to create quantum resources? And how could this be
implemented? In recent years, those questions have triggered
a number of theoretical works, leading to proposals for realiz-
ing thermal machines generating quantum correlations [3–9].
It has also been demonstrated that the generated entanglement
can be useful for performing nonclassical operations [10,11].
However, experimental demonstrations of these ideas are still
lacking. In this work, we propose an experimental implemen-
tation of a two-qubit entanglement engine based on diamond
NV centers.

NV centers, which are compounds of a nitrogen substi-
tution (N) and a vacancy (V) in two adjacent sites of the
diamond lattice, are recognized as one of the most promising
platforms for quantum technologies. As first demonstrated in
1997 [12], they possess the features of an optically detected
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magnetic resonance (ODMR) system [13]. This means that
their electron-spin, coherently controlled with microwaves,
can be initialized and read out with optical means. This is
typically performed with standard microwaves and visible
range photoluminescence microscopy equipment [14]. NV
centers can also be addressed with superresolution methods
such as ground state depletion (GSD) [15] or stimulated emis-
sion depletion (STED) [16] with resolution down to 6 nm
[17]. Combined with remarkable room-temperature quantum
properties [18], these qualities make NV centers particularly
successful for quantum sensing applications [19–21], allow-
ing for very versatile experimental conditions such as high
pressure [22] or high temperature [23] conditions or within
biological environments [24].

NV centers also constitute a promising platform for quan-
tum information processing [25,26]. Their fine and hyperfine
structure with surrounding electron or nuclear spins gives
them numerous controllable quantum degrees of freedom.
Notably, NV centers can be exploited to control and entangle
the dark electron and nuclear spins of nearby P1 centers (cor-
responding to a nitrogen substitution) [27]. They are also often
used as a quantum bus to control multiple surrounding carbon-
13 (13C) nuclear spins operating as quantum memories [28].
In parallel, dynamical nuclear polarization (DNP) techniques
[29–32] have been developed to control the state of nuclear
spins which are near the NV centers. These nuclear spins
can be located in the bulk or at the surface of the diamond,
and they can correspond to different elements (13C, 19F, or
1H). These techniques were primarily developed towards hy-
perpolarized nuclear magnetic resonance (NMR) applications
[33]. From the perspective of open quantum systems, they
constitute a path to realize effective spin baths with specific
properties that can be controlled through the NV centers.

In this work, we exploit recent developments in the field of
NV centers to propose an experimental scheme for a thermal
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machine to produce entanglement between the electron spins
of two NV centers. Towards this goal, we put forward DNP
techniques to engineer two effective spin baths character-
ized by distinct polarizations. More precisely, we detail two
regimes accessible with DNP techniques, namely the cross-
relaxation (CR) regime [29] and the low-field Hartmann-Hahn
(HH) regime [34], in which the “NOVEL” method is de-
rived [30,31] schemes belong, for instance. The CR regime,
although simpler conceptually as it only requires the two
quantum systems to be at resonance, is experimentally chal-
lenging. In our scheme, as detailed below, this resonant
condition can only be achieved with demanding microscopic
superresolution techniques such as GSD and STED men-
tioned above. On the contrary, the HH regime makes it
possible to set the desired resonance in the qubit rotating
frames by continuously driving them in their equatorial plane.
This allows for greater flexibility, making it particularly at-
tractive for manipulating NV centers for various applications.
In the present proposal, we discuss both regimes.

The article is organized as follows. In Sec. II, we briefly
recall the basic ingredients of an entanglement engine to
achieve dissipation-induced entanglement between two arti-
ficial atoms. In Sec. III, we propose the electron spin of an
NV center to play the role of an artificial atom, elaborating
upon the various energy scales involved and the conditions
to be satisfied to have steady-state entanglement between the
electron spins. In Sec. IV A, we discuss how these electron
spins can be made to interact with their surrounding 13C
nuclear spin bath. In Sec. V, we tackle the main challenges
of this proposal, namely the realization of two thermal envi-
ronments biased in temperature. In Secs. III–V, we discuss
the specifics of CR- and HH-regime operations. Section VI
presents our predictions for the presence of entanglement for
the first configuration.

II. THEORETICAL MODEL

A minimal model to investigate entanglement generation
from dissipation is made of two interacting artificial atoms
(qubits), each of them being tunnel-coupled to a thermal envi-
ronment. These environments are assumed to be independent
from one another, and well-defined by their respective temper-
ature and chemical potential through their Fermi distribution.
When subject to a bias in temperature, a heat current flows
between the two environments through the system. If the
qubits are interacting through a flip-flop type Hamiltonian
(see below), this heat current has been demonstrated to sus-
tain the presence of entanglement in the steady-state regime
[3,6,35], and proposals were developed for semiconducting
and superconducting platforms [8,9]. We now briefly recall
the Hamiltonian of the two interacting qubits in this model, as
well as the master equation that will be used to investigate the
dynamics of this entanglement engine.

The Hamiltonian of the two qubits is given by

HS = εLσ+
L σ−

L ⊗ 1R + 1L ⊗ εRσ+
R σ−

R

+ g(σ+
L ⊗ σ−

R + σ−
L ⊗ σ+

R ), (1)

where εα (α = L,R) are the energies of the left (L) and right
(R) qubits, and g is the strength of the interqubit coupling. The
raising and lowering operators for qubit α are, respectively,

σ+
α and σ−

α . For a two-qubit device, it has been shown that
a flip-flop-type interaction Hamiltonian is suitable for entan-
glement generation [3,6]. The qubits are distinctly coupled to
two fermionic reservoirs (the choice is suitable for the NV-
center platform, as we explain below). Assuming Markovian
dynamics and weak system-reservoir couplings, the dissipa-
tive dynamics of the qubits can be described by a Lindblad
master equation. Furthermore, if the interaction g is small
in comparison to εα , the following local master equation is
consistent [36]:

ρ̇(t ) = −i[HS, ρ(t )] +
∑

α∈{L,R}
γ +

α D[σ+
α ]ρ(t )

+ γ −
α D[σ−

α ]ρ(t ), (2)

with the dissipators defined as D[A]ρ(t ) := Aρ(t )A† −
{A†A, ρ(t )}/2, and σ±

α the raising and lowering operators.
In the case of fermionic baths, the Fermi distribution

nF (εα, Tα ) characterizing the environment of qubit α is eval-
uated at the qubit’s energy εα and temperature Tα . The total
coupling rates are the product of the bare rate �α (which
depends on the microscopic details of the platform) and of
the occupation probability of the environment [36],

γ +
α = �α nF (εα, Tα ),

γ −
α = �α[1 − nF (εα, Tα )]. (3)

A temperature gradient between the two baths, TL �= TR, in-
duces a heat current flowing through the system. It was
shown in [3,6] that, above a certain threshold for the heat
current, entanglement between the two qubits is present in
the steady state, but also in the transient regime. In the fol-
lowing sections, we discuss how to realize this model on a
NV-center platform, first showing how the coupling between
the NV-center qubits can be realized, and then showing how
an effective temperature (polarization) gradient between the
qubits can be created.

III. REALIZATION OF THE SYSTEM HAMILTONIAN

A. The diamond NV center

The NV center’s optical ground state is a spin triplet. In-
terestingly, it can be initialized by an off-resonance optical
green pump (e.g., 520 or 532 nm) and read out through its red
photoluminescence (from 600 to 800 nm). Figure 1 represents
the NV centers, their simplified energy diagram, and a typical
experimental setup for their study. With �S = {Sx, Sy, Sz} the
NV-center electron spin and mS the associated quantum num-
ber, the NV center ground-state Hamiltonian in a magnetic
field �B can be written as

HNV = DS2
z + γe �B · �S + HN + HT , (4)

where the constant D = 2π × 2.87 GHz is the zero field
splitting (ZFS) and γe = gμB/h̄ = 2π × 28.0 GHz T−1 is the
electron spin gyromagnetic ratio. HN and HT describe the
hyperfine interaction of the NV center electron spin �S with
the nitrogen atom (14N or 15N) and the surrounding 13C (see
Sec. IV A).

We denote as B‖ and B⊥ the longitudinal and the trans-
verse components of the magnetic field with respect to the
NV center quantization axis N-V joining the nitrogen to the
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FIG. 1. (a) Sketch of a NV center in diamond with the nitrogen substitution (N) next to the vacancy (V) in the lattice made of carbon (C).
The electrons are shown in the Natta projection for three-dimensional aspects. (b) NV center simplified energy diagram. The NV center is
pumped by a green laser (typically at 520 or 532 nm) and emits a red broadband photoluminescence whose zero-phonon line is at 637 nm. A
spin-dependent nonradiative decay path (dashed lines) enables its ODMR properties (e.g., optical initialization and readout). (c) Representation
of an experimental setup for targeting the centers embedding ground state depletion superresolution capabilities required in the CR regime
(configuration no. 1).

vacancy. The eigenenergies of the NV center corresponding
to the spin states |ms = ±1〉 can be controlled through B‖
according to the following equation [37,38], up to first order
in B⊥ (see hereafter): ε±(B‖) = D ± γeB‖. In the following,
we consider the energy transition from the ground state to the
lowest excited state |ms = −1〉 as the qubit transition,

εL,R ≡ ε− = D − γeB‖. (5)

To realize the Hamiltonian of Eq. (1), and the system evolu-
tion according to Eq. (2), it is essential that the two electronic
spins are resonant not only with each other, but also with the
nuclear spins of the surrounding 13C. Under the assumption of
a parallel magnetic field only, the energy of the nuclear spins
of the 13C is simply given by

εn = γnB‖. (6)

Now, there are two regimes, CR and HH, to implement this
resonant condition between the two qubits themselves and the
nuclear spins.

B. Cross-relaxation regime

In the cross-relaxation (CR) regime, one requires the con-
dition εL,R = εn to be satisfied, with εL,R and εn given by
Eqs. (5) and (6). This is achieved with the modulus of the
magnetic field to be close to the ground state level anticrossing
(GSLAC) condition:

εL,R = D − γeB‖ = γnB‖ (7)

⇔ B‖ := BCR = D/(γe + γn) ∼ 102 mT. (8)

For estimating BCR, we have assumed γn � γe, valid for any
nuclear spin with respect to any electronic spin. The label CR
in the magnetic field refers to the energy-resonance condition,
known as the cross-relaxation regime [39,40].

The energy-resonance regime must be reached while pre-
serving the NV centers’ quantization axes and their ODMR
properties [41]. This imposes that the applied magnetic field
must be well aligned with the quantization axis (N − V ) of
the two qubits, hence B⊥ ≈ 0 as in Eq. (5). This also implies
that the two NV centers are along the same crystallographic
orientation, aligned with the magnetic field. The experimental
scheme corresponding to operating in the CR regime is illus-
trated in Fig. 2 (hereafter also configuration no. 1).

C. Hartmann-Hahn regime

An alternative to the cross-relaxation regime is provided
by low-field DNP methods [30–32]. These methods con-
sist in driving the qubits continuously to maintain them in
their energy eigenbasis (dressed states), characterized by their
energies ε1

L,R = γeB1
L,R. This is done by driving each qubit

individually with a microwave magnetic field B1
L,R cos(ωMWt )

at resonance with the qubit, ωMW = εL,R/γe. The Hartmann-
Hahn (HH) regime [34] is then satisfied by adjusting these
eigenenergies to the energy of the nuclear spins,

ε1
L,R = εn ⇔ B1

L,R = γn

γe
B‖. (9)

The corresponding experimental configuration, denoted no. 2,
is shown in Fig. 3. It is similar to the recent DNP experiments
[30,32], where they have used the so-called NOVEL sequence
derived from the initial Hartmann-Hahn method [34]. As
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FIG. 2. Experimental configuration no. 1 corresponding to the CR regime. (a) A magnetic field is applied along the common quantization
axis of the two NV centers such that they are in direct resonance with each other and with the 13C. In the experimental sequence (b), the STED
or the GSD superresolution method enables us to optically polarize one of the two NV centers (e.g., the right one) selectively, allowing us to
apply a CRIP polarization to cool the corresponding bath (c). In a second phase (d), free of any external fields, microwaves or optical, the CR
regime induces the flip-flop interaction Hamiltonian between the two NV centers and optimizes the relaxation interaction with their respective
bath to realize the engine for entanglement generation.

discussed in the next section, the HH regime allows for the
implementation of the interqubit interaction Hamiltonian. Let
us mention that other sequences allow for the HH regime, for
instance the PulsePol sequence used in [31,42].

D. Role of the hyperfine coupling term HN

and choice of the nitrogen isotope

We now discuss the additional term HN in Eq. (4), corre-
sponding to the hyperfine coupling with the nitrogen atoms.
Within the CR regime, near GSLAC, HN plays an important
role which depends on the nitrogen isotope used in the exper-
iment [43,44]. As shown in Ref. [39], the energy transition
between states |ms = 0〉 and |ms = −1〉 of a 15NV center
comprising the nuclear doublet 15N isotope cannot be lowered
below 2 MHz and reach the 13C nuclear transition. This makes
the 15NV unsuitable for configuration no. 1 in the CR regime.
Instead, the nuclear triplet 14N is naturally much more abun-
dant (>99.5 %) than the other isotopes. Importantly, it has
been demonstrated to reach the cross-relaxation regime with
either 13C or other nuclear spins of higher gyromagnetic ratio
[29,40]. This makes 14N suitable for both configurations no.
1 and no. 2, i.e., for the CR and HH regimes. This is why we
foresee it as the most natural choice to realize the surrounding
nuclear spin environments for the electron spins. Finally, it is
now well established that the nuclear spin In of the 14N atom
can be initialized to its noninteracting |mI = 0〉 state [44] in
a durable manner [45,46]. It renders the role of HN negligible
both for the CR and the HH regimes (no evolution due to HN ).

E. Interqubit dipole-dipole interaction

In the laboratory frame, the electronic spins of two NV
centers interact naturally through a dipole-dipole interaction,
whose strength depends on the electromagnetic gyromagnetic
ratio γe of each NV center and on the relative distance be-
tween them characterized by the vector �r = rêR below. Within
the secular approximation (valid at high magnetic field), the
dipole-dipole interaction Hamiltonian takes the form [47–49]

HLR = μ0γeγeh̄

4πr3
(1 − 3 cos2 θ )

(
Sz

LSz
R − 1

4
(S+

L S−
R + S+

R S−
L )

)
,

(10)

where the first two terms correspond to the terms A and B of
the dipolar alphabet of the dipole interaction Hamiltonian. Let
us note that, for clarity, we have omitted the tensor product in
the above equation compared to Eq. (1). In the literature, the
case of two off-resonant nuclear spins is typically discussed
such that the second term is neglected. In Eq. (10), one notes
that the second interaction term realizes the flip-flop interac-
tion required by Eq. (1) with the coupling constant g set by

|g| = μ0γ
2
e h̄

4πr3

1 − 3 cos2 θ

4
. (11)

The angle θ denotes the angle between the orientation NV-
center axis and the direction of B‖ (BCR). Importantly, it
was shown in Ref. [50] that the average interaction Hamil-
tonian in the rotating frame of the HH regime also takes
the form of Eq. (10) with the desired flip-flop term. Some
additional constant factors may be present, depending on the
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FIG. 3. Experimental configuration no. 2 corresponding to the HH regime. (a) In the HH regime, the two NV centers can have different
orientations and energies. (b) The desired interqubit and qubit-bath flip-flop interactions are set through the NOVEL polarization sequence
in which a laser pulse followed by a π

2 along the axis (x) prepares the NV center in a superposition state along (y). A magnetic field B1
L,R

is then applied in the rotating frame along (y) to “spin-lock” the NV center, and it generates a dressed state with the desired energy. In the
experimental sequence (c), the first phase (d) consists in applying the NOVEL sequence repeatedly over only one of the two NV centers
(e.g., R) to cool the corresponding 13C bath. In a second phase (e), the NOVEL sequence is applied on both NV centers simultaneously to turn
the quantum engine on.

experimental parameters. Based on this work, it is valid to
consider the Hamiltonian in Eq. (10) both for the CR and HH
regimes without loss of generality.

Let us mention that the contribution of the Sz
LSz

R term
only plays a role for a certain class of initial states, i.e.,
those that are not described by an X-shaped density operator.
The predictions we make in the following sections are done
considering relevant experimental initial states, which are all
of an X-shape. For other initial states, this term will induce
additional nonzero off-diagonal terms in the transient regime,
but will not affect the steady state. We can therefore neglect
this term without loss of generality for this proposal.

In both CR and HH regimes, for a successful realization
of a NV-based entanglement engine, the interaction strength
g must be within the right energy range with respect to bare
energies of the NV centers and relaxation rates �CR, HH with
the surrounding 13C (discussed just below), �CR, HH � g � ε.
The interaction strength g depends directly on the distance
between the two NV centers (g ∝ 1/r3). In recent years,
stochastic implementation of pairs [51–53] and triplets [54]
of NV centers has been achieved in experiments. The implan-
tation energy determines the final depth and straggling [55] of
the nitrogen atoms in the diamond, and therefore the expected
distance that separates them. Based on magnetic spectroscopy

measurements, coupling strengths ranging from a few kHz, as
limited by decoherence, up to the record of 3.9 MHz reported
in Ref. [52] have been demonstrated, falling well into the
above range. The main experimental values of the parameters
of the model that correspond to the discussions in the present
and following sections are summarized in Table I.

We now discuss environment engineering and relaxation
energy scales.

IV. SYSTEM-ENVIRONMENT INTERACTION

In this section, we first discuss the role of different envi-
ronments for an NV center, and then we propose a scheme
to engineer an out-of-equilibrium situation between two NV
centers, which is required for entanglement generation.

A. Dipolar interaction

A key advantage of the NV-center platform is the excellent
decoupling of NV centers from lattice phonons [56], with
a room-temperature spin-lattice relaxation rate as low as a
few hundred Hertz. As a consequence, quantum coherence
properties of NV centers are mainly limited by surrounding
magnetic impurities 13C in our case [18,20,57,58].
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TABLE I. Dynamical nuclear polarization parameters for different nuclear spins and concentration. Missing values are either not applicable
or not available from the literature.

13C 13C 1H 1H 19F
Nuclear bath 1.1 % 3–100 % biphenyl Al2O3 Al2O3

Concentration nn ( n−1 m3 ) 1.9 5.1–170 41
σn (n−1 m2) �3 3 [67]

Polarization radius RM ( nm) 1.33 1.33
NV center depth dNV ( nm) 6 10 10
Number of nuclei 20 20 × nc

n0
c

Polarization rate R ( Hz) 9000 9000 7500 375 154
Maximal polarization pmax ( %) >99 >99 few % % 0.3
Diffusion constant D ( nm2 s−1) 7 [66] Eq. (24) 571 700 700

Gyromagnetic ratio γn ( MHz T−1) 10.7 10.7 42.6 42.6 40.0
Qubit energy εL,R ( MHz) 1.1 1.1 4.4 4.4 4.1
Qubit/bath coupling �

(i)
1,CR ( kHz) 250 Eq. (18) few 1000 few 1000 few 1000

Decoherence �
(i)
2 ( kHz) 1.5 [57] Eq. (19) (4.5–14) × 103 few 100

Spin-lattice relaxation �
(i)
1,SL ( Hz) 150 150 150 150 150

Reference [29,32] [31] [32] [32]

The interactions between a NV center’s electron spin α

and the jth 13C
′ s nuclear spin is again described by the

dipole-dipole Hamiltonian. Within the secular approximation,
under resonant conditions discussed in the previous section,
the electron spin α (with a gyromagnetic ratio γe) interacts
with N 13C nuclear spins (with a gyromagnetic ratio γn) with
the Hamiltonian HT,α ,

HT,α =
N∑

j=1

μ0γeγnh̄

4πrα j
3

(1 − 3 cos2 θα j )

×
(

Sz
αIz

j − 1

4
(S+

α I−
j + I+

j S−
α )

)
. (12)

Here, �SL,R and �I j denote the spin and nuclear operators, re-
spectively. The term Sz

αIz
j will lead to pure dephasing via

the rate �2,ϕ of the electron spin of the NV centers, while
the tunneling (flip-flop) term is at the origin of dissipation
(decoherence rate �2,CR and relaxation rate �1α). In the fol-
lowing subsections, we discuss in further detail these rates and
predicted values in the context of our proposal.

B. Relaxation in the CR regime

The effect of the 13C nuclei on the relaxation of the NV
center α is known to be determined by the product of the
root-mean-square value of the transverse magnetic field noise,
Brms,α , and its spectral density Sα (ε) [47,59],

�1,α (ε) = 3γ 2
e (Brms,α )2Sα (ε). (13)

In full generality, the spin-lattice relaxation rate �SL needs
to be added to this expression if non-negligible. Considering
the contributions of all 13C nuclei to be independent from
each other, (Brms,α )2 can be obtained by summing up all the
contributions squared [47],

(Brms,α )2 =
∑

j

(
μ0γnh̄

4π

)2

CS
2 + 3 sin2 θα j

rα j
6

, (14)

where CS = 1/4 is linked to the multiplicity of the reservoir
spins. The number of nuclear spins contributing to the sum
over j can be estimated through the volume of influence
[60,61]. Nuclear spins that are closer than a minimal radius
around the NV center, Rm ≈ 0.2 nm, as well as the ones be-
yond a maximal radius, RM ≈ 1.33 nm, are excluded. In a
diamond with a natural abundance of 13C of nC = 1.1 %, we
estimate the sum over j to comprise approximately 20 spins,
which will define the environment of the electron spin of the
NV center α. Assuming rα j = rα and the same orientation of
the nuclear spins with respect to the quantization axis of spin
α, θα j = θα , Eq. (14) can then be written as

(Brms,α )2 = CS

(
μ0γnh̄

4π

)2 ∫∫∫
r>Rm

2 + 3 sin2 θα

r6
nCdV,

= CS

(
μ0γnh̄

4π

)2 7π

2Rm
3 nC, (15)

where nC is the average 13C density, or its natural abundance.
The spectral density Sα (ε) is approximated by a

Lorentzian, centered on the nuclear spin energy εn = γnB‖,
and whose linewidth is limited by the NV center decoherence
�2,α [62,63],

Sα (ε) = 1

�2,α

× 1

1 + (ε − εn)2/�2
2,α

. (16)

In the most common off-resonance case (εα � εn), the
spectral density vanishes such that the nuclear-spin-induced
relaxation remains small with respect to the spin lattice one.

Instead, under the cross-relaxation condition that applies
here, (εL,R = εn), the maximal relaxation rate, hereby called
the cross-relaxation rate, has the form

�1,α = 3γ 2
e

(
Bα

rms

)2

�2,α

. (17)

It has been measured up to �1,α = 250 kHz in a diamond
with a natural concentration of 13C [29], three orders of
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magnitude larger than the spin-lattice relaxation rate 200 Hz
in the same sample.

For our proposal, considering the natural abundance nC , the
cross-relaxation bare rate �α in Eq. (3) will be taken to be

�1 ≡ �1,α (%(13C)) = %(13C)

1.1 %
× 250 kHz. (18)

In a similar sample diamond, the decoherence rate is mea-
sured to be of the order of 1.5 kHz [57], with a linear increase
with nC :

�2,α (%(13C)) = %(13C)

1.1 %
× 1.5 kHz. (19)

This remains two orders of magnitude lower than the relax-
ation rate. In the cross-relaxation regime, the dynamics of the
NV centers’ electron spins can therefore be modeled by the
purely dissipative cross-relaxation process, for which Eq. (2)
should be valid. In the following, we consider the same bare
rates for the electron spins coupled to their respective nuclear
spin baths, �L = �R = �1, given by Eq. (18).

C. Relaxation in the HH regime

As introduced in Sec. III E, low-field DNP methods allow
us to set a flip-flop Hamiltonian between spins of different
energy. When combined with optical pumping repolarizing
the NV centers, this is commonly used to hyperpolarize the
surrounding nuclear spin bath [see also Fig. 3(c) and Sec. V].
In addition, it symmetrically maximizes the coupling for the
(cross)-relaxation process [30–32] [Fig. 3(d)], and this is com-
monly used to probe the polarization transfer to the nuclear
spins, similar to what is done in the CR regime [40]. Hence,
the rates derived for the CR regime correspond to the sym-
metrized rates in the HH regime, and we will consider them
for our predictions.

V. THERMALLY BIASED ENVIRONMENTS

In this section, we explain how to engineer two artificial
thermal environments made of 13C nuclear spins, biased in
temperature. In an NV-center platform, this is made possi-
ble due to the NV centers being naturally decoupled from
the phonons [56], allowing us to not be subject to the ex-
cellent thermal conduction properties of the diamond. Here,
we realize an effective temperature difference between two
ensembles of nuclear spins through DNP techniques in the CR
and HH regimes. We predict that these regimes will enable a
long-lasting out-of-equilibrium situation within the context of
this proposal. The main steps are shown in Figs. 2 and 3 and
discussed below.

A. Polarization

For the nuclear spins with energy εn, at a position �r and
time t , it is possible to estimate their polarization p = p↓ − p↑
by assuming a Boltzmann distribution for each of the nuclear
spin states p↓ = 1/(e−εn/(kBT ) + 1) and p↑ = 1 − p↓,

p = p↓ − p↑ = 1 − e−εn/kbT

1 + e−εn/kbT
. (20)

At room temperature, with εn = 1.1 MHz and BCR =
102 mT, we obtain p ≈ 10−7, corresponding to a situation
without any effective temperature gradient. In recent years,
several methods have been proposed and experimentally
demonstrated to lower or increase the polarization of nuclear
spins by transferring the optically induced polarization of an
electron spin in their vicinity. These methods rely on DNP, in
various regimes, including CR and HH regimes. The principle
goes as follows.

The NV centers’ electron spin can be polarized optically
to its |mS = 0〉 state [12] via its spin-selective nonradiative
decay path (see Fig. 1). DNP uses this polarization as a source
to transfer it to the surrounding nuclear spins. This can be
achieved if a resonant condition between the electron spin
and the nuclear spins is satisfied, which can be done in the
CR and HH regimes discussed in the previous sections. As
shown in Ref. [61], the NV centers have an influence on a
specific volume of influence, which depends in general on
the chosen DNP method (and consequently on the regime).
In our case, the same DNP regime is used for both the cooling
and for realizing the quantum engine [see Figs. 2(c) and 2(d)
and Figs. 3(d) and 3(e)]. This implies that the polarization
efficiencies obtained in previous works are also valid in our
scheme.

Consequently, the above sequences are suitable both to
cool down nuclear spins within the volume of influence of
a given NV center, and to realize the adequate thermal baths
with distinct effective temperatures. We provide the details for
each regime below.

B. Cross-relaxation-induced polarization

In the CR regime, a strong magnetic field is required to
align the NV center axes (see Sec. III A). With this experimen-
tal condition, the so-called CRIP methods (cross-relaxation
induced polarization) have the advantage of not requiring any
driving microwaves [see Fig. 2(c)]. In Ref. [29], a polarization
efficiency above 99 % for either 13C or 1H bath have been
evidenced. However, it remains a challenge to apply CRIP
to only one of the NV centers. Indeed, as shown in Sec. VI
and Fig. 4(a), the optimal coupling efficiency for a diamond
with a natural 13C concentration of about 50 kHz corresponds
to a distance of about 10 nm. The constraint imposed by this
very short distance can be slightly reduced by considering
smaller qubit-bath coupling strength (see the discussion in
Sec. IV A, �CR, HH � g � ε). This could be achieved either
by introducing a small amount of energy detuning between
the two NV centers, see Eq. (16) (but this will decrease the
amount of entanglement in the steady state), or by utilizing a
diamond with a lower 13C concentration [see Eq. (18)].

In any case, microscopic superresolution techniques will be
necessary in the CR regime to reach these distances of a few
nm. Here we propose to use either the GSD [15] technique or
the STED [16] one earlier [see Fig. 2(b)]. In the case of GSD,
the pumping beam (green) is patterned to have a central dark
spot on the focus plane (see Fig. 1). The NV center within the
dark spot is therefore not optically pumped while the other is.
In the case of STED, a similarly patterned depletion beam [16]
is added to a conventional green pump. The NV center placed
in the dark center of that red beam is pumped normally, while
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FIG. 4. Entanglement predicted between the two NV centers. (a) Contour plot showing the concurrence as a function of the polarization %
and the interqubit coupling, g. The other parameters are ε = 1.1 MHz, Th = 1 GHz, and natural concentration of 13C = 1.1 %. (b) The optimal
values (i.e., optimized to maximize the steady-state concurrence) of interqubit coupling for given 13C concentrations. (c) Transient behavior
of concurrence for four different values of concentration and the corresponding optimal value of interqubit coupling. The other parameters
are ε = 1.1 MHz, Th = 1 GHz, and 100 % polarization of 13C constituting the cold reservoir. The initial state is chosen to be a tensor product
of thermal states at the reservoir temperatures (i.e., with nc

F = 0 and nh
F ≈ 1/2). The couplings are such that g < 70 kHz < �

(i)
1,CR = 250 kHz,

which fits the chosen master equation regime.

the excited state of the other NV center is depleted such that its
spin-nonconservative decay path is impeached. In either case,
only one of the two NV centers can be regularly pumped and
act as a local source of polarization for a DNP protocol.

Importantly for this work, Ref. [17] reported STED on
NV centers with a point-spread function of width below 6 nm
with an incoming beam of a few hundred milliwatts. Although
certainly challenging experimentally, this appears to be com-
patible with the predicted optimal distance of a natural 13C
concentration without detuning the NV centers in the context
of our proposal.

C. Polarization in the HH regime

In the HH regime, the two NV centers may have different
Larmor energies and can therefore be selected through their
ODMR spectrum [64], relaxing the need of superresolution
methods [see Figs. 3(c) and 3(d)]. This selective cooling pro-
cess therefore appears more direct experimentally.

D. Effective coupling rates to out-of-equilibrium thermal baths

With the above experimental considerations about the con-
figurations in the CR and HH regimes, we are now able to
connect experimental parameters discussed in the previous
sections with the theoretical model. To summarize, in our pro-
posal the hot bath is realized by considering the nuclear spins
surrounding the left NV center (for instance), the effective hot
temperature being the room temperature corresponding to a
polarization close to 0. The cold bath will be realized through
DNP and selective cooling as discussed above and shown in
Figs. 2(d) and 3(d). The predicted effective cold temperature
is estimated through the achieved polarization in the range
97–100 %. With these experimental achievements, the rates

entering the Lindblad master equation (2) for the left (hot)
and right (cold) baths can be identified as

γ +
L = γ −

L = 1

2
�1, (21)

γ −
R = 1 + pR

2
�1 = [1 − nF (ε, TR)]�1, (22)

γ +
R = 1 − pR

2
�1 = nF (ε, TR)�1, (23)

with pR ∈ [0.97, 1] and �1 given by Eq. (18). Before dis-
cussing the numerical predictions for this NV-center-based
entanglement engine, we comment on spin diffusion and spin-
lattice relaxation that would, in general, affect DNP protocols.

E. Spin diffusion

In general, spin polarization in DNP protocols may also
happen through spin diffusion, as spins interact directly
through the dipole-dipole interaction Hamiltonian [similar to
Eq. (10)].

In a 100 % enriched diamond, the spin diffusion constant
can be calculated directly, Dn(100 %) = 6.5 nm2 s−1. It has
a square-root dependence on nC [65]. For our proposal, we
estimate it to be

DC (%(13C)) =
√

%(13C)

100 %
× 6.5 nm2 s−1. (24)

This is also consistent with the experimental value of
6.5 nm2 s−1 obtained in [60] for a diamond with 13C in natural
abundance. Another indirect experimental estimation gives a
diffusion constant higher by one order of magnitude [66].
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However, this is related to a diamond being with additional
nitrogen impurities, which can mediate the spin diffusion.
Accounting for spin diffusion, the polarization of a given bath
is expected to propagate over a distance of d = 20 nm in
≈ d2

DC
= 1 min. This timescale is orders of magnitude higher

than the other timescales involved in this proposal, which
are of the order of tens of microseconds [see Fig. 4(c) and
previous discussions]. We therefore predict this spin diffusion
to be negligible in the realization of an entanglement engine.

In the final section, we present numerical estimations for
the concurrence, a measure for entanglement. We investigate
it as a function of relevant parameters of the proposal, the
polarization of the nuclear spin baths, the concentration of
13C, and the coupling g between the NV centers, which is
determined by the distance between them. These predictions
show that the above experimental methods and associated
configurations can generate a long-lasting out-of-equilibrium
thermal situation suitable for the quantum engine to
function.

VI. ENTANGLEMENT GENERATION

Having discussed all of the relevant factors that determine
the quantum evolution of the NV centers in our scheme, we
now proceed to discuss the dynamics. For this purpose, we
take the master-equation approach described in Sec. I. Analyt-
ical results on both steady-state [6] and transient regimes [68]
have been previously discussed for the system. Here, we focus
on numerically demonstrating the generation of entanglement
considering values for the parameters that correspond to the
techniques and regimes described in the previous sections.

In Fig. 4(a), we show the steady-state concurrence [69]
as a function of polarization and coupling between the NV
centers for natural concentrations of 13C . We find that there is
a large range of experimental parameters for which the qubits
become entangled in the steady state. Specifically, the higher
the polarization (i.e., the lower the effective temperature of the
“cold” reservoir), and the larger the coupling between them
(i.e., the smaller the distance between them), the higher the
steady-state entanglement. The entanglement is larger with
increasing temperature gradient, but the maximum takes place
at an intermediate interqubit coupling. The parameter range
where entanglement is nonzero can be obtained exactly via
the critical heat current introduced in [68].

In general, entanglement may appear in the transient
dynamics and may disappear completely at long times. Fur-
thermore, depending on the timescale of the dynamics of the
machine, it may be more experimentally feasible to look at
short or intermediate times to detect entanglement. Impor-
tantly, the entanglement at an intermediate time may be much
larger than at long times. It is therefore also important to in-
vestigate entanglement production in the transient regime. In
Fig. 4(c), the goal is to see how much entanglement can be cre-
ated at intermediate times for different concentrations of 13C
in the diamond sample. In Fig. 4(b), for a given concentration,
we plot the optimal value of g (i.e., the value that maximizes
transient concurrence). In Fig. 4(c), we use this value of g to
plot the concurrence as a function of time. We find that for any
given concentration, there is a g, such that concurrence can be
maximized to the same value in the transient state, which is

more than double the steady-state concurrence. Since g is one
of the factors that determines the timescale of the dynamics,
this maximum, however, happens at different points in time.
Interestingly, in the steady state, all curves approach the same
value of concurrence (see the inset).

VII. CONCLUSION

In this work, we have proposed an experimental setup
to realize a two-qubit entanglement engine on an NV-center
platform. We discuss the implementation of two interacting
qubits, as well as the realization of two independent nuclear
spin baths characterized by different temperatures. This tem-
perature gradient is realized effectively through a polarization
gradient created using DNP. We detail two relevant experi-
mental configurations either corresponding to the CR regime
or to the HH one. Their distinct advantages are discussed in
relation to each experimental aspect that is to be implemented.
It is interesting to note that certain DNP protocols can also
engineer effective baths at negative temperature [31,32], cor-
responding to spin baths polarized in their “up” state. From
a thermodynamic point of view, this constitutes an interesting
resource, already discussed in a few works in the context of
quantum thermal machines [10,70,71].

A key requirement of a two-qubit engine is to maintain a
long-lasting out-of-equilibrium situation. In schemes involv-
ing local interactions, this appears particularly difficult. It is
indeed required to avoid any direct coupling between the two
thermal reservoirs, at a similar distance to one another com-
pared to the one between qubits, while keeping dominating
qubits/qubit and qubit/bath couplings with a similar order of
magnitude. In our scheme, this is made possible by exploiting
the large difference between the gyromagnetic moments of, on
one side, the nuclear spins for the baths, and on the other side
the electron spins for the two interacting qubits. For instance,
with the alternative of considering baths made of electron
spins, all interaction strengths would be set by the gyromag-
netic moments of electron spins, preventing the realization of
two independent reservoirs interacting distinctively with each
NV center.

As a possible alternative, one may consider different nu-
clear spins. For instance, in Refs. [31,32], local efficient
polarization of surface nuclear spins 19F or 1H has been
demonstrated. The relevant references and parameters to in-
vestigate such configurations together with alternative 13C
volume concentrations are provided in Table I. In those cases,
one could take advantage of the potentially shorter distance
between nuclei to strengthen the thermal reservoir approxi-
mation by involving more of them in each bath, thus enabling
interactions between them. The qubit/bath coupling could
then be set by the NV centers’ depths. In such cases, however,
the spin diffusion to be considered may no longer be negligi-
ble and would require a proper modeling. Such alternatives
may constitute interesting schemes to be investigated both
theoretically and experimentally.
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