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interface
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We present a protocol for the ground-state cooling of a tripartite hybrid quantum system, in which a
macroscopic oscillator acts as amediator betweena single-probe spin anda remote spin ensemble. In
the presenceofweak dispersive couplingbetween the spins and the oscillator, cooling of the oscillator
and the ensemble spins can be achieved by exploiting the feedback from frequent measurements of
the single-probe spin. We explore the parameter regimes necessary to cool the ensemble, the
oscillator, or both to their thermal ground states. This novel cooling protocol shows that, evenwith only
weak dispersive coupling, energy transfer-like effects can be obtained by simply manipulating the
probe spin. These results not only contribute to the development of a practical solution for cooling/
polarizing large spin ensembles but also provide a relatively simple means of tuning the dynamics of a
hybrid system. The proposed protocol thus has broader implications for advancing various quantum
technology applications, such as macroscopic quantum state generation and remote sensing.

Translating the potential of quantum technology into real-world applica-
tions remains a significant challenge due to the inherent limitations of
current experimental platforms1,2. One promising avenue is to explore the
hybrid system approach, which promises to fully exploit the unique cap-
abilities of different systems3–6. In particular, high-fidelity entanglement
between different systems can be established by exploiting their common
coupling to a transducer, thereby generating indirect interactions6,7.
Transducers in the forms of nanomechanical oscillators (NMOs)8,9,
magnons10,11, superconducting qubits12,13, superconducting resonators14,
optical cavities15, and optomechanical cavities16 have been considered to
mediate spin-spin, spin-photon, and photon-phonon interactions.

However, it has beenmainly proposed to use transducers to implement
entanglement gates between remote qubits9,10,16, and few transducer protocols
focus on heat extraction from quantum systems to achieve ground-state
coolingor statepreparation. Statepreparation is the foundational step inmost
quantum applications17,18, making the development of efficient methods
essential for advancing areas such as computing, simulation, and sensing.
This is particularly critical for spin ensembles, as conventional techniques
often rely on resonant energy exchangemethods, suchas theHartman–Hahn
transfer19,20. Polarization based on energy transfer typically exploits the
interaction between a single spin and all the spins of the ensemble. This single
spin can be polarized repeatedly, thus realizing a continuous removal of
entropy until the ensemble is finally polarized. The challenge is that if the
ensemble spins have similar g-factors, the risk of them being trapped in dark

states due to Hamiltonian symmetries is high, preventing complete polar-
ization of the ensemble20,21.

In this work, we consider a tripartite hybrid system where an oscillator
serves as a transducer for a single-probe spin and a spin ensemble. By
exploiting the measurement feedback from the frequently measured probe
spin, efficient heat extraction from the ensemble can be realized, requiring
only weak dispersive (off-resonant) coupling between the spins and the
oscillator. The probe control sequence is shown schematically in Fig. 1b.
Achieving complete ensemble polarization by such probe projections can
avoid the dark state problem associated with resonant energy transfer. Fur-
thermore, the ability to operate under dispersive interaction is important for
various systems whose original dynamics do not allow direct energy
exchange22,23. Finally, we show that the same control sequence on the probe
can also be used to prepare macroscopic oscillators (e.g., NMO) into specific
quantum states that can potentially be used for sensing and error correction
applications.

The oscillator here serves as a simplified conceptual model for a com-
mon bus (transducer) connecting two distant quantum systems that are not
directly or justweakly coupled.One canconsider a general scenariowhere the
bus is a large spin network, which can be effectively approximated as a
bosonic system via the Holstein–Primakoff transformation, such as the spin
wave excitations (magnons)11,24. This scenario is particularly relevant when a
single nitrogen-vacancy (NV) electronic spin in a diamond is used to polarize
or probe distant target spins beyond the distance criteria set by the sensing
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volume25. The targetmay be distant carbonnuclear spinswithin the diamond
substrate26–28, or spins attached to an external protein/molecule29. In such
cases, probe-target interactionsmust bemediated by a transducer, such as the
spin network schematically shown in the inset of Fig. 1a10,27–29. Despite tuning
both the network-to-probe andnetwork-to-target interactions to resonances,
the significant inhomogeneities typically present within a spin networkmake
it difficult to become polarized, rendering resonant probe-target energy
transfer ineffective27–29. Here, we instantiate such a scenario by considering
the oscillator as the fundamental mode of anNMO, specifically the vibration
of a clamped cantilever, as schematically shown in Fig. 1a22,23.

Results
Tripartite hybrid system
For simplicity, we assume (though not necessary) uniformly, with a cou-
pling strength denoted as g. Note that a discussion on the effects of inho-
mogeneous coupling can be found in Supplementary Material. In addition,
the probe spin is assumed to have a distinct coupling strength with the
oscillator, denoted as g0. The hybrid system’s Hamiltonian is then for-
mulated as follows:

H ¼ ωayaþ
XN
k¼0

ωkSk;z þ g0S0;z þ g
XN
k¼1

Sk;z

 !
aþ ay
� �

; ð1Þ

where N is the total number of spins in the ensemble; Si,z signifies the
z-component of the spin-1/2 operator for the ith spin, oscillating at its
Larmor frequency ωi. The oscillator’s annihilation and creation operators
are denoted by a and a†, with a frequency ω.

As we will demonstrate later, the assumption of only a single bosonic
mode is valid in this work. This validity stems from our manipulation of the
probe spin through periodic dynamical decoupling pulses, which effectively
couples the probe spin exclusively to the oscillator’s ground-statemodewhile
decoupling it fromall others.Moreover, our focusona small ensembleofonly
a few spins allows for exact diagonalization of the Hamiltonian system. This
approach stands in contrast to typical acousto-magnonic studies, where a
bosonic description of much larger spin ensembles is necessary30. Such
bosonic approximations are, however, inapplicable in our few-spin limit.

This hybrid system can be realized as shown in Fig. 1a by a unilaterally
clamped cantilever, embedding a single NV center positioned at the
clamping point such that it experiences maximum strain and thus higher
coupling strength.On the free side of the cantilever, we attach amagnetic tip
to generate a strong field gradient that couples to a nearby spin ensemble on
an external substrate6,9. In this way, we exploit both possibilities to achieve
spin-mechanical coupling7,31,32 by local (strain) and non-local (magnetic-
tip) coupling of spins tomechanicalmodeswithin a single setup. This allows
the distinct manipulation of quantum systems that are otherwise not con-
trollable.Moredetails about this possible experimental setupcanbe found in
Supplementary Material.

TheNV-cantilever setupwe’ve outlined serves as a concrete example of
the broader, abstract challenge of harnessing noisy environments. We
selected this particular system for two primary reasons. First, achieving
polarization is a crucial objective in quantum technology applications using
solid-state spins such as NV centers, especially in scenarios where resonant
energy transfer is improbable18,21,33. Second, and perhapsmore significantly,
this setup has already been successfully implemented experimentally32,34,
providing a solid foundation for further investigation of using noisy
environments as resources.

Original system dynamics
In the following, we will consider the system in the rotating frame with
respect to the precession frequencies of both the oscillator and the spins35.
The rotating-frame Hamiltonian reads

~H ¼ g0S0;z þ g
XN
k¼1

Sk;z

 !
âe�iωt þ âyeiωt
� �

: ð2Þ

This Hamiltonian allows us to study the effect of our cooling protocol on
each spin configuration with a given eigenvalue of the collective spin
operator Sz ¼PN

k¼1 Sk;z , independently. The system evolution operators
are then conveniently decomposed into the following form36,37:

UðtÞ ¼ ∣0i 0h ∣�PN
k¼0

Dk;þðtÞ � Ik þ ∣1i 1h ∣� PN
n¼0

Dn;�ðtÞ � Ik;

Dk; ± ðtÞ ¼ T exp ± i
R t
0 dt

0 hk;± ðt0Þ
� �

;

ð3Þ

where T the time ordering operator; the terms hk,±(t) are the oscillator
Hamiltonians conditioning on the spin states, which are expressed as:

hk; ± ðtÞ ¼
gð2k� NÞ± g0

2
âe�iωt þ âyeiωt
� �

; ð4Þ

and the operator Ik projects the spin ensemble into the subspace where k
spins are pointing up. For example, when N = 3 and k = 2, the projector is
written as

Ik¼2 ¼ ""#
�� � ""#� ��þ "#"

�� � "#"� ��þ #""
�� � #""� ��: ð5Þ

It has been shown that theMagnus expansion of the evolution operators can
be simplified as36,37

Dk;± ðtÞ ¼ exp ± i
R t
0 dt

0hk;± ðt0Þ
� �

× exp 1
2

R t
0 dt

0 R t0
0 dt

00 hk;± ðt0Þ; hk;± ðt00Þ
	 
� �

¼ exp gð2k�NÞ± g0
2ω αðtÞay � α�ðtÞa� �h i

× exp itθk
� �

:

ð6Þ
where α(t) = 1− eiωt and θk is given by

θk ¼ �ωt � sinðωtÞ
ωt

gðk� N=2Þ± g0
	 
2

4ω
: ð7Þ

The analysis above can be significantly simplified by considering each spin
component with a fixed value of k separately. The initial ensemble state is
diagonal in the basis of the collective spin operator Sz, and this diagonal
nature is preserved throughout the complete system evolution. Conse-
quently, each k-dependent angle θk becomes a global phase for the corre-
sponding spin component with a particular eigenvalue of Sz, allowing us to
disregard it in our analysis. It is also important to note that the oscillator-
induced spin–spin interaction, plays no role in the cooling process, as it also
takes the form /Pi;jS

z
i S

z
j
38.

Dynamical decoupling pulses on probe
The original system dynamics are unlikely to exhibit energy transfer-
like effects due to the weak and off-resonant spin-oscillator couplings.
To introduce some tunability into these dynamics, we consider
applying a periodic sequence of π pulses to the probe spin. Our cooling
method has some similarities to how high-fidelity entangling gates can
be realized between an NV electronic spin and a nuclear spin, which is
also achieved by periodic dynamical decoupling pulses on the elec-
tronic spin39.

Similar to the nuclear-spin polarization schemes35,40, our cooling pro-
tocol relies on significantly altering the system dynamics by fine-tuning the
spacing between pulses on the probe to match the oscillator frequency. This
allows the effects of weak spin-oscillator couplings to accumulate over time,
thereby enabling effective cooling of the spin ensemble and the oscillator.
These pulses alter the dynamics of the systemby replacing g0with f(t)g0 in Eq.
(4), where f(t) a time-periodic function:

f ðtÞ ¼ þ1 if 2jτ < t < ð2jþ 1Þτ
�1 if ð2jþ 1Þτ < t < ð2jþ 2Þτ

�
; ð8Þ
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with j = 0, 1, 2, ⋯ , n and τ the interval between successive pulses. The
conditional evolution operators in Eq. (6) are now written as

Df
k;± ðtÞ / exp

gðk� N=2Þ
2ω

αðtÞay � α�ðtÞa� �
±

g0
2ω

Fðϵ; tÞay � F�ðϵ; tÞa� �� 

;

ð9Þ

where the filter function F(t) is given by36:

FðtÞ ¼ iω
Xn
k¼0

Zðkþ1Þτ

kτ

dt ð�1Þke�iωt ¼ 1� ð�1Þnþ1e�iðnþ1Þωτ þ 2
Xn
k¼1

ð�1Þke�ikωτ

" #
:

ð10Þ

This filter function is centered at τ = π/ω with its width decreasing
approximately as 1/n236,37,41 and asymptotically converges to adelta function:

lim
n!1

FðtÞ ¼ 2ðnþ 1Þδ ω� π

τ

� �
: ð11Þ

This supports our initial assumption in Eq. (1) that all other phonon modes
are effectivelydecoupled fromtheprobe spinwhena largenumbernofpulses
is applied. In addition, we alsowant themaximumpossible coupling strength
between them.One can see fromEq. (9) that ∣g0F(t)∣ should be comparable to
the oscillator frequency ω, which requires at least n � Oðω=g0Þ37.

The average displacement caused by the ensemble spins can be
approximatedasαE(k)≈ g(k−N/2)/2ω, which is notably small compared to
the probe-induced displacement. The latter, given by αP≈ ng0/ω, scaleswith
thenumberof pulsesnwhen the resonance condition ismet, as shown inEq.
(11). Consequently, in a free induction decay experiment of the probe spin,
where no dynamical decoupling pulses are applied, the ensemble-induced
effects on the oscillator remain undetectable.However, in our protocol, each
probe projection modifies the oscillator state, conditioning it on these
minute ensemble-induced displacements. Although initially negligible,
these effects accumulate over the repeated probe projections, ultimately
exerting a significant influence on the system dynamics.

Tuning dynamics through probe projections
In this section, we showhow that the dynamicsmodification is facilitated by
a cyclic process involving projectivemeasurement and reinitialization of the
probe spin, as schematically shown in Fig. 1a. First, the probe is prepared in
the state ∣þi. Then, the system undergoes an evolution for a time t = nτ
under repeated dynamical decoupling pulses as described in Eq. (3). Finally,
the probe spin ismeasured in the computational basis after an additionalπ/2
pulse is applied to it. This process is represented by the circuit in Fig. 2a,
which effectively implements oscillator displacement conditioning on the
probe spin state.

The whole circuit is equivalent to the implementation of projection
operators on the oscillator that depends on the probe spin as well as the
ensemble spin states. These conditional oscillator projection operators Vk,±

are mathematically formulated as:

PN; ± ¼
XN
k¼0

Vk; ± � Ik; Vk;± ¼ 1
2

Df
k;þðtÞ±D

f
k;�ðtÞ

� �
; ð12Þ

where k is the number of ensemble spins pointing up, and the subscript ±
depends on the measurement result of the probe spin. Such repeated pro-
jections of the probe are central to the oscillator cooling protocol in our
previous work37, which is now extended to also cooling/polarizing a spin
ensemble.

We start with an ensemble ofN spins initially in a fullymixed state and
the oscillator initially in its thermal state. These initial states are written as

ρens ¼
XN
k¼0

Ik
2N

; ρosc ¼
1P

ne
� nω

kBT

X
n

e�
nω
kBT ∣ni nh ∣; ð13Þ

where projector Ik corresponds to the states with k spins pointing up,
as given in Eq. (5); kB represents the Boltzmann constant; and T is
the temperature. It is easy to see that hPN

j¼1 Sz;ji ¼ 0; and the initial
thermal occupancy of the oscillator is calculated as n0 ¼
Trðρosc ayaÞ ¼ 1= expðω=kBTÞ � 1

	 

.

To cool the ensemble-oscillator subsystem, we repeatedly implement
the circuit shown in Fig. 2a by post-selecting the probe measurement out-
come to be 0 each time. This process effectively implements the projector
PN;þ given in Eq. (12) many times. The probability that the ensemble is
projected into the Ik sector afterM repetitions is calculated as

PmðMÞ ¼ 1P
mPm

Tr½PM
N;þ ρBð0ÞPM

N;þ�; ð14Þ

where m = (2k−N)/2 is the total magnetization of the ensemble. This
dependence onm shows that, with appropriate parameters, it is possible to
polarize the ensemble, i.e., to obtain PN/2(M) ≈1 whenM is large enough.
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Fig. 1 | Schematic representation of the experimental setup and control strategy.
a Shown is a clamped nano/micromechanical cantilever carrying a single defect spin,
which in this study is exemplified by an NV electronic spin. The interaction between
theNV center spin and the cantilevermotion ismediated by strain, while single qubit
gates are achieved by microwave (MW) pulses. Initialization and readout processes
are facilitated by optical pulses, with a photon detector used for readout. Amagnetic
tip at the edge of the cantilever creates a gradient field that allows interaction with a
nearby spin ensemble, coupling it to the mechanical motion of the cantilever. In the
inset, we schematically represent a network of interacting spins as a quantum bus.
When the number of spins in the network is large, it can be modeled as a bosonic
system (e.g., magnons) by the Holstein–Primakoff transformation. Note that it is
simplified here as the fundamental mode of the cantilever’s vibration. b The control
sequence of the probe spin to perform the cooling protocol. First, the probe spin is
reset to the ∣0i state by optical pulses, then a π/2MWpulse brings it to a state of equal
superposition, which is followed by n inversionMWpulses applied periodically with
a carefully chosen time interval τ. To ensure that the effective probe-oscillator
coupling strength under pulses is comparable to the oscillator frequency ω, enabling
the oscillator to be driven, n should be on the order ofω/g0. Another π/2MWpulse is
applied before the probe is optically read into the computational base. The above
process is repeated M times, bringing the oscillator and the spin ensemble pro-
gressively closer to their thermal ground states. Note that the probe to be read must
be post-selected in ∣0i each time, otherwise the whole process starts over.
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Furthermore, to achieve tunability of the systemdynamics described in
Eq. (14) and facilitate our proposed cooling protocol, we introduce the pulse
detuning ϵ as a control parameter so that τ = π/(ω− ϵ). We intentionally
keep this detuning significantly smaller than the oscillator frequency, so that
the dynamical decoupling pulses are in the near-resonance regime.
Accordingly, the filter function in Eq. (9) can now be simplified as

Fðϵ; t ¼ ðnþ 1ÞτÞ ¼ 1� eiϵt þ 2ð1� eiϵtÞ
e�iϵτ � 1

: ð15Þ

In order tomake the above equation closer to the delta function given in Eq.
(11), a larger pulse number n would be required for higher values of pulse
detuning ϵ.

System cooling
In this section, we demonstrate the ability of repeated probe projections to
impose a thermal filter on the hybrid system, allowing controlled cooling of
either the oscillator, the ensemble, or both. In the case of simultaneous
cooling, the oscillator canonlybe cooled after the ensemble is fullypolarized;
otherwise, there is effectively no interaction between the probe and the
ensemble. As illustrated in Fig. 4, the cooling process for the entire system is
divided into two stages with distinct pulse spacings τ. In the first stage, the
oscillator remains in its thermal state while the ensemble is cooled. In the
second stage, another pulse spacing is used to rapidly cool the oscillator,
following the oscillator cooling scheme described in our previous work37.

We explore a range of parameters to identify this effect through
numerical simulations, focusing primarily on the weak coupling regime
where the coupling strength g is significantly smaller than the mechanical
oscillation frequency ω, denoted as g≪ ω. Details about these simulations
are summarized in “Methods”.

To explore thisweak coupling regime,we set the spin coupling strengths
g, g0 to 10 kHz, while the mechanical oscillation frequency ω is chosen to be
1.2MHz. Although such a frequency for the mechanical oscillator is
experimentally achievable42,43, the chosen values for the spin-mechanical
couplings are at the upper end of what is typically achievable in practice37.

These choices represent a compromise between stronger coupling for
faster cooling and additional noise due to imperfect pulses on the probe. As
we discussed in Eq. (11), at leastOðω=g0Þ pulses are required for each probe
projection to ensure that the effective spin-oscillator coupling is comparable
to the oscillator frequency, which becomes clear in Eq. (9). However, a
higher number of pulses would result in a longer total evolution time to
implement the cooling protocol, which is undesirable in the presence of
decoherence. Throughout this work, we set the number of pulses in each
round of probe projection to n =ω/g0 = 120, ensuring that the effective
probe-oscillator coupling strength is sufficiently strong to drive the oscil-
lator, as demonstrated in Eq. (9).

In this work, we refrain from exhaustively exploring all possible para-
meter regimes. Instead, we focus on fixed coupling strengths and oscillator
frequencies that are experimentally feasible, and consider only a few spins in
the ensemble. Our primary goal is to demonstrate that manipulating the
probe spin, specifically by tuning the pulse detuning amplitude ϵ, can sig-
nificantly alter the dynamics of a hybrid oscillator-ensemble system with
only weak dispersive couplings. The parameter regimes we explore are
sufficient to confirm this capability, as we will discuss below.

Pulse detuning as a control parameter. The probability Pm(M) in Eq.
(14) depends non-trivially on the filter function in Eq. (15) that is
imposed by pulses on the probe. As discussed in our previous work37,
varying the value of ϵ can lead to cooling, heating, or squeezing of the
oscillator. In particular, ref. 37 has found that a ratio of ϵ/ω ≈5 × 10−3

leads to rapid cooling of the oscillator, which corresponds to ϵ ≈6 kHz for
the oscillator frequency of 1.2 MHz.

However, to achieve complete polarization of the ensemble, we must
avoid premature cooling of the oscillator before the ensemble is polarized.
This is due to the significant effect of the thermal occupancy of the oscillator
on the indirect interaction strength between the probe and the ensemble, as
elaborated inEq. (1). In particular, at zero thermal occupancy, the oscillator-
mediated effective interaction between the probe and the ensemble spins
goes correspondingly to zero.

First, we run simulations with the pulse detuning ϵ close to zero to
explore the near-resonance regime. By adjusting its magnitude from 0 to
2 kHz and varying the number of spins in the ensemble, our simulations
reveal a nuanced relationship between the probability of achieving complete
ensemble polarization and the pulse detuning ϵ, as shown in Fig. 3a. To cool
the spin ensemble, the choice of ϵ should satisfy the condition that the
probe-oscillator coupling is enhanced without prematurely cooling the
oscillator. Consequently, satisfying this condition requires fine-tuning of all
parameters of the Hamiltonian.

This makes it difficult to determine the exact dependence of the
optimal pulse detuning ϵ on the number of ensemble spins N and the
number of probe projectionsM, as shown in Fig. 3a. For example, it can be
seen that within an ensemble of constant size, varying the detuning can lead
to very different results when implementing the proposed cooling protocol.
Another important observation from Fig. 3a suggests that a detuning of
ϵ = 2 kHz may be large enough to facilitate rapid oscillator cooling and
thereby prevent ensemble polarization.

Premature oscillator cooling. To investigate the premature cooling of
the oscillator further, we introduce an even larger detuning of ϵ = 2.5 kHz
for an ensemble of N = 4 spins. The simulation results shown in Fig. 3b

95
.8

2%

Polariza�on a�er = 100 projec�ons 

Number of spins poin�ng up ( )

(b)

(a)

H HReset Read

×

Oscillator
,±( ) ⊗ I

Fig. 2 | Quantum circuit and projection effect of the cooling protocol. a The
quantum circuit progressively projects the oscillator-ensemble system by the pro-
jection of the probe spin. The pulse sequence on the physical level is shown in Fig. 1b.
In each repetition, the probe spin isfirst prepared in the equal superposition state ∣þi
by the optical reset and a microwave Hadamard gate. Then repeated dynamical
decoupling pulses are applied, resulting in a controlled oscillator displacementP

kD
f
k;± ðtÞ � Ik. Here the subscript ± depends on the spin state of the probe and k on

the number of upward-pointing ensemble spins. The procedure ends with a
Hadamard gate and ameasurement of the probe spin, with the result set to 0. Such a
repetition effectively implements the projector given in Eq. (12). b An example of
how an ensemble of N = 14 spins is polarized after M = 100 probe projections. The
spins are initially in a completely mixed state, which is projected to the state with all
spins pointing up with a probability of 95.82%. Note that achieving such a high
degree of polarization requires a carefully chosen pulse detuning, which in this case is
ϵ = 1.16 kHz. Further simulation details are summarized in Methods.
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indicate that at this substantial pulse detuning, the oscillator quickly
reaches its ground state after about 80 probe projections. This premature
cooling of the oscillator reduces the interaction between the probe and the
ensemble, so that the ensemble remains largely unpolarized. The
ensemble polarization fluctuates only slightly around the final saturation
value for the first few tens of probe projections, as shown in the inset of
Fig. 3b.

Furthermore, as an example, we search for the optimal pulse detuning
for cooling a larger ensemble of N = 14 spins. An exhaustive parameter
search leads us to set the detuning to ϵ = 1.16 kHz. This setting shows that
the sector with all spins pointing up (i.e.,m = 7) is predominantly left after
M = 100 probe projections. The probability of full polarization is as high as
95.82%, as shown in Fig. 2b.

The above results underscore the critical role of ϵ as a controlling
parameter in the cooling protocol. In addition, a subtle and interesting
aspect of cooling the oscillator is to choose the detuning ϵ precisely so that
the conditional oscillator displacement operator is not perfectly alignedwith
the position or momentum quadrature. Otherwise, the oscillator will be

squeezed instead of cooled37. Note that, in the resonant case that ϵ = 0, the
displacement operator of the oscillator is along the position quadrature.

This observation is also interestingly related to the encoding of
Gottesman–Kitaev–Preskill (GKP) states, which have applications in
quantum sensing and quantum error correction44–46. Its encoding can be
realized by the same control of the probe spin as our cooling protocol.
Starting with an oscillator in its zero photon ground state, repeated probe
projections can actually increase the number of photons and leave the
oscillator in GKP states44,45. The generation of these states in macroscopic
objects could enrich our understanding of the quantum-classical interface,
notwithstanding their important roles in quantum error correction44,45 and
quantum sensing47. More details of GKP encoding can be found in Sup-
plementary Material.

Simultaneous cooling. In this section, we discuss the cooling of both the
spin ensemble and the oscillator simultaneously. The key to achieving
this goal is to avoid premature cooling of the oscillator, which should
instead occur after the ensemble is fully polarized. This requires tuning
the pulse detuning ϵ separately for the cooling phases of the oscillator and
the ensemble. Figure 4 illustrates a pulse sequence that effectively
polarizes an ensemble of N = 4 spins while cooling an oscillator from an
initial thermal occupancy of n0 ≈45.

During this simulation, wefind that the optimal detuning that achieves
complete polarization of the ensemble is identified as ϵ1 = 1.1 kHz,while the
oscillator occupancy is not much reduced. In this case, performing 200
probe projections can achieve complete polarization of the ensemble. Then,
to cool the oscillator, we adjust the detuning to a higher value, ϵ2 = 5 kHz,
and execute an additional series of 50 probe projections. This transition in
the magnitude of the pulse detuning results in a rapid cooling of the oscil-
lator, as shown in the right part of Fig. 4.

It is important to note that increasing ϵ2 requires a higher number of
dynamical decoupling pulses on the probe to achieve a comparable cooling
effect, as can be seen from Eq. (15). However, implementing a higher
number of dynamical decoupling pulses presents experimental challenges,
primarily due to the potential for pulse imperfections. This consideration
emphasizes the need for precise control and optimization in the experi-
mental setup.

π π
/2

π π
/2

Fig. 4 | Cooling of both the oscillator and the ensemble. This figure shows the
polarization Pz(M) and the thermal occupancy n(ω) for both the spin ensemble and
the oscillator, illustrating how the cooling/polarization proceeds with the number of
probe projections M. The effective cooling of these quantum systems occurs in
different parameter regimes. Initially, the spin ensemble is cooled by adjusting the
pulse intervals to near-resonance conditions, specifically τ1 such that ϵ1 = 1.1 kHz. In
this case, the thermal occupancy of the oscillator remains largely unaffected. After
polarizing the spin ensemble, we change the pulse interval to τ2 with a pulse detuning
of ϵ2 = 5 kHz. Thismore significant detuning leads to a rapid cooling of the oscillator
to its ground state. Note that the number of ensemble spins isN = 4 so that the y axis
represents the relative value of spin polarization Pz(M)/2. The oscillator thermal
occupancy is also plotted as its relative to the initial occupancy n0 ≈45. Further
simulation details are summarized in Appendix 2.

Fig. 3 | PulseDetuning: A key parameter in the cooling scheme. aThis panel shows
the intricate dependence of achieving complete spin polarization on pulse detuning
(ϵ). The probability that all ensemble spins are aligned upward afterM = 100 probe
projections, denoted by Pm=N/2(M) and derived in Eq. (14), is plotted on the vertical
axis. This probability is affected by both the number of spins in the ensemble and the
size of ϵ, with ϵ = 2 kHz already appearing too large for effective polarization of the
ensemble. b If we choose an even larger detuning (ϵ = 2.5 kHz) and set the number of
spins toN = 4,weobserve a rapiddecrease of the thermal occupancy of the oscillator to
zero, indicating that the oscillator is cooling. However, the spin polarization remains
almost unchanged and reaches a steady state of 0.0625 after about 40 probe projec-
tions.Note thatwehave considered an ensemble ofN = 4 spins, so the y axis represents
the relative value of Pz(M)/2. Correspondingly, the y axis also represents the relative
value of the thermal occupancy of the oscillatorwith respect to its initial value,which is
set to about 45. Further simulation details are summarized in Appendix 2.

https://doi.org/10.1038/s41534-025-00968-4 Article

npj Quantum Information |           (2025) 11:24 5

www.nature.com/npjqi


Discussion
In this study, we have developed a novel ground-state cooling protocol for
a tripartite hybrid quantum system consisting of a spin ensemble, an
oscillator, and a probe spin. Central to this protocol is the exploitation of
the feedback provided by frequent measurements of the probe spin. Our
analysis has shown that even with weak dispersive coupling between the
spins and the oscillator, one can effectively cool both the ensemble and the
oscillator to their ground states, either separately or simultaneously. The
proposed cooling protocol offers several desirable features. First, it
requires quantum coherence only in the probe, distinguishing it from
resonant transfer schemes that demand coherence throughout the hybrid
system. In addition, the periodic dynamical decoupling pulses sig-
nificantly enhance the probe spin’s protection, extending its coherence
timewell beyond current technological requirements. Furthermore, when
applied to a macroscopic oscillator, this polarization technique can be
viewed as a remote sensing scheme. This approach allows the sensing
volume boundaries to extend beyond the limits imposed by phase accu-
mulation schemes25, offering potential advantages in various sensing
applications.

A notable challenge of our cooling approach is its reliance on post-
selection, which results in a decreasing success rate as the number of probe
projections increases. Nevertheless, our protocol offers a significant
advantage for cooling large spin ensembles that are traditionally difficult to
handle and cannot be cooled by standard optical or energy transfer tech-
niques. For spin ensembles that are amenable to conventional cooling
methods, such as NV centers in diamond, our protocol expands the cooling
toolbox by working in conjunction with other methods, thus mitigating the
problemof exponentially decreasing success rate. In addition, our analysis of
a specific NV-cantilever system suggests the possibility of an exciting
experimental demonstration of partial ensemble polarization using cur-
rently available technologies.

This research highlights the significant impact that precise control of
a single spin can have on the dynamics of a hybrid system, enabling
energy transfer-like effects beyond the inherent capabilities of weak
dispersive coupling. A similar idea has recently been demonstrated by an
intriguing experiment: carefully designed dynamical decoupling
sequences on NV electronic spins can enable them to interact with
extremely remote nuclear spins through paramagnetic spins (P1
centers)26. In addition to remote sensing, our results also provide valuable
insights into the preparation of complex quantum states in amacroscopic
object, such as the GKP states.

Methods
Simulation details
The coupling parameters are also g0 = g = 10 kHz, with an oscillator fre-
quency of ω = 1.2MHz. Accordingly, we set the number of dynamical
decouplingpulses for each roundofprobeprojection ton= 120, see theprobe
control sequence inFig. 1b. This is to ensure that the effective probe-oscillator
coupling is comparable to the oscillator frequency, as discussed in Eq. (11).

In this work, we perform the simulation by calculating the dynamics
directly on the initial Hamiltonian given in Eq. (1) without any approx-
imation. In addition, for simplicity, we approximate the oscillator mode as
having only 100 levels, which is expected to be sufficient since we assume an
initial oscillator thermal occupation of n0 ≈45 in the simulations.

Data availability
All relevant data and figures supporting the main conclusions of the
document are available upon request from the corresponding author. It can
also be accessed from the data repository at https://doi.org/10.18419/
DARUS-4749.

Code availability
All relevant code supporting the document is available upon request from
the corresponding author.

Received: 21 August 2024; Accepted: 14 January 2025;

References
1. Battistel, F. et al. Real-time decoding for fault-tolerant quantum

computing: progress, challenges and outlook. Nano Futures 7,
032003 (2023).

2. Lordi, V. & Nichol, J. M. Advances and opportunities in materials
science for scalable quantum computing.MRS Bull. 46, 589–595
(2021).

3. Xiang, Z.-L., Ashhab, S., You, J. Q. & Nori, F. Hybrid quantumcircuits:
superconducting circuits interacting with other quantum systems.
Rev. Mod. Phys. 85, 623–653 (2013).

4. Kurizki, G. et al. Quantum technologies with hybrid systems. Proc.
Natl. Acad. Sci. USA 112, 3866–3873 (2015).

5. Hei, X.-L., Li, P.-B., Pan, X.-F. & Nori, F. Enhanced tripartite
interactions in spin-magnon-mechanical hybrid systems. Phys. Rev.
Lett. 130, 073602 (2023).

6. Kolkowitz, S. et al. Coherent sensing of amechanical resonator with a
single-spin qubit. Science 335, 1603–1606 (2012).

7. Rabl, P. et al. A quantum spin transducer based on
nanoelectromechanical resonator arrays. Nat. Phys. 6, 602–608
(2010).

8. Bochmann, J., Vainsencher, A., Awschalom, D. D. & Cleland, A. N.
Nanomechanical coupling between microwave and optical photons.
Nat. Phys. 9, 712–716 (2013).

9. Rosenfeld, E., Riedinger, R., Gieseler, J., Schuetz, M. & Lukin, M. D.
Efficient entanglement of spin qubits mediated by a hot mechanical
oscillator. Phys. Rev. Lett. 126, 250505 (2021).

10. Fukami, M. et al. Magnon-mediated qubit coupling determined via
dissipation measurements. Proc. Natl. Acad. Sci. USA 121,
e2313754120 (2024).

11. Bejarano, M. et al. Parametric magnon transduction to spin qubits.
Sci. Adv. 10, eadi2042 (2024).

12. Wang, Y. & Terhal, B. M. Preparing dicke states in a spin ensemble
using phase estimation. Phys. Rev. A 104, 032407 (2021).

13. Hakoshima, H. & Matsuzaki, Y. Efficient detection of inhomogeneous
magnetic fields from a single spin with dicke states.Phys. Rev. A 102,
042610 (2020).

14. Dijkema, J. et al. Cavity-mediated iSWAPoscillations betweendistant
spins. Nat. Phys. 21,168–174 (2025).

15. Xie, L. et al. Unitary and efficient spin squeezing in cavity
optomechanics. Preprint at https://doi.org/10.48550/arXiv.2401.
15553 (2024).

16. Peng, R. et al. Hybrid spin-phonon architecture for scalable solid-
state quantum nodes. Preprint at https://arxiv.org/abs/2409.12938
(2024).

17. Abobeih, M. H. et al. Fault-tolerant operation of a logical qubit in a
diamond quantum processor. Nature 606, 884–889 (2022).

18. Schwartz, I. et al. Robust optical polarization of nuclear spin baths
using Hamiltonian engineering of nitrogen-vacancy center quantum
dynamics. Sci. Adv. 4, eaat8978 (2018).

19. Hartmann, S.R. &Hahn,E. L.Nucleardouble resonance in the rotating
frame. Phys. Rev. 128, 2042–2053 (1962).

20. Rao, D. D. B., Ghosh, A., Gelbwaser-Klimovsky, D., Bar-Gill, N. &
Kurizki, G. Spin-bath polarization via disentanglement. New J. Phys.
22, 083035 (2020).

21. Sasaki, K. & Abe, E. Suppression of pulsed dynamic nuclear
polarization by many-body spin dynamics. Phys. Rev. Lett. 132,
106904 (2024).

22. Yang, S. et al. High-fidelity transfer and storage of photon states in a
single nuclear spin. Nat. Photonics 10, 507–511 (2016).

23. Browaeys, A. & Lahaye, T. Many-body physics with individually
controlled Rydberg atoms. Nat. Phys. 16, 132–142 (2020).

https://doi.org/10.1038/s41534-025-00968-4 Article

npj Quantum Information |           (2025) 11:24 6

https://doi.org/10.18419/DARUS-4749
https://doi.org/10.18419/DARUS-4749
https://doi.org/10.48550/arXiv.2401.15553
https://doi.org/10.48550/arXiv.2401.15553
https://doi.org/10.48550/arXiv.2401.15553
https://arxiv.org/abs/2409.12938
https://arxiv.org/abs/2409.12938
www.nature.com/npjqi


24. Viola Kusminskiy, S. Quantum Magnetism, Spin Waves, and Optical
Cavities (Springer International Publishing, 2019).

25. Staudacher, T. et al. Nuclear magnetic resonance spectroscopy on a
(5-nanometer) 3 sample volume. Science 339, 561–563 (2013).

26. Goldblatt, R., Martin, A. & Wood, A. Sensing coherent nuclear spin
dynamics with an ensemble of paramagnetic nitrogen spins. PRX
Quantum 5, 020334 (2024).

27. van de Stolpe, G. L. et al. Mapping a 50-spin-qubit network through
correlated sensing. Nat. Commun. 15, 2006 (2024).

28. Abobeih, M. H. et al. Atomic-scale imaging of a 27-nuclear-spin
cluster using a quantum sensor. Nature 576, 411–415 (2019).

29. Schlipf, L. et al. A molecular quantum spin network controlled by a
single qubit. Sci. Adv. 3, e1701116 (2017).

30. Gonzalez-Ballestero, C., Hümmer, D., Gieseler, J. & Romero-Isart, O.
Theory of quantumacoustomagnonics and acoustomechanicswith a
micromagnet. Phys. Rev. B 101, 125404 (2020).

31. Bennett, S. D. et al. Phonon-induced spin-spin interactions in
diamond nanostructures: application to spin squeezing. Phys. Rev.
Lett. 110, 156402 (2013).

32. Barfuss, A., Teissier, J., Neu, E., Nunnenkamp, A. & Maletinsky, P.
Strong mechanical driving of a single electron spin. Nat. Phys. 11,
820–824 (2015).

33. Bartling, H. P. et al. Control of individual electron-spin pairs in an
electron-spin bath. Preprint at https://arxiv.org/abs/2311.10110 (2023).

34. Babinec, T. M. et al. A diamond nanowire single-photon source. Nat.
Nanotechnol. 5, 195–199 (2010).

35. Wang, Y. Using Spins in Diamond For Quantum Technologies. Ph.D.
thesis, Delft University of Technology (2023).

36. Agarwal, G. S. Saving entanglement via a nonuniform sequence of π
pulses. Phys. Scr. 82, 038103 (2010).

37. Rao, D. D. B., Momenzadeh, S. A. & Wrachtrup, J. Heralded control of
mechanicalmotion by single spins.Phys. Rev. Lett.117, 077203 (2016).

38. Bhaktavatsala Rao, D. D., Bar-Gill, N. & Kurizki, G. Generation of
macroscopic superpositions of quantumstates by linear coupling to a
bath. Phys. Rev. Lett. 106, 010404 (2011).

39. Taminiau, T. H., Cramer, J., van der Sar, T., Dobrovitski, V. V. &
Hanson, R. Universal control and error correction in multi-qubit spin
registers in diamond. Nat. Nanotechnol. 9, 171–176 (2014).

40. Bradley, C. E. et al. A ten-qubit solid-state spin register with quantum
memory up to one minute. Phys. Rev. X 9, 031045 (2019).

41. Uhrig, G. S. Keeping a quantum bit alive by optimized pi-pulse
sequences. Phys. Rev. Lett. 98, 100504 (2007).

42. Verbridge, S. S., Craighead, H. G. & Parpia, J. M. A megahertz
nanomechanical resonator with room temperature quality factor over
a million. Appl. Phys. Lett. 92, 013112 (2008).

43. Li, M., Tang, H. X. & Roukes, M. L. Ultra-sensitive nems-based
cantilevers for sensing, scanned probe and very high-frequency
applications. Nat. Nanotechnol. 2, 114–120 (2007).

44. Gottesman, D., Kitaev, A. & Preskill, J. Encoding a qubit in an
oscillator. Phys. Rev. A 64, 012310 (2001).

45. Terhal, B. M. & Weigand, D. Encoding a qubit into a cavity mode in
circuit QED using phase estimation. Phys. Rev. A 93, 012315 (2016).

46. Vuillot, C., Asasi, H.,Wang, Y., Pryadko, L. P. & Terhal, B.M.Quantum
error correction with the toric Gottesman-Kitaev-Preskill code. Phys.
Rev. A 99, 032344 (2019).

47. Duivenvoorden, K., Terhal, B. M. & Weigand, D. Single-mode
displacement sensor. Phys. Rev. A 95, 012305 (2017).

Acknowledgements
The authorswould like to thank JixingZhang, Xin Zhang, andRuomingPeng
for their valuable feedback on the manuscript. This work was supported by
theGermanFederalMinistry of Education andResearch (BMBF) through the
project QECHQS with Grant No. 16KIS1590K, and through the Future
ClusterQSens.Additional supportwasprovidedby theBaden-Württemberg
Stiftung through the project SPOC with Grant agreement No. QT-6 and
through the EU Horizon Project SPINUS (101135699). The Deutsche For-
schungsgemeinschaft (DFG) has funded this work under GRK 2642, and
under Project No. 384846402 as part of FOR 2724.

Author contributions
D. Dasari conceived the project. D. Dasari and Y. Wang developed the
theory. D. Dasari conducted the numerical simulations. Y. Wang proposed
the GKP preparation scheme presented in the appendix. All authors
contributed to the analysis of the simulation data. D. Dasari and Y. Wang
wrote the manuscript with input from all authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41534-025-00968-4.

Correspondence and requests for materials should be addressed to
Durga Bhaktavatsala Rao Dasari.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41534-025-00968-4 Article

npj Quantum Information |           (2025) 11:24 7

https://arxiv.org/abs/2311.10110
https://arxiv.org/abs/2311.10110
https://doi.org/10.1038/s41534-025-00968-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjqi

	Remote cooling of spin-ensembles through a spin-mechanical hybrid interface
	Results
	Tripartite hybrid system
	Original system dynamics
	Dynamical decoupling pulses on probe
	Tuning dynamics through probe projections
	System cooling
	Pulse detuning as a control parameter
	Premature oscillator cooling
	Simultaneous cooling


	Discussion
	Methods
	Simulation details

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




