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Simultaneous cooling of the internal and external degrees of freedom of a levitated
micromagnet in a cavity magnomechanical system
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Cooling the internal and external degrees of freedom (DOFs) of a massive mechanical system close to the
quantum ground state is a prerequisite for the quantum manipulation of macroscopic mechanical devices. In
this paper, we propose a approach to simultaneously cool both the internal and external DOFs (phonon and
center-of-mass modes) of a levitated micromagnet within a cavity magnomechanical (CMM) system. By driving
the cavity mode and magnon mode on their respective red sidebands with microwave fields, the proposed scheme
effectively suppresses Stokes scattering and significantly enhances the net cooling rate. Moreover, differing from
conventional CMM systems, our proposal can achieve simultaneous cooling of the internal and external DOFs
even in the unresolved-sideband regime. Our numerical simulations demonstrate the robustness and effectiveness
of the scheme by analyzing average occupancies of the internal and external DOFs, as well as identifying
the optimal cooling conditions. The proposed scheme establishes a foundation for probing and manipulating
the internal DOFs by controlling the external DOFs, which may open additional possibilities for studying

nonequilibrium quantum mesoscopic physics.

DOI: 10.1103/8pzl-6¢51

I. INTRODUCTION

The cavity magnomechanical (CMM) system [1—4], which
includes a yttrium iron garnet (YIG) sphere in a cavity,
provides an ideal platform for quantum information pro-
cessing [5-10]. Its exceptional performance stems from
unique properties of the YIG sphere, including high spin
density, enhanced nonlinearities [11], and rich degrees of
freedom (DOFs). These DOFs are categorized into two types:
internal DOFs, such as magnon modes (collective spin ex-
citations) and phonon modes (quantized lattice vibrations)
[12], and external DOFs [13], such as center-of-mass (CM)
motion [14-16] and rotational modes [17,18]. Interactions
between these DOFs, including strong magnon-photon inter-
actions [19-21], magnon-phonon interactions [12], and acous-
tomechanical interactions [12,22], enable versatile quantum
control. The coupling between the YIG sphere and a su-
perconducting coplanar microwave resonator [23] and the
bistability of cavity magnon polaritons have been investigated
[24]. Furthermore, the YIG sphere holds significant potential
for quantum precision sensing in the CMM system.

However, environmental noise poses a significant chal-
lenge to the practical applications in the CMM system. To
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address this issue, magnetic levitation technology has been
developed [25-29], which levitates the YIG sphere in vac-
uum to achieve exceptional environmental isolation. A recent
report on superconducting levitation platforms enables quan-
tum control of mesoscopic systems. In this work, Gieseler
et al. demonstrated stable three-dimensional levitation of
micromagnets via flux pinning in type-II superconductors,
achieving exceptional quality factors Q. > 10° at 1—5kHz
trapping frequencies [30]. Fuwa et al. experimentally demon-
strated passive magnetic levitation and three-dimensional
harmonic trapping of a 0.3-mg, 250-um-radius YIG sphere at
4 K [31]. The technology combines the advantages of mag-
netism and levitation, facilitating free interactions between
the internal and external DOFs of levitated micromagnets.
Recent years have witnessed significant advances in mag-
netic levitation techniques for micron-scale particles [32].
Agarwal and coworkers demonstrated magnon entanglement
in two YIG spheres with d = 40-um [33]. Hofer er al.
demonstrated magnetic levitation of a 100-um superconduct-
ing sphere, achieving a record CM quality factor of 2.6 x
107 [34]. Hybrid systems coupled to levitated micromag-
nets enable ultrasensitive sensing applications [35], including
high-precision magnetometry [36], torque sensing [37], grav-
ity measurements [38], and dark matter detection [39-42].

A critical prerequisite for realizing these quantum appli-
cations is cooling the massive system to its quantum ground
state. Specifically, cooling the CM motion of large-mass
levitated micromagnets is essential for exploring physics be-
yond the standard model [43], realizing the macroscopic
quantum superpositions and studying the classical-quantum
boundary [44-48]. Several methods for cooling the CM
motion [43,49-52] have been proposed, including passive
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cooling [53], continuous measurement cooling, and feedback
cooling [54-58]. However, these methods [53-56] are often
incompatible with massive oscillators exhibiting low frequen-
cies and high quality factors. The development of sideband
cooling techniques [59-61] has overcome the limitations,
enabling efficient cooling of the CM motion of levitated mi-
cromagnets via precise laser control.

In addition, the internal DOF, also referred to the phonon
mode, is the vibrational mode of the ferrimagnet and can cou-
ple to magnon mode via magnetostrictive interaction. Some
theoretical studies primarily concentrate on the tripartite en-
tanglement between phonon, magnon, and photon [62], as
well as the generation of squeezed states [63]. In experiments,
You and coworkers observed phonon bistability in CMM sys-
tems [64]. Zhang et al. observed the coherent magnon-phonon
interaction, providing a versatile platform for coherent infor-
mation processing [65]. Although experimental observation of
the phonon mode in levitated systems remains challenging,
rigorous theoretical work has demonstrated that the mode can
be probed by measuring CM motion at experimentally attain-
able displacement sensitivities [12]. Cooling the phonon mode
of large-mass levitated micromagnets to near the ground state
is equally important for quantum precision sensing. Phonons
of levitated micromagnets, due to their remarkable sensitivity,
are critical for observing quantum effects in the macroscopic
system [22] and performing ultrahigh-precision measuring
[35]. To achieve ground-state cooling of phonon modes,
various theoretical approaches [66—70] have been proposed,
including pure cryogenic cooling [53], dissipation cooling
[71,72], cavity-assisted backaction cooling [73], and sideband
cooling [74].

Recently, some theoretical studies have focused on acous-
tomechanical interactions—the strong and tunable coupling
between the CM mode and the phonon mode of a levi-
tated micromagnet—enabling the phonon mode to be probed
and manipulated through its CM motion [22]. This cou-
pling establishes a correlation between the internal and
external DOFs, enabling coherent quantum control between
them, which includes quantum information transfer and
quantum sensing. However, the simultaneous cooling of
the internal and external DOFs of large-mass levitated mi-
cromagnets is a prerequisite for observing these quantum
phenomena.

In this paper, we propose a different scheme for simulta-
neously cooling the internal DOF (the phonon mode) and the
external DOF (the CM mode) of a levitated micromagnet in
the CMM system. In the scheme, we employ the sideband
cooling to suppress Stokes scattering by coherently driving
the cavity mode and magnon mode on their respective red
sidebands with microwave fields. We demonstrate that the
internal and external DOFs of a levitated micromagnet can
be simultaneously cooled to near their ground states, even
in the unresolved-sideband regime. Additionally, the cooling
processes of the internal and external DOFs in the levitated
micromagnet can be controlled separately. Furthermore, we
can identify the optimal conditions for effective cooling by
appropriately selecting parameters of the system, i.e., cou-
pling strength, effectively detuning, and damping rate. The
numerical simulation results indicate that the average occu-
pancy of the internal DOF can be cooled to a smaller value of
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FIG. 1. Sketch of the considered CMM system: A YIG sphere is
trapped at a node within a harmonic potential V (x). The magnetic
component of the driving field (in the y direction), the bias magnetic
field (in the z direction), and the magnetic field (in the x direction)
of the microwave cavity mode are all mutually perpendicular at the
location of the YIG sphere.

np = 0.018, while the average occupancy of the external DOF
is n, = 0.000 608.

The paper is organized as follows: In Sec. II, we propose
the theoretical model. In Sec. III, we derive the quantum
Langevin equations and the linearized Hamiltonian of the
system. In Sec. IV, we calculate the noise spectral density and
analyze the net cooling rate of the subsystem. In Sec. V, we
further study occupancies of the internal and external DOFs of
a levitated micromagnet within the CMM system, and identify
the optimal parameters for simultaneously cooling the internal
and external DOFs close to their ground states. In Sec. VI,
we analyze the feasibility of the proposed scheme in specific
experiments. Finally, we present a conclusion in Sec. VII.

II. THEORETICAL MODEL

As shown in Fig. 1, we consider a CMM system with
a YIG sphere trapped in a harmonic oscillator potential
V(x) inside a microwave cavity. The YIG sphere is sub-
jected to a static uniform bias magnetic field (Hp = Hpo?)
aligned in the z direction, along with a driving magnetic
field B.,y = B cos(kx) in the y direction, where k represents
the wave number of the microwave field [43]. Experimen-
tal studies have demonstrated that a YIG sphere can be
levitated in a passive superconducting magnetic trap [31],
where three-dimensional harmonic confinement is established
through dual mechanisms: (i) vertical confinement via static
magnetic field gradients and (ii) horizontal stabilization lever-
aging the diamagnetic response of type-1I superconductors
to magnetic moments [32]. Studies have demonstrated that
systematic optimization of field gradients and size reduction
enables kilohertz-frequency trapping [32]. Our scheme em-
ploys the YIG sphere with diameter d > 20 wm, featuring
kilohertz-scale trap frequencies that facilitate coherent quan-
tum manipulation.

033157-2



SIMULTANEOUS COOLING OF THE INTERNAL AND ...

PHYSICAL REVIEW RESEARCH 7, 033157 (2025)

The magnon mode represents quantized collective spin ex-
citations (the Kittel mode) in ferromagnetic systems and dom-
inates the magnon dynamics in subwavelength YIG spheres
under uniform magnetization conditions, while higher-order
spin-wave modes are effectively suppressed [75]. The emer-
gence of phonon modes primarily results from magnetic
excitations within ferromagnetic crystals, which induce vari-
ations in magnetization intensity and lead to alterations in
their geometric structure. There are various phonon modes
that exist in a YIG sphere, and the typical profiles of the
lowest-order spheroidal phonon modes are characterized as
S1.1.m, (where [ and m, are the angular and azimuthal mode
numbers, respectively). These modes each exhibit distinct
displacement profiles and, consequently, possess varying cou-
pling strengths with respect to the magnon mode. Among
these phonon modes, the S; > » mode shows the highest cou-
pling strength when the bias field is along the direction of
maximum displacement, as reported by Zhang et al. [65].

The magnon mode simultaneously couples to a microwave
cavity mode via the magnetic dipole interaction [19] and to
a phonon mode of the YIG sphere via the magnetostrictive
interaction [12]. The total Hamiltonian of the system can be
expressed as

H = Hy + Hin + Hy. (1)

Hj corresponds to the free Hamiltonian of the system, which
can be expressed as

Hy/h = waaTa + a)mme + a)bbTb, 2)

where a (a"), m (m"), and b (b7) are the annihilation (creation)
operators of the cavity mode, the magnon mode, and the
phonon mode at frequencies w,, @,,, and w, respectively. The
frequency of the magnon mode w,, in the YIG sphere is
proportional to the external bias magnetic field Hg, i.e., @, =
y Hpo with the gyromagnetic ratio y /2 = 28 GHz. The fre-
quency of phonon mode w;, in the YIG sphere generally
decreases with an increase of the sphere size [65].

The second term Hjy in Eq. (1) describes the interactions
between different components, which is

Hine/ T = gma(am® + a"'m) cos(kx)
+ gmom m(b + ). 3)

Here, the first term refers to the magnon-photon interaction
between the cavity mode and the magnon mode [43]. The
corresponding coupling strength g,,, is given by [19]

Y [ho.u
gma =5/ = 0 208V, &)
a

where V and V, are the volume of the YIG sphere and
the cavity mode, respectively. The parameters o, ps, and
s = 5/2 represent the vacuum permeability, the spin den-
sity of the YIG sphere, and the spin number of the YIG
sphere’s ground state, respectively. Even for large-mass YIG
spheres (R > 100 um) [20], their high spin density can en-
hance the strong magnon-photon coupling, as demonstrated in
Eq. (4). The coupling strength of magnon-photon interaction
can be tuned by adjusting the position of the YIG sphere
[19]. Meanwhile, the second term in Eq. (3) represents the

magnon-phonon interaction between the magnon mode and
the phonon mode, which resembles a radiation pressurelike
interaction [76]. Here, g,,, characterizes the bare magnome-
chanical coupling strength. Although the coupling strength
gmp in the single-magnon level is typically weak, it can be
significantly enhanced by imposing a strong driving field on
the magnon mode [24].

In Eq. (1), Hyq refers to the driving field of the cavity mode
and the magnon mode:

Hy/h =¢e(ae®" + a'e ™)

+ iQu(me™! — m'e ), 5)

where w,; and w; are the frequencies of the applied laser
and the driving magnetic field, respectively. Here, we apply a
weak drive field to the cavity mode; ¢ = /2Py, /w, is the am-
plitude of the external laser, where P is the input field power
and y, is the cavity damping rate. €2,, is the coupling rate
between the magnon and the driving magnetic field, which
is given by

5
Q= ‘/T_WNBO,

where y is the gyromagnetic ratio, By is amplitude, and
N = p,V is the total number of spins. It should be noted that
directly driving magnons with a microwave field, e.g., using a
loop antenna [24], achieves higher pump efficiency compared
to indirect driving with the microwave cavity field.

The YIG sphere, with a with diameter d larger than 20-um
[20], is placed in a low-frequency trap (~50 kHz). Therefore,
we must take into account the DOF associated with the CM
motion of the micromagnet. The zero-point fluctuations of the
magnon in the trapping potential is xzpy = 1/ (2pmV @.),
where w, is the CM mechanical oscillation frequency and
pm = 5.170kg/m? is the mass density of the YIG sphere. The
thermal variance in the particle’s position, which is much
smaller than the microwave wavelength, is given by A, =
VkgT /(mw.?), where kg is the Boltzmann constant and T
is the environment temperature. Therefore, we first expand
cos(kx) in Eq. (3) in a Taylor series up to the first order in
particle position around the position of the trap minimum
X0, 1.€., cos(kx) — cos(kxy) — k sin(kxp)x. The displacement
operator is quantized as follows: x = /A/(20,,Vw.)(c + c'),
where ¢ (c') is the annihilation (creation) operator of the CM
oscillation at the trap frequency w, [13,43]. This expansion
yields a photon-magnon-CM interaction Hamiltonian. Then,
the total resultant Hamiltonian reads as follows:

H/h = wed'a+ wym'm+ w.cte + wpb'h
+ gmm m(b + b") + gya cos(kxg)(am’ + a'm)
— Zmac sin(kxo)(amT + aTm)(cT +c)
+ e(ae" 4 a' e
+ iQ(me' " —m'e" ). (6)

The photon-magnon-CM coupling strength g, is given by
(19]

Wq [ PsS

oV (N

1
8mac = 8makXzpm = Ehk)’
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which describes the interaction among the cavity mode, the
magnon mode, and the CM mode. It should be noted that g
remains independent of particle size. Suppose that the YIG
sphere is trapped at a node of the cavity magnetic field [kxo =
(2n + 1) /2], where the micromagnet field gradient is maxi-
mal [19,21]. Therefore, we could achieve gmacsin(kxg) = Jame
and g,,,cos(kxy) = 0 via controlling the particle position. This
position controlling can be achieved through the levitation
technology [19-21]. Supposing w; = wy, the Hamiltonian in
Eq. (6) in the rotating frame at this frequency can be written
as

Hy/h = AaaTa + Amme + a)ccTc + a);,bTb

+ gmpm ' m(b + b")
— Jame(am’™ + a"'m)(c’ +¢)
+e(a+a’) + iQuim —mh), (8)

where A, = w, — w; (A, = w, — @) is the detuning of the
cavity (magnon) mode from the driving field.

III. QUANTUM LANGEVIN EQUATIONS

In this section, we describe the dynamic behavior of the
system, which is governed by Lindblad master equation for-
mulated as follows:

p= "l pl— 3 %[(ﬁo + L) + L0,

h
©))

where the Lindblad superoperator is defined as L(0)p =
(ofop + po'o — 20p0")/2 and 71, = 1/[exp(hiw,/ksT) — 1] is
the mean thermal occupation of the bosonic mode o (o €
{a, m, b, c}). Here, kg denotes the Boltzmann constant, 7 is
the environment temperature, and p is the density operator.
w, and y, are frequency and damping rates of the bosonic
mode o, respectively. The quality factors of the bosonic mode
are defined as Q, = w,/y,. An experimental value reported
by Gieseler et al., the nanomechanical oscillator with a qual-
ity factor of Q. = 10%, has been observed at a pressure of
P = 0.5 x 107 mbar [77-79]. It can be estimated that in an
ultrahigh vacuum (P = 0.5 x 10~'° mbar), the quality factor
0. will exceed 10'? [80] and it is even more favorable for a
macroscopic particle, as the quality factor scales linearly with
particle size [81]. To examine the impact of quality factors
under experimental conditions, we present in Appendix A
a systematic discussion of the Q. parameter space span-
ning 10°-10'!. Besides, millimeter-scale YIG spheres exhibit
phononic quality factors Q) € [10°, 107] [65,82]. Although
magnon-phonon coupling is well studied, phonon mode char-
acterization remains scarce for levitated systems. For levitated
microresonators, Q) is constrained by interactions with other
acoustic modes, yet achieves values exceeding 10'° [22]. Fur-
thermore, Appendix A presents a detailed discussion of the
systemic implications for quality factors Q, € [10*, 10°].
Moreover, it is necessary to consider various plausible
sources of decoherence in this system, such as magnetic noise,
internal magnon losses, current damping, gas damping, and
so on. Magnetic noise is a fundamental decoherence mecha-
nism for levitated ferromagnets and can be mitigated through

o=a,m,b,c

effective magnetic shielding [83]. Current damping represents
a significant loss mechanism in magnetomechanical systems,
which is proportional to the material’s conductivity. This
damping can be reduced to negligible levels through three
complementary approaches: utilizing the Meissner effect in
superconductors, optimizing structural geometry to minimize
conductive components, and employing dielectric substrates
such as silica or rutile resonators [32]. Gas damping can
be considered negligible under ultrahigh vacuum conditions
[25,84]. Magnon damping, which refers to internal magnon
losses in YIG sphere due to phonon damping, can be effec-
tively suppressed when the quality factor is sufficiently high,
specifically greater than 108 [22]. Detailed discussion on these
topics can be found in Appendix B.

Additionally, experimentally measured cavity linewidths
span kHz to GHz scales [85], including Fabry-Pérot cavities
(80—200kHz [86]) and nanophotonic crystals (5 GHz) [87],
with superconducting coplanar waveguides achieving ultra-
narrow linewidths of 7.0 kHz [88]. Correspondingly, diverse
schemes for reducing cavity linewidths have been developed.

The dynamics of the system with dissipation can be gov-
erned by the quantum Langevin equations (QLEs):

a = ALa+ iJunem(c’ + ¢) — ie + /Vatin,

= Al m+ iJymea(c + ') — igupm(b + b')
— Qp + /VinMin,

b= @b — igmym'm + /Vpbin,

é = wlc+ iunc(@m+am®) + /yicin, 10)
where
ya . Vm .
A = —(— Aa>, A = —(— Am),
a 2 + l m 2 + l

W, = —(% + ia)c>, w), = —(% + ia)h).

The operators oi,(0 € {a, m, b, c}) are the input noise opera-
tors affecting the cavity mode, the magnon mode, the phonon
mode, and the CM mode, respectively. These noise operators
have zero mean values and are fully characterized by the
following correlation functions:

(om(®)) = 0,
(0o (")) = (i, + 18t — 1),
(0 (Yo (1)) = Ad(t —1'). (11)

We assume that the magnon mode is driven by a strong
microwave field, allowing us to linearize this system. Note
that standard sideband cooling of the oscillator requires a
strong driving field, primarily due to the constraints imposed
by internal heating resulting from absorption. Therefore, the
linearization approximation can be used, namely, o = oy +
0 (o€ {a,m,b,c}). Here, op and 0 refer to the steady-state
value and the quantum fluctuation, respectively. By insert-
ing the linearization approximation into Eq. (10), we can
obtain a set of equations for the steady-state values and quan-
tum fluctuation operators. Subsequently, the equations for the
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steady-state mean values can then be obtained as follows:

do = ALag + 2iJumcRelcolmy — ie =0,

nig = (A, — 2igmpRe[bo)my + 2iJamcRe[colag — 2, = 0,

bo = a)éb() — igmbmémo = O,

co = w..co + idame(aymo + agmgy) = 0. (12)
Also, we assume that |¢| < |€2,,| and |A] |, with the magnon
driven by a strong microwave field while the system is not in
the multistable regime. Based on these assumptions, we can

obtain the stable solutions. From Eq. (12), the steady-state
values of each bosonic mode are

—Q,,
ap~0, my=- - )
lAm + lgmbzRe[bO] + (Km/z)
_igmb|m0|2
= ), co ~ 0 13
iwp + (p/2)" )

Besides, the linearized QLEs describing the system are given
by

a= N+ iGa(@ + &) + /Yattin,
= A, it — iGup(b" + ) + /Tuithin,
b= w,b— iGu(ii" + ) + /Tobin,
¢ = e +iGa(@ +a) + \/YeCin, (14)
where
A, = —% — i(Ap + 2gmRelbo]). (15)

Here, G, = |mo|Jame denotes the effective coupling among
the cavity mode, the magnon mode, and the CM mode,
and G, = |mp|gmp is the effective magnetomechanical cou-
pling strength between the magnon mode and the phonon
mode. The linearized QLEs in Eq. (14) correspond to a Hamil-
tonian of the form

Hih= A a+ Ayt + o)b'b+ w,&'c
— Gue@" +a)@ +¢)
+ G (" +m) (" + b), (16)
where
Ay = Ay + 2igmpRe[bo].

As shown in Eq. (16), the internal DOF (the phonon mode) of
the magnon is coupled solely to the magnon mode, while the
external DOF (the CM mode) is only exclusively coupled to
the cavity mode. This indicates that the internal and external
DOFs of a levitated micromagnet are decoupled, allowing us
to cool both the internal and external DOFs simultaneously
without relying on other media.

IV. NOISE SPECTRAL DENSITY AND NET
COOLING RATES

In this section, we analyze the cooling dynamics of the
internal DOF and the external DOF by examining the average
occupancies of both DOFs. The steady-state average occu-
pancy of the bosonic mode o [73,89-91] in the weak coupling

limit (Gp <K @p, Gy K ®,) is given by
~ Yollo A+
Yo+ o
where ', =A_ —A, is the net cooling rate of the
bosonic mode o. Here, A_ = GZSFU(C()) represents the cool-
ing rate (corresponding to the anti-Stokes scattering), while

A, = G*SE (—w) represents the heating rate (corresponding
to the Stokes scattering) of the bosonic mode o, where

; a7

o

“+o00
Sn() = [ dre™ (EwFO) (18)
—00

is the power spectral density and G is the coupling strength.
According to Eq. (18), the spectra Sg, (w) of fluctuations of
the cavity field quadrature (F, = a + a') and the magnon field
quadrature (F,, = m + m') are shown in Figs. 2(a) and 2(b),
respectively.

To achieve simultaneous cooling of both the internal and
external DOFs of a levitated micromagnet, it is essential to
maximally suppress the Stokes scattering processes of the
phonon mode and the CM mode. Both the cavity mode and the
magnon mode should work on their respective red detunings,
ie., Ay =w, —w; =w. and A, = w, —w; = wp. In this
case, the cooling rate A_ is greater than the heating rate A4
in the system, leading to the net cooling rates I';, > 0 and
I’ > 0. Therefore, the internal DOF and external DOF of the
levitated micromagnet are both cooled to close to the quantum
ground state, and this process is termed sideband cooling [73].

As shown in Figs. 2(a) and 2(b), the orange solid line
represents the red-sideband detuning condition (A, = w, and
A, = wp), while the green solid line represents the blue-
detuning condition (A, = —w, and A,,, = —w;), with the
spectrum varying as a function of the normalized frequency.
The orange solid line indicates that the spectrum Sf, (w) ex-
hibits a cooling peak at A, = w, in Fig. 2(a), and the spectrum
Sk, (w) exhibits a cooling peak at A,, = w; in Fig. 2(b).
Therefore, the Stokes scattering can be significantly sup-
pressed under the conditions A, = w, and A,,, = wp. In this
case, it results in a significant enhancement of the net cooling
rate.

The net cooling rates of the external DOF and the inter-
nal DOF in a levitated micromagnet, denoted as I'. and I'p,
respectively, are illustrated in Figs. 2(d) and 2(e). It is clear
that the net cooling rate is maximum when the system is at
A, =w, and A, = wp, as indicated by the green dashed
line in Fig. 2(d) and the orange dashed line in Fig. 2(e). In
contrast, for blue-sideband detuning, where A, = —w,. and
A, = —wp, the behavior is the opposite. Note that under
red-sideband detuning, the net cooling rate for the external
DOF is significantly higher than that of the internal DOF
in a levitated micromagnet. Specifically, the maximum net
cooling rate for the external DOF is I'./w, = 0.31, whereas
the maximum net cooling rate for the internal DOF reaches
I'y/wp = 0.05. Next, we plot the exact numerical results of the
average occupancy of the external DOF n. in steady-state as a
function of the effective detuning A, in Fig. 2(c). Similarly,
Fig. 2(f) shows that the average occupancy of the internal
DOF n;, in steady-state varies as a function of the effective
detuning A,,, . The significant suppression of Stokes scattering
leads to an enhancement of the net cooling rates I'; and I'p,
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FIG. 2. (a) The spectrum density Sy, (w) vs the normalized frequency w/w,. (b) The spectrum density S, (w) vs the normalized frequency
w/wy. (¢) The average occupancy of the external DOF rn, vs the normalized detuning A,/w, in steady-state. (d) The net cooling rate I". of the
occupancy of the external DOF with A, = w,. (¢) The net cooling rate I';, of the internal DOF with A,,, = w,. (f) The average occupancy of
the internal DOF n,;, vs the normalized detuning A, /w; in steady-state. The other parameters are taken as follows: w./27w = 50kHz, G, =
0.05w, Yo =050, v. =2 x 107" 0., w, = 9.4 MHz, Ay = 149wy, Gy = 0.1y, vy = 1.429 wy, and y, = 107° wy,. The background
temperature is 450 mK, with the average thermal magnon and cavity occupancies as 71,, = 0 and 71, = 0, and the average thermal occupancies
of the internal DOF and the external DOF are 71, = 1000 and 7i. = 1.87 x 107, respectively.

which results in markedly reduced n, and n;, at the optimal
detuning conditions in steady-state, as displayed in Figs. 2
(c) and 2(f). We find that the smallest average occupancy of
the external DOF is n. = 0.0169 at A, = w., and the small-
est average occupancy of the internal DOF is n, = 0.157 at
A, = wy in steady-state.

V. SIMULTANEOUS COOLING OF THE INTERNAL
AND EXTERNAL DOFs

To study the cooling performance of the internal DOF and
the external DOF, we need to calculate the average occupancy
of external DOF n, and the average occupancy of the inter-
nal DOF n;, by solving the mean values of all second-order
moments. The differential equations are given by

(1Y) = — Y () + iGop (G0B) + (HBT) — €.C.) + YinFim,
(b'b) = —yp(b'BY + iGp((i0b) + (B — c.c.) + Yy,
(B) = — (L + 1) + iAoy + 3)) (D)

— G ((A'm) + (am) + (B'D) + (bD) + 1),
(57) = — (L + 75) + (A, — w3)) ()

+ iGup (i i) + (i) — (B'h) — (b'D")),

(i) = — (Y + 20 A, Vi) — 2iG (D) + (11B)),

(BB) = —(yp + 2ieop)(BB) — 2iGop (1 B) + (b)),

<a*a> = —y(a'a) — iG.((ac) + (ac’y — c.c.) + Vafia,

(E8) = —yele'8) — iGac(G8) + (@'7) — ¢.C.) + Veltcr

<£~l.5> = —(%(Va +ye)Hi(AL + a)L)) (ac)
+iG.((@'a) + (@a) + (&'&) + (¢&) + 1),

@'y = (S + v0) + i(Ag — 00) (@)
—iG,.((@'a) + (@a) — (&) — @),

(@) = —(ya + 2iA)(ad) + 2iGac((@c") + (ac)),

(@8) = — (e + 2i@)(EE) + 2iGa (@) + (@d)),  (19)

where the above equations are numerically solved with
the initial conditions #,, ~ 0, i1, &~ 0, n, ~ 1000, and i, ~
1.87 x 10°.

First, we investigate the cooling dynamics of the CMM
system as functions of the coupling strengths as described in
Eq. (19). The average occupancy of the external DOF n, and
the average occupancy of the internal DOF n, in a levitated
micromagnet can be numerically simulated, as illustrated in
Fig. 3. In Figs. 3(a) and 3(b), we plot the time evolution
of n. and n; for different coupling strengths G,. and G,
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FIG. 3. (a) Contour plot of the average occupancy of the external DOF r, vs time ¢ and normalized coupling strength G,,./w. with A, = w..
Color bar represents log,, 7. values ranging from 1072 to 1.87 x 10°. (b) Contour plot of the average occupancy of the internal DOF ny, vs time
t and normalized coupling strength G,,;/w, with A,,; = w,. Color bar represents log,, n;, values ranging from 10~! to 10? and white dashed
contours mark n,. (c) steady-state n. (log scale) as a function of G,./w,, as indicated by the blue solid line with triangular markers. Inset of
panel (c): The magnified view of n. vs G,./w. (G,./w. < 0.025). (d) steady-state n,, (log scale) vs G,,,/wp, as indicated by the red solid line
with triangular markers. Inset of panel (d): The magnified view of n;, vs G/ @p (Gup/@. < 0.2). Other parameters are identical to those in

Fig. 2.

respectively. Within approximately 1 ms, both n, and n;, can
be simultaneously cooled to stable values below unity. The
cooling time for the internal DOF to reach its ground state is
shorter than that of the external DOF. Specifically, the internal
DOF can be cooled to its ground state within 10 ps. We plot
the exact numerical results of the average occupancy of the
external DOF n. in steady-state as a function of the effective
coupling G, in Fig. 3(c) and the average occupancy of the
internal DOF n,, in steady-state as a function of the effective
coupling G, in Fig. 3(d). Both n. and n, do not change
monotonically with their respective coupling strengths, G,
and G, in steady-state. As shown in Figs. 3(c) and 3(d), we
find that the lowest average occupancy n, = 0.016 is obtained
with G,. = 0.02w,, while the lowest average occupancy n, =
0.162 is achieved at G,,;, = 0.18w;, in steady-state. The op-
timal coupling parameters G,. and G,,;, are well within the
weak coupling regime. This phenomenon is due to the fact
that the steady-state occupancy is governed by the net cooling
rate, which arises from the competition between cooling and
heating processes. The large net cooling rate has the capacity
to reduce the average occupancies n;, and n.. However, this
also introduces additional noise from magnon and cavity scat-
tering, which heats the phonon motion and the CM motion,
thereby increasing n, and n.. As a result of these two com-
peting effects, there exist optimal coupling values of G, and
G, respectively.

Next, we study the cooling dynamics of the system as
functions of the dissipation rates, as described in Eq. (19). To
account for practical experimental constraints, we investi-
gate the influence of decreasing the CM trap frequency w,
and increasing the phonon damping rate y;, by 2 orders of
magnitude on system dynamics. The time evolution of the
average occupancy of the external DOF n, for different cavity
damping rates y, and internal DOF n,, for different magnon
damping rates y,, is presented in Figs. 4(a) and 4(b), re-
spectively. The average occupancies of both the internal and
external DOFs in a levitated micromagnet can be simul-
taneously cooled to below 1 within approximately 1 s. In
addition, we plot the exact numerical results of the average
occupancy of the external DOF n, in steady-state as a function
of the cavity damping rate y, in the inset of Fig. 4(a) and
the average occupancy of the internal DOF n, in steady-
state as a function of the magnon damping rate y,, in the
inset of Fig. 4(b). The cavity and magnon damping rates
range from the resolved-sideband regime (y, < @, Ym K
wp) to the unresolved-sideband regime (y, > w,. and y,, >
wp). Notably, even in the unresolved-sideband regime, the
occupancies of both internal DOF and external DOF can still
be simultaneously cooled to near their ground states, which
cannot be achieved by conventional sideband cooling [59].
Increased cavity dissipation y, enables cooling of n. but
reduces cooling efficiency, as illustrated in the inset of
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FIG. 4. (a) Time evolution of the average occupancy of the ex-
ternal DOF n, for different cavity damping rates y, with A, = o,
G, =0.320,, and w. = 0.5 kHz. The cavity damping rates are
Y2 = 0.1w, (the yellow solid line), y, = lw, (the green solid line
with triangle), and y, = 4w, (the red solid line with circle). Inset
of panel (a): The average occupancy of the external DOF n, vs
v. (log scale) in steady-state. The parameter range y,/w. € [0, 4]
was selected to theoretically study the cooling performance across
both resolved- and unresolved-sideband regimes, extending beyond
typical experimental values. (b) Time evolution of the average oc-
cupancy of the internal DOF n,, for different magnon damping rates
Ym With A, = 149w, and G, = 0.5wy, Y = 10~*w,. The magnon
damping rates are y,, = 0.2, (the yellow solid line), y,, = 0.4,
(the green solid line), and r,, = 0.6, (the red solid line). Inset of
panel (b): The average occupancy of the internal DOF n;, vs y,
(log scale) in steady-state. Other parameters are identical to those
in Fig. 2.

Fig. 4(a). Reducing the CM trap frequency w, prolongs the
cooling time while leaving the steady-state occupancy of
the external DOF unchanged, as illustrated in the inset of
Fig. 4(a). Increased phonon dissipation elevates the steady-
state occupancy of the internal DOF and reduces cooling
efficiency, yet sustains ground-state cooling (n, < 1), as il-
lustrated in the inset of Fig. 4(b). We find that the smallest oc-
cupation number of external DOF n, = 0.001 26 is achieved
at y, = 0.0lw,, and the smallest occupancy of internal DOF
n, = 0.749 is achieved at y,, = 1.4w,, in steady-state.

In Fig. 5(a), the final average occupancy of external DOF
n. is plotted as functions of coupling strength G,. and cavity
damping rate y,. There exists an optimal parameter region
(represented by the dark blue region in the contour plot) for

G, and y,, which results in a lower final average occupancy
of the external DOF n.. Figure 5(b) provides a zoomed-in
view of the optimal parameter region from Fig. 5(a). As illus-
trated by the red dot in Fig. 5(b), the parameters G,. = 0.02w,
and y, = 0.0lw, achieve a lower final average occupancy of
external DOF n, = 0.000 608. In Fig. 5(c), the final average
occupancy of internal DOF n, is plotted as functions of cou-
pling strength G,,,;, and magnon damping rate y,,. Similarly, an
optimal parameter region (represented by the dark blue region
in the contour plot) exists for G,,; and y,,, which results in
a lower final average occupancy of the internal DOF n,,. Fig-
ure 5(d) shows a zoomed-in view of this optimal parameter
region from Fig. 5(c). As shown by the red dot in Fig. 5(d), the
parameters G,,;, = 0.10w;, and y,, = 0.2w; achieve a lower
final average occupancy of internal DOF n;, = 0.018. Addi-
tionally, we find that the final average occupancy of external
DOF n, is unaffected by the parameters G,,;, and y;, while
the final average occupancy of internal DOF #n;, remains unaf-
fected by the parameters G, and y,.

From Eq. (7), it can be observed that, due to the collective
spin compensation effect in the YIG sphere, the coupling
strength gu,c = (1/2)fiky /(@at00s8)/(pmw:V,) is indepen-
dent of the volume of the YIG sphere. Consequently, the
coupling strength G,. is also independent of the sphere’s
volume. The CM frequency w. scales as w. o< R~! with the
YIG sphere radius R, while other parameters (e.g., dissipation
rates) scale linearly with .. Our numerical implementa-
tion incorporates these dependencies by normalizing w. to
unity and proportionally scaling all parameters relative to
.. Under these conditions, the steady-state population n, of
external DOF demonstrates size invariance, consistent with
Kani et al.’s results [43]. Figure 6 displays the steady-state
occupancy of external DOF r, as a function of the YIG sphere
radius R, confirming its intensive property independent of
size. Additionally, when the frequency of the phonon mode
wp K Wy, the coupling strength g, is dependent on the vol-
ume of the YIG sphere, and thus the coupling strength G,
is related to the volume of the YIG sphere. Furthermore,
the coupling strength G,. can be adjusted by changing the
position of the YIG sphere, which does not affect the coupling
strength G,,,. Therefore, by adjusting appropriate parameters,
the cooling processes of the internal and external degrees of
freedom in a levitated micromagnet can be controlled sepa-
rately.

VI. DISCUSSION OF EXPERIMENT IMPLEMENTATION

In this section, we present a discussion of the experimental
implementation of this cooling scheme. The CMM system
involves the magnon-photon coupling and magnon-phonon
coupling, which are experimentally accessible in current
CMM systems [20]. In the simulations, we consider a model
that takes the linearized magnon-photon coupling strengths
as G, = 0.05w,, which have been realized in many CMM
systems [19,20]. The magnon-photon coupling strength can
be adjusted by manipulating the position of the YIG sphere. It
is maximized when the YIG sphere is placed at the location
of the maximum microwave magnetic field, as demonstrated
by Hou and Liu [20]. Additionally, the magnon-phonon in-
teraction is significantly enhanced in magnetic materials by
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FIG. 5. (a) Contour plot of the final occupancy of external DOF r. vs normalized coupling strength G,./w, and cavity damping rate y, /..
Color bar shows log,, n. values, with the color gradient ranging from dark blue (low values) to red (high values). (b) Zoomed-in view of panel
(a), focusing on the region with lower final average occupancy n.. (c) Contour plot of the final occupancy of internal DOF r; vs normalized
coupling strength G,,;,/w, and magnon damping rates y,,/w;. Color bar shows log,, n;, values, with the color gradient ranging from dark blue
(low values) to red (high values). (d) Zoomed-in view of panel (c), focusing on the region with lower final occupancy n,. Other parameters are

identical to those in Fig. 2.

directly driving magnons with a microwave field, e.g., via a
loop antenna [24]. All these advances confirm the experimen-
tal feasibility of the proposed scheme.

Next, we present an analysis of the experimental param-
eters based on CMM systems, where a low-dissipation YIG

Ne

0.1

0.01 ' '
10

1073

FIG. 6. steady-state occupancy of external DOF n. vs YIG
sphere radius R (log scale). Parameter configuration: CM frequency
o, x Ry, =2 x 107w, and A, = w.. All other parameters are
consistent with Fig. 2.

sphere is placed in a high-Q microwave cavity. The magnon
frequency can be tuned by adjusting the applied bias magnetic
field within a range 0—3T, corresponding to the magnon
frequency ranging from a few hundred MHz to about 50 GHz
[19]. The magnon mode is close to resonance with the cav-
ity mode, when the bias field strength is 281 mT. Here, the
cavity mode and the magnon mode have the same resonance
frequency w, = w,, = 50 GHz. In addition, it has been re-
ported that the superconducting microwave cavity requires
only a small input microwave power of P = —22dBm [92],
which enables an extremely high quality factor exceeding
Q. = 10",

Furthermore, the damping of the mechanical motion of
levitated particles is primarily caused by friction from the
background gas. It can be adjusted by varying the environ-
mental pressure. We take the damping rates of the cavity
mode, the magnon mode, the CM mode, and the phonon
mode to be ¥, = 0.5we, Y = 1429wy, ¥ =2 x 107 w,,
and y;, = 107° wy, respectively.

Finally, we discuss how to detect the cooling of the internal
and external DOFs of a levitated macromagnet. The phonon
states can be directly measured by coupling the displace-
ment deformation to an optical cavity, using the phase of the
cavity field to achieve high-sensitivity measurements [62,76]
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of mechanical displacement. The elusive phonon mode can
also be probed by indirectly measuring the CM displacement
[22]. Thus, our scheme is highly feasible under the current
experimental conditions.

VII. CONCLUSION

In summary, we have proposed a cooling scheme that si-
multaneously cools both the internal and external DOFs of
a levitated macromagnet. We show that the Stokes process
for both the internal and external DOFs is significantly sup-
pressed, leading to an accelerated cooling process by driving
both the cavity mode and the magnon mode with red-detuning
microwave fields. Furthermore, the cooling process of both
the internal and external DOFs in the levitated micromagnet
can be easily manipulated by adjusting the parameters, such
as coupling strength, effective detuning, and damping rate.
As an alternative to traditional approaches, our scheme is not
constrained by the limitations of sideband conditions. In the
unresolved-sideband regime, the simultaneous cooling of both
the internal and external DOFs of a levitated macromagnet
can be realized. Finally, the optimal cooling parameters are
obtained through numerical simulations.

In the context of large-mass levitated particles, our work
highlights the important fact that large-mass particles are
not pointlike objects with only external DOF, but complex
systems with internal DOF that can be exploited in the quan-
tum regime. Furthermore, the CM motion of the levitated
macromagnet can be easily manipulated, allowing for the
probing of its internal DOF by manipulating the external
DOF [22]. Therefore, it is crucial to simultaneously cool both
the internal and external DOFs of a levitated macromagnet
for studying the quantum phenomena. Our scheme lays the
foundation for exploring the quantum correlation between
macroscopic and microscopic physics.
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APPENDIX A: QUALITY FACTOR ANALYSIS

To further illustrate the effectiveness of our parameter se-
lection, we present exact numerical results for the steady-state
average occupancies of both external and internal DOFs over
broader quality factor ranges. As illustrated in Fig. 7(a), it is
evident that even when Q. varies across a wide range Q. €
[5 x 10°, 10'"], the change in n, remains minimal. Similarly,
np, exhibits comparable results, as shown in Fig. 7(b). Thus,
our protocol maintains a robust cooling capability (n. < 1,
np < 1) in experimentally accessible regimes, such as Q. €
[107, 10"] and Q,, € [10%, 107].

Q
S 0.1
0-01 vl p sl + 1l b1l M ETIT]
107 108 10° 10" 10"
Q.
5.
(b)
2 L
S
~ Q= 6.31 x 107
0.5} nl,bzl
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0.1k : -
10* 10° 108
Q

FIG. 7. (a) steady-state average occupancy of the external DOF
n. vs Q. (log scale). (b) steady-state average occupancy of the in-
ternal DOF n;, vs Q, (log scale). The other parameters are taken
as follows: G, = 0.05 w, Yo = 0.5 wc, Ve = wc/Qc, Ay = 1.49 awy,
Gy = 0.15 wp, Y = 1.429 wy, and y,, = wp/ Q-

APPENDIX B: OTHER DISSIPATIVE SOURCES

In realistic magnetically levitated systems, decoherence
channels beyond mechanical damping—including magnetic
field fluctuations (6B), CM trap frequency fluctuations, gas
damping, and force perturbations—persist even under cryo-
genic conditions [31,32]. We systematically characterize these
nondissipative decoherence mechanisms to establish experi-
mental feasibility.

Magnetic field fluctuations induce two distinct effects: (i)
force noise §F/F = 26B/B and (ii) parametric modulation
of the trap frequency w, scaling as dw. o 8B/(B'/?R) [32],
arising from 8B-induced alterations to the trapping potential
curvature. Magnetic noise can be mitigated through effec-
tive magnetic shielding [83]. Under cryogenic conditions,
the magnetic shielding and ultralow-noise current drivers
(81/I < 10~19) enable suppression of magnetic noise fluc-
tuations 8B/B to levels below 1070 in YIG spheres with
radius R < 0.2 mm. Eddy current damping is suppressed,
achieving quality factors Qeqqy > 10® via superconducting
components and > 10 mm dielectric isolation from metallic
structures [32].

Squeeze-film damping becomes significant when the gap
between the YIG sphere and superconductor narrows below
the gas mean free path, but can be suppressed to negligible
levels under ultrahigh vacuum (P < 10> Pa) at cryogenic
temperatures [25,84].

Force perturbations during operational phases (readout
or control) are maintained below the Brownian force limit
(8F <« 4kpTy,) using pulse-tube coolers in cryogen-free
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cryostats that generate vibrations below 10 Hz [93]. This
effect is negligible for kHz frequency for micron-scale YIG
spheres. Multistage active vibration control further suppresses

displacement fluctuations below the thermal noise floor at 4 K,
achieving CM quality factors Q. > 10% and trap frequency
stability [22,32,94].
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