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We describe microwave cavity-magnomechanical center-of-mass cooling of a levitated magnetic sphere.
The standing magnetic component of the electromagnetic wave within a microwave cavity exerts a
dynamical force on a magnonic crystalline sphere and dissipates the mechanical energy through scattering
into the magnon mode. The coupling is established by the magnetic dipole interaction and enriched by the
collective spin motion. We find that the final cooled phonon occupation achieved is an intensive property
independent of the mass and size of the sphere, in contrast to standard optomechanical couplings. This is of
particular importance for testing quantum mechanics with macroscopic objects.
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Introduction.—Cooling massive systems to their moti-
onal quantum ground state is a long-standing goal, not only
for observing quantum signatures in the macroscopic world
[1–3], but also in performing ultrahigh-precision measure-
ments [4,5] to explore physics beyond the standard model
[6], search for dark matter [7], understand gravitational
decoherence [8,9], and toward marking the classical-
quantum boundary [10]. Trapping and cooling a large
particle, with diameters d > μm, is highly challenging for a
number of reasons. Standard optical trapping becomes
difficult to operate for objects larger than a micron and
only a few works have studied the optical levitation of large
objects [11–14]. There are a variety of methods to motion-
ally trap a magnetic particle, such as within an optical trap
[15], magnetic trap [16,17], ion trap [2], or Paul trap [18],
or can be clamped to an ultrahigh-Q mechanical resonator
[19,20]. Until now, almost all levitated motional cooling
has been confined to nanometer-sized or femto- or nano-
gram massed objects [21–24]. Magnetic levitation, in
particular, has the potential to levitate and motionally cool
quite macroscopic objects [18,25–28]. Magnetic levitation
can support ∼millimeter-sized spherical magnets, either
floating above a superconductor in free space [25] or within
a microwave cavity [29]. Cooling of the trapped object
crucially depends on the strength of the control fields
one can exert and typically this single excitation coupl-
ing strength scales as g≡ ηxZPM, where η quantifies the
coupling strength to the particle’s position xðtÞ, and xZPM is
the zero-point motion of the particle in the trap
xZPM ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=2mωc

p
, where ωc is the center-of-mass

mechanical oscillation frequency. For large particles, the
decrease in xZPM with mass leads to a greatly reduced
coupling strength, making ground-state cooling hard to
achieve.
Here, we propose a microwave cavity-magnomechanical

system wherein the reduction of coupling strength with
increasing mass is compensated for when the coupling to
the particle’s position is achieved via magnonic excitations,
where a magnon is the quanta of collective spin excitation.
We show that by including a magnonic element one can
enrich the cavity-magnomechanical coupling strength by a
factor of

ffiffiffi
n

p
, where n is the total number of spins in the

particle. This yields a cooling rate that is nearly indepen-
dent of the size and mass of the particle being cooled; i.e.,
the cooling rate becomes an intensive property of the
particle. The

ffiffiffi
n

p
scaling is enormous in high-density solid-

state spin systems [30–32]. Among them, yttrium iron
garnet—Y3Fe5O12 (YIG)—has attracted considerable inte-
rest due to its intrinsic lowmagnetic damping [30,33]; it is a
promising candidate for spintronic applications [34–36],
quantum computing [37], and quantum memories [38].
YIG is a ferrimagnet with spin density ∼4.22 × 1027 m−3

[33]. The high spin density of YIG has been exploited for
strong and ultrastrong coupling of magnons to microwave
cavity modes [32,33,39] and microwave to optical photon
conversion [40]. Here, we utilize the collective spin inte-
raction to enhance the mechanical coupling of a macro-
scopic YIG sphere and effectively cool its motional degree
of freedom to achieve phonon occupations that are 6 orders
of magnitude smaller than standard cooling for large
(millimeter)-sized particles.
Model.—We consider a YIG sphere whose center of

mass is trapped in a harmonic potential inside a driven
microwave cavity as shown in Fig. 1(a). A highly polished
pure single-crystal YIG can support high-quality spin
waves. Spin waves are the collective dynamics of the spin
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precession due to mutual interaction between the spins
[41–44]. To induce precession, a large static homogeneous
magnetic field (B ¼ B0ẑ), above the saturation magnetic
field, is applied to align all the magnetic moments of the
YIG sphere with the external B field. Because of the finite
geometry, the magnetized sphere confines the spin wave
and acts as a spin wave resonator. Unlike the electromag-
netic wave resonators, the frequency of the magnon modes
are independent of the size of the sphere, but can be tuned
by varying B0. The spatial profile of the confined modes do
change with the sphere size.
We focus on the fundamental magnon mode (Kittel

magnon), which is a uniform magnetization precession
m ¼ mðx̂þ iŷÞe−iωbt þ c:c: about the bias field B at the
frequency ωb ¼ jγjB0, where m is the complex amplitude
of the Kittel mode, and γ ¼ 2π × 28 GHz=T is the gyro-
magnetic ratio. For a bias field B0 ∼ 1 T, the Kittel magnon
can resonantly interact with microwave magnetic field of
wavelength ∼1 cm. We consider the microwave cavity
mode along ŷ, which is of the form Bcav ¼ ŷB cosðkxÞ, to
cool the center-of-mass x̂ degree of freedom of the YIG
sphere, where k is the microwave field wave number. For a
YIG sphere size that is less than the cavity field wave-
length, the coupling between the microwave cavity Bcav
and the Kittel magnon can be well described by the
magnetic dipole interaction H ¼ −m · Bcav. The Kittel
magnon frequency can be tuned to be near resonant with
the cavity and we thus ignore the interactions of other
magnon modes with the microwave cavity mode. Within
the rotating wave approximation, when the cavity-magnon
interaction is not ultrastrong, the total quantum mechanical
Hamiltonian of the cavity-magnonic system can be
written as

H=ℏ ¼ ωaa†aþ ωbb†bþ gabðab† þ a†bÞ cosðkxÞ
þ Ωðaeiωlt þ a†e−iωltÞ; ð1Þ

where a (b) is the bosonic operator for the cavity (magnon)
mode at frequency ωa (ωb), and Ω is a microwave cavity

drive at frequency ωl. The coupling strength gab between
the cavity photon and the YIG magnon is given by [33]

gab ¼
γ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωaμ0
Va

s ffiffiffiffiffiffiffiffiffiffiffiffi
2ρsVs

p
; ð2Þ

where Va and V are the volumes of the cavity mode and the
YIG sphere, respectively, μ0 is the vacuum permeability, ρs
is the spin density of the YIG sphere, and s ¼ 5=2 is the
YIG’s ground-state spin number. The coherent coupling gab
is enhanced due to the collective interaction of spins by a
factor of the square root of the total number of spins. The
high spin density of YIG leads to strong photon-magnon
coupling (gab > both cavity and magnon damping rates),
for the YIG sphere radius R ≥ 100 μm [32,33,39]. As the
YIG sphere is trapped in a harmonic potential, we have to
account for the motional degree of freedom in Eq. (1). For
the YIG sphere with size R > 1 nm in a low-frequency trap
(∼50 kHz) and at room temperature, the thermal variance
in the particle’s position Δx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kbT=ðmω2Þ

p
[45] is much

smaller than the microwave wavelength. Thus, expanding
cosðkxÞ in Eq. (1) in a Taylor series up to first order in
particle position around the position of the trap mini-
mum (x0) yields a cavity-magnomechanical interaction
Hamiltonian, in the frame rotating at the frequency ωl, as

H̃=ℏ¼Δaa†aþΔbb†bþωcc†cþgabcosðkx0Þðab†þa†bÞ
−gabc sinðkx0Þðab†þa†bÞðcþc†ÞþΩðaþa†Þ;

where Δj ¼ ωj − ωl is the detuning and c is the bosonic
operator for the center-of-mass oscillation at the trap
frequency ωc. The three-body coupling strength is given by

gabc ¼ gabkxZPM ¼ gabk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ

2ρmVωc

s
;

where ρm ¼ 5170 kgm−3 is the mass density of the YIG
sphere. Although the smallness of the zero-point motion
(xZPM) of the massive particle weakens the coupling, due to
collective spin interaction the cavity-magnomechanical
coupling strength gabc is size independent, i.e., intensive.
This is in contrast to the standard optomechanical coupling
and this size independence makes this coupling highly
suitable for cooling massive mechanical oscillators. The
above Hamiltonian includes the interaction of the magnon
with the cavity field Bcavðx0Þ, as well as the magnome-
chanical interaction driven by the cavity field. By choosing
an appropriate position x0, one can tune between either
type of these interactions. Strong cavity-magnon interac-
tion can be engineered by placing the trap at an anti-
node of the cavity magnetic field [32,33,39]. Instead,
to cool the mechanical motion, we optimize the

(a)

̂

( )

Ω

(b)
Magnon

Photon

Phonon

FIG. 1. Schematic of the system for microwave-
magnomechanical intensive cooling: (a) AYIG sphere is trapped
in a harmonic potential VðxÞ at a node of the driven microwave
cavity magnetic field Bcav ¼ ŷB cosðkxÞ. A uniform bias mag-
netic field B0ẑ is applied to induce magnon. The cavity field
gradient couples the magnon and the mechanical center-of-mass
phonon. (b) The simplified cavity-magnomechanical resonator.
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cavity-magnomechanical coupling rate by positioning the
trap minimum to be at a node of the cavity magnetic
field [kx0 ¼ ð2nþ 1Þπ=2], where the field gradient is
maximum.
Dynamics of cooling.—The dynamics of the coupled

system is described by the quantum master equation, which
reads

_ρ ¼ 1

iℏ
½H̃; ρ� −

X
j¼a;b;c

γj
2
½ðn̄j þ 1ÞL½j�ρþ n̄jL½j†�ρ�; ð3Þ

where ρ is the density operator, γj is the damping rate, and
n̄j ¼ ðexp½ℏωj=kBT� − 1Þ−1 is the mean thermal occupa-
tion of the bosonic mode j ∈ fa; b; cg. Here, T is the
temperature of the thermal environment, kB is the
Boltzmann constant, and L½o�ρ ¼ ðo†oρþ ρo†o −
2oρo†Þ=2 are the Lindblad superoperators accounting for
dissipation and thermal fluctuations. Superconducting
microwave cavities possess an extremely high-quality
factor exceeding 1011 [46,47], and only a small input
microwave power P ∼ −22 dBm is sufficient to achieve
the cooling studied below. The damping of the mechanical
motion of the levitated particle is primarily due to back-
ground gas friction and can be tuned by varying the
environmental pressure. Practically, a nanomechanical
oscillator with Q ¼ 108 has been reported at a pressure
of P ¼ 0.5 × 10−6 mbar [48]. In an ultrahigh vacuum with
P ∼ 10−10 mbar, it has been estimated that Q > 1012 [49],
and it is even better for a macroscopic particle as the quality
factor scales linearly with particle size [50]. In YIG, the loss
rate of the magnon mode can be γb=2π < MHz [51].
Considering ultrapure YIG, even smaller linewidths are
possible.
From the definition of the density matrix, the expectation

value of an operator is hoi ¼ Tr½ρo�, and from the master
equation, the time evolution of the bosonic operators,
including the thermal fluctuation over and above the mean
values, can be written as

_a ¼ −
�
γa
2
þ iΔa

�
a − igabcbðc† þ cÞ − iΩþ ffiffiffiffiffi

γa
p

ξa;

_b ¼ −
�
γb
2
þ iΔb

�
b − igabcaðc† þ cÞ þ ffiffiffiffiffi

γb
p

ξb;

_c ¼ −
�
γc
2
þ iωc

�
c − igabcða†bþ ab†Þ þ ffiffiffiffiffi

γc
p

ξc; ð4Þ

where ξj is the stochastic noise operator due to thermal
baths that obeys hξjðtÞi¼0, hξjðtÞξ†jðt0Þi¼ðn̄jþ1Þδðt− t0Þ,
and hξ†jðtÞξjðt0Þi ¼ n̄jδðt − t0Þ. Equation (4) is the non-
linear quantum Langevin equation (QLE). As can be read
from Eq. (4), the photon and magnon are exchanged
through mechanical coupling, which can deplete the
mechanical energy.

We now consider the cavity to be driven by a strong
microwave field, but not into the multistable regime. The
steady-state solution of the noiseless QLE is

a0 ¼ −
2Ω

iγa − 2Δa
; b0 ¼ c0 ¼ 0:

The cooling efficiency of the standard sideband cooling of a
massive oscillator requiring strong drive is mainly limited
by internal heating from absorption [24,52]. However, in
our scheme, no photon is directly diverted into exciting
magnons, on average, in the YIG (b0 ¼ 0). Even though the
magnon frequency is near resonant with the cavity mode,
trapping the particle at the node of the cavity magnetic
field, where gab ¼ 0, prevents direct absorption of micro-
wave photons and prevents heating of the bulk magnonic
crystal. The steady-state solution is independent of the
coupling gabc. Only the fluctuations around the steady
state experience the cavity-magnomechanical coupling.
Considering these fluctuations to be small, the dynamics
about the steady state are characterized by linearizing the
QLE around the equilibrium value ½a ¼ a0 þ ãðtÞ; b ¼
b0 þ b̃ðtÞ; c ¼ c0 þ c̃ðtÞ�. The linearized QLE for the
quantum noise operators are

_̃a ¼ −
�
γa
2
þ iΔa

�
ãþ ffiffiffiffiffi

γa
p

ξa;

_̃b ¼ −
�
γb
2
þ iΔb

�
b̃ − iGðc̃† þ c̃Þ þ ffiffiffiffiffi

γb
p

ξb;

_̃c ¼ −
�
γc
2
þ iωc

�
c̃ − iGðb̃þ b̃†Þ þ ffiffiffiffiffi

γc
p

ξc; ð5Þ

where G ¼ ja0jgabc is the cavity-enhanced effective cou-
pling strength. Here, we have ignored the phase of a0 to
define G as a real positive number. In Eq. (5), the
fluctuation of the cavity field is decoupled from rest of
the system. The three-body cavity-magnomechanical sys-
tem reduces into an effective two-body magnomechanical
system coupled by the strong coherent cavity field a0. To
increase a0 we can drive the microwave cavity at resonance
ωl ¼ ωa and maximize the magnon-phonon coupling
strength G. This linearized QLE (5) corresponds to a
Hamiltonian of the form

HL

ℏ
¼Δaã†ãþΔbb̃

†b̃þωcc̃†c̃−Gðb̃†þ b̃Þðc̃þ c̃†Þ: ð6Þ

To analyze the system further, we solve Eq. (5) in the
frequency domain and then, by using the properties of
the quantum noise operators ξðωÞ, we obtain the power
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spectral density Sj†jðωÞ ¼
R∞
−∞ j†ðωÞjðω0Þdω0 of the

bosonic modes to characterize the system. The steady-state
power spectrum of the magnon, as well as the mechanical
mode, are shown in Fig. 2. The sidebands in the magnon
spectrum, at frequencies ω ¼ ωl � ωc, are generated by the
mechanical coupling driven by the cavity photon at the
frequency ωl. From the mechanical power spectrum
[Fig. 2(b)], the center-of-mass oscillation is characterized
by measuring the peak position ω0

c, the spectral width Γ,
and the area under the spectrum nc, and they are all shown
in Fig. 3. The magnomechanical coupling induces a shift in
the mechanical resonance frequency that is relatively small
for weak coupling. The spectral width reflects the effective
damping or cooling rate of the mechanical motion, which
includes additional damping due to net phonon scattering
into the magnon mode and describes how fast the system
reaches the steady state. The area under the spectrum is the
steady-state mean phonon occupancy. We find that there is
an optimal detuning Δ�

b for which the steady-state cooled
phonon occupancy is minimal.
Optimizing the cooling.—Now we describe the dynamics

of the cooling process and find optimal parameters to reach
the lowest phonon occupations. By using the linearized
Hamiltonian (6) in the master equation (3), one can obtain
the following set of coupled differential equations for the
time evolution of the expectation value of the second-order
moments:

_hb̃†b̃i ¼ −γbhb̃†b̃i þ iGðhb̃ c̃i þ hb̃c̃†i − c:c:Þ þ γbn̄b;

_hc̃†c̃i ¼ −γchc̃†c̃i þ iGðhb̃ c̃i þ hb̃†c̃i − c:c:Þ þ γcn̄c;

_hb̃ c̃i ¼ −
�
1

2
ðγb þ γcÞ þ iðΔb þ ωcÞ

�
hb̃ c̃i

− iGðhb̃†b̃i þ hb̃ b̃i þ hc̃†c̃i þ hc̃ c̃i þ 1Þ;
_hb̃c̃†i ¼ −

�
1

2
ðγb þ γcÞ þ iðΔb − ωcÞ

�
hb̃c̃†i

þ iGðhb̃†b̃i þ hb̃ b̃i − hc̃†c̃i − hc̃†c̃†iÞ;
_hb̃ b̃i ¼ −ðγb þ 2iΔbÞhb̃ b̃i − 2iGðhb̃c̃†i þ hb̃ c̃iÞ;
_hc̃ c̃i ¼ −ðγc þ 2iωcÞhc̃ c̃i − 2iGðhb̃†c̃i þ hb̃ c̃iÞ: ð7Þ

We solve the above equations numerically with the initial
conditions hb̃†b̃iðt ¼ 0Þ ¼ n̄b and hc̃†c̃iðt ¼ 0Þ ¼ n̄c. The
time evolution of the phonon occupancy is shown in Fig. 4,
for different coupling strengths at the optimal cooling
detuning point Δ�

b. Increasing G improves the cooling
rate. However, there is an optimal coupling value of G� for
which the steady-state phonon occupancy is minimum. In
Fig. 4, we also plot the steady-state mean phonon occu-
pancy as a function of G. The optimal G� is well within the
weak coupling regime G < ωc, γb. For the parameters
considered here, the optimal cooling temperature reached is
Teff ¼ 2.58 μK with the mean phonon occupancy nc ¼
0.651 (parameters the same as in Fig. 2). This value is
independent of the size of the YIG sphere. In Fig. 5, we
compare the intensive cooling with the optomechanical
cooling assisted by radiation pressure induced coupling
Hint ¼ ℏga†aðcþ c†Þ for varying particle size with the
same intracavity power. As long as the particle is much
smaller than the microwave wavelength (¼ 1 cm), the
intensive cooling scheme allows us to reach the quantum

FIG. 3. Mechanical oscillator’s properties: Mean final phonon
occupancy as a function of magnon detuning. Inset shows the
induced mechanical frequency shift (red), as well as effective
cooling rate (blue). Other parameters are the same as in Fig. 2.

FIG. 2. Power spectra of the coupled systems: (a) Magnon and
(b) mechanical power spectral density. The parameters are
ðγb;γc;ωb;ωc;Δb;GÞ=2π¼ð0.1MHz;10−6 Hz;30GHz;50 kHz;
70 kHz;1 kHzÞ, and the background temperature T ¼ 1 K with
the mean thermal magnon and phonon occupancies as, respec-
tively, n̄b ¼ 0.31 and n̄c ¼ 4.17 × 105.
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ground state, which is highly challenging with standard
techniques.
In the limit γc=ωc ≪ 1, and for weak coupling, the

steady-state mean phonon occupancy is given by

nc ≈
γcn̄c þ 4γbG2

�
n̄bþG2ð2n̄bþ1Þ

2ω2c
γ2bþ4ðΔb−ωcÞ2 þ

ðn̄bþ1Þ−G2ð2n̄bþ1Þ
2ω2c

γ2bþ4ðΔbþωcÞ2

�

γc þ
�

4γbG2

γ2bþ4ðΔb−ωcÞ2 −
4γbG2

γ2bþ4ðΔbþωcÞ2

� :

As it is apparent in the above equation [53–55], the
incoherent damping Γ− and heating Γþ rates due to pho-
non scattering into the magnon sidebands ωl þ ωc and
ωl − ωc are

Γ� ¼ 4γbG2

� n̄b � G2ð2n̄bþ1Þ
2ω2

c

γ2b þ 4ðΔb ∓ ωcÞ2
þ
ðn̄b þ 1Þ ∓ G2ð2n̄bþ1Þ

2ω2
c

γ2b þ 4ðΔb � ωcÞ2
�
:

These are the rates at which the energies are being
exchanged between the magnonic and the mechanical
system through the cavity mode. The net damping rate
of the mechanical motion is given by Γ ¼ γc þ ðΓ− − ΓþÞ.
Having large Γ ≫ γc reduces the thermal phonon occu-
pancy from n̄c to n̄cγc=Γ. However, there is also an
additional noise from the magnon scattering that heats
up the mechanical motion and increases the phonon
occupancy by an amount of Γþ=Γ. One can optimize this

heating effect at the detuning Δ�
b ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2b þ 4ω2

c

q
. Further,

we can enhance Γ by increasing G, but this will also
increase Γþ. As a result of these two competing effects,
there will be an optimal coupling value of
G� ¼ fn̄cγbγcωcΔ�

b=½2ð2n̄b þ 1Þ�g1=4, for which one can
achieve a steady-state mean phonon occupancy of

nc ¼ −
1

2
þ ð2n̄b þ 1ÞΔ�

b

2ωc
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n̄cγbγcð2n̄b þ 1ÞΔ�

b

2ω3
c

s
: ð8Þ

From Eq. (8), one can obtain the essential conditions for
ground-state cooling. This cooling scheme demands low
thermal magnon occupancy n̄b < 1. As the magnon fre-
quency is in the microwave regime, ground-state cooling
can be reached by precooling the system to n̄b < 1. In
Fig. 5, we plot the performance of our intensive scheme vs
normal radiation pressure cooling. For the latter, the
optomechanical coupling gom ∝ xZPM ∝ 1=

ffiffiffiffi
m

p
∼ R−3=2,

leading to a severe inability to cool larger spheres, while
our intensive scheme has a coupling gabc, which is
independent of R, as the reduction in the zero-point length
is exactly compensated by an increase in the spin number.
At T ¼ 300 K (n̄b ¼ 207.882), the final optimal phonon
occupancy achieved by our intensive scheme can be as low
as nc ∼ 295. To achieve ground-state cooling nc < 1, one
must have a mechanical frequency ωc > γb=

ffiffiffiffiffi
32

p
, which is

essentially a resolved sideband condition.
Conclusions.—We have proposed and analyzed cavity-

magnomechanical coupling for intensive ground-state
cooling of a levitated YIG sphere. For an ultrahigh-Q
mechanical oscillation, we have derived the final occupancy
of the mechanical mode and provided the essential con-
ditions for optimal ground-state cooling. For a particle size
that is much smaller than the microwave field wavelength,
this cooling scheme is size independent and is consistent for
a subcentimeter-sized particle. This three-body intensive
cooling scheme can provide a route toward the preparation
of massive motional quantum superpositions.

This work was supported by the Okinawa Institute of
Science and Technology Graduate University.

FIG. 5. Comparison between the standard radiation pressure
cooling and the intensive cooling as a function of sphere
radius at the optimal cooling detuning point for the same
intracavity power.

FIG. 4. Dynamics of the cooling process: Time evolution of the
mechanical phonon occupancy for different magnomechanical
coupling strengths G (in units of phonon damping rate γb), at the
optimal cooling detuning Δ�

b. The inset shows the steady-state
phonon occupancy as a function of G at Δ�

b. Other parameters are
the same as in Fig. 2.
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