<]
TUDelft

Delft University of Technology

Entangling the vibrational modes of two massive ferromagnetic spheres using cavity
magnomechanics

Li, Jie; Groblacher, Simon

DOI
10.1088/2058-9565/abd982

Publication date
2021

Document Version
Final published version

Published in
Quantum Science and Technology

Citation (APA)

Li, J., & Groblacher, S. (2021). Entangling the vibrational modes of two massive ferromagnetic spheres
using cavity magnomechanics. Quantum Science and Technology, 6(2), Article 024005.
https://doi.org/10.1088/2058-9565/abd982

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1088/2058-9565/abd982
https://doi.org/10.1088/2058-9565/abd982

Quantum Science and Technology

PAPER « OPEN ACCESS

Entangling the vibrational modes of two massive ferromagnetic spheres
using cavity magnomechanics

To cite this article: Jie Li and Simon Groblacher 2021 Quantum Sci. Technol. 6 024005

View the article online for updates and enhancements.

This content was downloaded from IP address 154.59.124.113 on 22/03/2021 at 14:08


https://doi.org/10.1088/2058-9565/abd982
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstPd_jJAqv1SIQvGGnqY6_BD0NGfgoXLwdELPMqV9in1-OTfCcfNqYJg_3a1NuaT7oV7V1kvKVTVLZQe-kFcoKlJ3MeVWrAFYcIDNmhQK4Z74qlGKEm1YYiSVrLqLbaC4Ma5065A8WmNdDXSoo1SehZD-rKd-KcqaNsS1pg0jn29r-tExilVn0zvB0xTY4O_517SV0URZEGeHBEDHk6NTVErP9KxvIhZGqFn6253wHRR8ajgy-s9eM7LanpLDZWk2YIxoz2XL7eWnSLL_7vePxV&sig=Cg0ArKJSzNew4uXDdfs_&adurl=http://iopscience.org/books

10P Publishing

® CrossMark

OPEN ACCESS

RECEIVED
11 September 2020

REVISED
19 December 2020

ACCEPTED FOR PUBLICATION
7 January 2021

PUBLISHED
8 February 2021

Original content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOI.

Quantum Sci. Technol. 6 (2021) 024005 https://doi.org/10.1088/2058-9565/abd982

Quantum Science and Technology

PAPER

Entangling the vibrational modes of two massive ferromagnetic
spheres using cavity magnomechanics

Jie Li"**( and Simon Groéblacher "*

! Kavli Institute of Nanoscience, Department of Quantum Nanoscience, Delft University of Technology, 2628CJ Delft, The

Netherlands

Zhejiang Province Key Laboratory of Quantum Technology and Device, Department of Physics and State Key Laboratory of Modern
Optical Instrumentation, Zhejiang University, Hangzhou 310027, People’s Republic of China

Authors to whom any correspondence should be addressed.

%

E-mail: jieli6677@hotmail.com and s.groeblacher@tudelft.nl

Keywords: magnomechanics, optomechanics, quantum entanglement, cavity magnonics

Abstract

We present a scheme to entangle the vibrational phonon modes of two massive ferromagnetic
spheres in a dual-cavity magnomechanical system. In each cavity, a microwave cavity mode
couples to a magnon mode (spin wave) via the magnetic dipole interaction, and the latter further
couples to a deformation phonon mode of the ferromagnetic sphere via a nonlinear
magnetostrictive interaction. We show that by directly driving the magnon mode with a
red-detuned microwave field to activate the magnomechanical anti-Stokes process a
cavity—magnon—phonon state-swap interaction can be realized. Therefore, if the two cavities are
further driven by a two-mode squeezed vacuum field, the quantum correlation of the driving fields
is successively transferred to the two magnon modes and subsequently to the two phonon modes,
i.e., the two ferromagnetic spheres become remotely entangled. Our work demonstrates that cavity
magnomechanical systems allow to prepare quantum entangled states at a more massive scale than
currently possible with other schemes.

1. Introduction

Preparing entangled states of macroscopic, massive objects is of significance to many fundamental studies,
e.g., probing the boundary between the quantum and classical worlds [1-3], tests of decoherence theories at
the macro scale [4-6], and gravitational quantum physics [7], among many others. Over the past decade,
significant progress has been made in the field of cavity optomechanics [8] in preparing entangled states of
massive objects, with experimental realizations of entanglement between a mechanical oscillator and an
electromagnetic field [9, 10], as well as between two mechanical oscillators [11—13]. All those entangled
states were created and detected by utilizing the radiation pressure interaction, or, more specifically, the
optomechanical two-mode squeezing and beamsplitter (state-swap) interactions, realized by driving the
cavity with a blue- and red-detuned electromagnetic field, respectively, and optimally working in the
resolved sideband limit.

In analogy to cavity optomechanics, in recent years cavity magnomechanics (CMM) [14] has received
increasing attention, owing to its potential for realizing quantum states at a more macroscopic scale [15-17]
and possible applications in quantum information processing and quantum sensing [18]. In these systems, a
magnon mode (spin wave) of a ferromagnetic yttrium-iron-garnet (YIG) sphere couples to a microwave
(MW) cavity field [19-24], and simultaneously couples to the vibrational phonon mode (deformation
mode) of the sphere via the magnetostrictive force [25]. Owing to the high spin density and the low
damping rate of YIG, the interaction between the MW cavity field and the magnon mode can easily enter
the strong coupling regime [19-24], thus providing an excellent platform for the study of strong interaction
between light and matter. Many interesting phenomena have been explored in the context of cavity
magnonics, such as a magnon gradient memory [26], exceptional points [27], the manipulation of distant

© 2021 The Author(s). Published by IOP Publishing Ltd
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spin currents [28], level attraction [29], nonreciprocity [30], among others. In the tripartite system of
CMM, the phonon mode is typically of low frequency due to the large size of the sphere. The
magnomechanical interaction is a radiation pressure-like, dispersive interaction [14, 31] and the
Hamiltonian is given by H/h = Gom'm(b + b'), where m (b) is the annihilation operator for the magnon
(phonon) mode, and G is the single-magnon magnomechanical coupling rate. The fact that this
Hamiltonian takes the same form as that of the optomechanical interaction allows us to predict new
phenomena in CMM from known results in cavity optomechanics.

To date, magnomechanically induced transparency (MMIT) has been experimentally observed [14], and
multi-window MMIT has been proposed by coupling a cavity mode to two YIG spheres [32]. Quantum
effects in CMM have been first studied in reference [15], which shows the possibility of creating genuine
tripartite magnon—photon—phonon entanglement and cooling of the mechanical motion. Furthermore,
proposals have been made for generating squeezed vacuum states of magnons and phonons [16], and
entangled states of two magnon modes in CMM [17]. Quite recently, CMM has been used to produce
stationary entangled MW fields by coupling a magnon mode to two MW cavities [33]. These protocols
[15—-17, 33] essentially utilize the nonlinear magnetostrictive interaction effectively activated by properly
driving the magnon mode with a magnetic field, which can be experimentally realized by directly driving
the YIG sphere with a small MW loop antenna [34], allowing to implement the magnomechanical
beamsplitter or two-mode squeezing interactions. Other quantum effects like tripartite
Einstein—Podolsky—Rosen steering have also been studied [35]. In addition, many other interesting topics
have been explored in CMM, including magnetically tunable slow light [36], phonon lasing [37],
thermometry [38], and parity-time-related phenomena [39-41].

In this article, we present the first proposal to entangle the vibrational phonon modes of two massive
YIG spheres. We would like to note that the entanglement of two magnon modes [17, 42—47] is a
non-classical state of a large number of spins inside the YIG spheres. In contrast, here we consider the
entanglement of the vibrational modes of the whole spheres. The phonon mode typically has a much lower
frequency than the magnon mode [14-24] (MHz vs GHz), indicating increasing susceptibility to the
thermal noise from the surrounding environment, which significantly increases the difficulty to prepare
phonon entangled states. The system consists of two MW cavities each containing a YIG sphere which
supports a magnon mode and a deformation phonon mode. The two cavities are driven by a two-mode
squeezed vacuum MW field, which entangles the two MW intra-cavity fields, and, owing to the
cavity—magnon beamsplitter interaction, the two magnon modes thus get entangled. We then directly drive
each magnon mode with a strong red-detuned MW field, activating the magnomechanical state-swap
interaction allowing for the transfer of squeezing from the magnon mode to the phonon mode. Therefore,
the two phonon modes of two YIG spheres become entangled. Similar ideas of transferring an entangled
state from light to macroscopic mechanical oscillators have been provided for optomechanical systems
[48-50].

2. The model

We consider a dual-cavity magnomechanical system, with each cavity containing an MW, a magnon and a
phonon mode, as depicted in figure 1. The magnon and phonon modes are supported by the YIG sphere,
which has a typical diameter in the 100 pm range [14]. The magnon mode is embodied by the collective
motion of a large number of spins in the YIG sphere, and the phonon mode is the deformation mode of the
sphere caused by the magnetostrictive force [25]. In each cavity, the magnon mode couples to the MW
cavity mode via the magnetic dipole interaction, and to the phonon mode via the nonlinear radiation
pressure-like magnomechanical interaction. In our scheme, each magnon mode is directly driven through a
strong red-detuned MW field, realized by, e.g., driving the YIG sphere with a small loop antenna at the end
of a superconducting MW line [33, 34], which enhances the magnomechanical coupling strength, cools the
phonon mode [15], and activates the magnon-phonon state-swap interaction [16]. The Hamiltonian of the
system is given by

H/h= Z {waja;aj + wmjm;mj + wbjb}bj +g (a]ij + ajm;[) + Gojm;[mj (bj + bj)
=12
+ i€ (m}e’““ft - mjei“’of’) } , (1)
where aj, mj, and b; (wyj, W), and wy;) are the annihilation operators (resonance frequencies) of the cavity,

magnon and phonon modes, respectively, satisfying [O;, O]Jf] =1 (O = a,m,b), with j = 1,2. The magnon
frequency w,,; can be adjusted by varying the external bias magnetic field H; via w,,; = 7,H;, where the
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(a)

=

wgj + Wy w

Figure 1. (a) Two YIG spheres are placed inside two MW cavities, which are driven by a two-mode squeezed vacuum MW field.
Each sphere is placed in a uniform bias magnetic field and near the maximum magnetic field of the cavity mode, and is directly
driven by a strong red-detuned MW field (not shown) to enhance magnon—phonon coupling. (b) The frequencies of the modes
and drive fields in the cavities (j = 1,2) are shown. The MW cavity with resonance frequency w,; is driven by the jth mode (with
frequency wy) of the two-mode squeezed MW field. The magnon mode with frequency w,,; is driven by another strong
red-detuned MW field of frequency wy;. The mechanical motion of frequency wy; scatters the driving photons onto two
sidebands at frequencies wy; + wy;. For the case when the cavity mode, magnon mode, and the squeezed drive field are resonant
with the blue mechanical sideband within each cavity, the two phonon modes of the two independent, spatially separated YIG
spheres become entangled.

gyromagnetic ratio for YIG ~y,/2m = 28 GHz T™! g; is the cavity—magnon coupling rate, which can be
much larger than the dissipation rates of the two modes, g; > Kaj> Kom; [19-24]. Gy; is the bare
magnon—phonon coupling rate, which is usually quite small, but can be enhanced by driving the magnon
mode with a strong MW field. The Rabi frequency €2; = ;g,y() \/ﬁjBOj [15] denotes the coupling rate
between the magnon mode and its driving magnetic field with frequency wy; and amplitude By;, while

N; = pV; is the total number of spins, with p = 4.22 x 10 m ™ the spin density of YIG and Vj is the
volume of the spheres. Note that for the magnon modes, we have expressed the collective spin operators in
terms of Boson (oscillator) operators via the Holstein—Primakoff transformation [51] under the condition
of low-lying excitations, <m]T m;) < 2Ns (for simplicity we assume the two spheres to be of the same size and
thus of the same total number of spins N), where s = 3 is the spin number of the ground state Fe’* ion in
YIG.

We now assume the two cavities to be driven by a continuous, two-mode squeezed vacuum MW input
field with frequency w; and each cavity to be resonant with the squeezed drive as well as the magnon mode,
such that w,; = wyj = w, or Ay = A, = Ag = A (j = 1,2), where the detunings Ap; = woj — w
(O = a, m, s) are with respect to the magnon drive frequency wy;, see figure 1(b). This situation is easily
realized as all three frequencies are tunable, and the resonant case also corresponds to the optimal situation
for transferring squeezing from the driving field to the magnon mode [16, 46]. Note that A; = A, is
however not required as each should match the frequency of the phonon mode of the respective YIG sphere,
i.e., Aj >~ wy;. This corresponds to the magnon mode being resonant with the blue mechanical sideband
(see figure 1(b)), which is required for realizing the magnomechanical state-swap interaction in each sphere,
such that the squeezing can further be transferred from the magnon mode to the phonon mode.

The quantum Langevin equations (QLEs) for describing the cavity, magnon, and phonon modes are
given by (in the frame rotating at the magnon drive frequency wy;)

a = — (iAj + /{ﬂj) a; — igim; + ZKuja}“,
I’hj = — (IA] + I*imj) mj — igjaj — iGojﬂ’lj (bj + b]) + Q]- + ZHmjm;“, (2)
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where ; are the mechanical damping rates, and a]i-“, m]i-“ and b}“ are input noise operators for the cavity,
magnon, and phonon modes, respectively. Owing to the injection of a two-mode squeezed vacuum field,
which shapes the noise properties of two MW cavity fields, the input noise of the two cavities a", become
quantum correlated and possess the correlation functions

am(t) amT ))=WN+1Dd(t—-7),

) =N (t—1),

) = Me (A8 § (1 — 1),
)

) = M*ei(AjH—Akt’) 5 (t— t/) ; (] Lk = 1’2)

(
“‘T (Har (¢
(3)
am (t) (
(

mT(t)amT t/

where NV = sinh” r, M = sinh r cosh r. Here r is the squeezing parameter of the two-mode squeezed
vacuum field, which is typically produced by a Josephson parametric amplifier (JPA) [52], a Josephson
mixer [53], or the combination of a JPA and an MW beamsplitter [54, 55]. Note that the phase factors in
the noise correlations are due to the non-zero frequencies of the squeezed driving fields in the reference
frame. The input noise of the magnon and phonon modes O]i-n (O = m, b) are of zero mean value and
correlated as _ _

(O (O™ () = (No, + 1)3(t — 1), w

(O (1O () = Noyo(t — t),

where No, = [exp(%) — 1]7! is the equilibrium mean thermal magnon/phonon number, and kg the
Boltzmann constant and T the bath temperature. For simplicity, we assume the two cavities to be at the
same environment and thus bath temperature.

Since the magnon mode in each cavity is strongly driven, it has a large amplitude |(;)| > 1, and owing
to the cavity—magnon linear coupling, the cavity field also has a large amplitude |(a;)| > 1. This allows us
to linearize the system dynamics (essentially the nonlinear magnetostrictive interaction) around the
semiclassical averages by writing any operator as O; = (O;) 4+ 00; (O = a,m, b) and neglecting small
second-order fluctuation terms. As a result, the QLEs (2) are separated into two sets of equations for
semiclassical averages and for quantum fluctuations, respectively. By solving the former set of equations, we
obtain the steady-state solution for the average

L (iAj + na.) Q;
() = g+ (iAj + nmj)J(iAj + /{uj) ’ ©)

where A Aj + 2Gyj Re(b;) is the effective magnon-drive detuning including the frequency shift caused by
the magnomechamcal interaction. This frequency shift is typically small because of a small Gy; [14],
|Aj — Aj| < Aj ~ wyj, and thus hereafter we can safely assume Aj ~ Aj. When Aj ~ wy,; > Kaj> Kmj> which
is easily satisfied [14], equation (5) takes a simple approximate form (1) ~ iA;Q;/ (g’ — Af ), which is a
pure imaginary number. The solutions of (;) and (b;) can then be obtained by (a;) = —igi(m;)/(iA; + ky),
and (b;) = —iGy;|(m;)|*/ (iwsj + ;) == —Goj|(m;)|* /wsy, taking into account the mechanical Q factor is
typically high, wy;/7; > 1. The average (b)) is therefore a real number, implying that the average of
mechanical momentum, (p;) = v/2 Im(b;), is zero in the steady state.

The QLEs for the quantum fluctuations are given by

da; = — (iAj + maj) daj — igidm; + 21@4 ] R
ity = — (i + r ) s — i — Gy (8b] +0by) + 2P, (6)
(51.7]‘ = — (iw;,j + ’Yj) (517]‘ — Gj (5mj — (5?71]') + \/27’)’]‘17]1}],

where G; = iGo;(m;) is the effective magnomechanical coupling rate. We now move to a reference frame
rotating at frequency A; = wy, by introducing the slowly moving operators 0, daj = 5&je’iAft,

om; = 5ﬁzje_iAft, and 0b; = 5l~7je_i“’bft, where daj, 6r1;, and 5l~7j are defined in the new reference frame. We
make the same transformation for the input noise operators, and obtain noise correlations in the new
frame, which remain the same as in equations (3) and (4) but without the phase factors in equation (3), as

we are now in a frame that is resonant with the squeezed drive field. By substituting the above
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transformations into the QLEs (6), and neglecting fast oscillating non-resonant terms, we obtain the
following QLEs

85 = —rig 0 — igidim; + | 26,a"

5ﬁ1j = —Hmj5ﬁ1j — 1g]621] — Gj(ﬁ?j + ZIﬁmjﬁ’l}n, (7)

0bj = —7;0b; + Gjom; + /2vb",
which are a good approximation if the condition A; = wy; > Gj, gj, Kaj> Kmy> j is satisfied. The QLEs (7)
clearly reveal a beamsplitter interaction in the cavity—magnon and magnon—phonon subsystems, which
allows for cooling the phonon modes and the transfer of two-mode squeezing from the driving fields to the

two cavity modes, then to the two magnon modes, and finally to the two phonon modes of the two spatially
separated YIG spheres.

3. Entanglement of two YIG spheres

We now proceed to study the entanglement of the two phonon modes. We rewrite the QLEs (7) in terms of
quadrature fluctuations, which can be cast in the following form

u(t) = Au(t) + n(1), (8)

where u = ((5x1, 0y1,0x2, 0y2,0X1,0Y1,6X5, 0Y2, 041, 6p1, 042, 6p2)T, and the quadrature fluctuation
operators are defined as dx; = (0a; + 5&})/\/5, dyj = 1(5&; — 5&j)/\/§, 0Xj = (0m; + 5171;)/\/5,
8Y; = i(din] — 87i;) /\/2, 3q; = (Oby + b)) /v/2, and dp; = i(0b] — dby)/\/2. Similarly, we can define the
quadratures of the input noise O}“ (O =x9X,Y,q,p). For simplicity, we have removed the tilde signs for
the quadrature operators. n = (\/2/ﬁu1xi1“, \/foalyil“, \/2mu2xi2“, \/foazyiz“, \/ZKmIXin, \/foleli“,)
(\/26my X \/26m, YA 271405 V271D V2724, \/Epizn)T is the vector of input noise, and the drift
matrix A is large and its specific form is provided in appendix A.

Owing to the linearized dynamics and the Gaussian nature of input noise, the system preserves Gaussian
states for all times. The steady state of the system is a six-mode Gaussian state, which is fully characterized
by a 12 x 12 covariance matrix (CM) C, whose entries are defined as Cq (1) = %(us(t)uk(t’) + up()ug(t))

(s, k=1,2,...,12). The stationary CM C can be obtained by directly solving the Lyapunov equation [56,
57]

AC +CA" = —D, 9)

where D is the diffusion matrix defined by Do (¢t — ¢') = %(ns(t)nk(t') + mi(¢')ng(t)). It can be written in
the form of a direct sum, D = D, ® D,, ® Dy, where D, is related to the squeezed input noise of the two
cavity modes

Fay QN+ 1) 0 VEaFay (M4 M) iy /Fg Ry (— M+ M)
0 Foay QN + 1) iy/Fay Foay (= M+ M) — /R Fgy (M4 M)
VEa Fa,(M+M*) i\ /Ra Ka, M+ M) Kay QN+ 1) 0
iy/Fa Fay (= M+ M") = /R Fa, (M4 M) 0 Kay QN+ 1)

D, =

>

(10)
and D,, (Dy) is associated with the thermal input noise for two magnon (phonon) modes,
D,, = diag [mml(Zle + 1), By 2Ny 4+ 1) Ky 2Ny + 1), Ky (2N, + 1)], and
Dy, = diag hl(ZNbl + 1),71(2Np, + 1), 2(2Np, + 1), 72(2Np, + 1)]. Once the CM of the system is
obtained, one can then extract the state of the two phonon modes and calculate their entanglement
property. We adopt the logarithmic negativity [58] to quantify the entanglement of the Gaussian states,
whose definition is provided in appendix B.

We present our main result of the steady-state entanglement between two YIG spheres in figure 2. The
stability is guaranteed by the negative eigenvalues (real parts) of the drift matrix A. We have adopted
experimentally feasible parameters [14]: w, = w,, = ws = 2w x 10 GHz, wp, = 27 x 10 MHz,
wp, = 1.2wy,, ¥ = 2 X 100 Hz, k, = 27 x 3 MHz, K, = K, /5, and T = 10 mK. Note that, in our model
the linewidth of the magnon (cavity) mode is defined as 2x,, (2x,). Here we take 2k,, = 1.2 MHz, which is
larger than the magnon intrinsic dissipation (typically of the order of 1 MHz), as well as the demonstrated
value 1.12 MHz [14]. For simplicity, we have assumed equal frequencies for the two cavity (magnon)
modes, and squeezed driving fields, wo, = wo, = wo (O = a,m,s) [59], due to their flexible tunability, but
generally different frequencies for the two phonon modes. This means that the frequencies of the two
magnon drive fields are also different because wo; = w,, — wy;. For convenience, we have also assumed equal
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Figure 2. (a) Entanglement (logarithmic negativity) Ey of the two phonon modes as a function of the two coupling rates G and
g for a two-mode squeezed driving field with r = 1. (b) Stationary cavity—cavity (black dashed), magnon-magnon (red
dotted-dashed), and phonon—phonon (blue solid) entanglement vs r, with G = 0.2k, and g = k,. All other parameters are taken
from [14] and are given in the text.

0.6 f+
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Figure 3. Calculation of the steady-state mechanical entanglement Ey vs bath temperature T with r = 0.4, clearly showing that
the non-classical correlation between the two phonon modes survives up to the temperature of 118 mK. All other parameters are
the same as in figure 2(b).

dissipation rates for all pairs of modes of the same type. In figure 2(a), we show the mechanical
entanglement versus two coupling rates g, = g, = gand G| = G, = G, and consider g, G < Kk, < Wy, ,, in
order to meet the condition used for deriving equation (7). Figure 2(b) shows that in the steady state the
two cavity/magnon/phonon modes are all entangled, and the entanglement increases with larger . The
mechanical entanglement is even stronger than the magnon entanglement when r > ~0.2, although the
former is transferred from the latter. This is possible because the cavities are continuously driven, and the
total entanglement is distributed among the three different subsystems with steady-state bipartite
entanglement. We use a relatively larger cavity decay rate k, > k,,, which has been shown to be an optimal
condition for obtaining magnon entanglement [46], which is a pre-requisite for phonon entanglement in
our protocol. We would like to note that, for the parameters of figure 2(b), the entanglement of any two
modes of different types are either negligibly small or zero.

In figure 3, we show the entanglement as a function of bath temperature for a two-mode squeezed
vacuum of r = 0.4. This corresponds to a logarithmic negativity Exy = 0.8 [60] of the driving field, which
has been experimentally demonstrated in reference [53]. With such a driving field, we obtain mechanical
entanglement Exy = 0.54 for T = 10 mK, and the entanglement survives up to 118 mK.

Lastly, we would like to discuss how to detect the entanglement. The generated entanglement of two YIG
spheres can be verified by measuring the CM of the two phonon modes [12, 13]. The mechanical
quadratures can be measured by coupling each sphere to an additional optical cavity which is driven by a
weak red-detuned laser. This yields an optomechanical state-swap interaction which maps the phonon state
onto the cavity output field [61]. By homodyning this field, the mechanical quadratures can be measured,
based on which the CM can be reconstructed.
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4. Validity of the model

We now discuss the validity of the approximations that were made in our model. For the magnon modes,
we have assumed low-lying excitations, <m;[ m;) < 2Ns, in order to express the collective spin operators
in terms of Boson operators. For a 250-um-diameter YIG sphere, N ~ 3.5 x 10'°, and the coupling

G = 0.2k, = 27 X 0.6 MHz used in figures 2(b) and 3 corresponds to |{m)| ~ 1.2 x 107 for

Go /27 = 50 mHz. Therefore, (m'm) ~ 1.4 x 10" < 2Ns = 1.7 x 10", which is well satisfied.

We have also assumed the magnon frequency shift caused by the magnomechanical interaction to be
negligible, i.e., A ~ A. While in the numerical study we have considered two phonon modes of close
frequencies, for simplicity we assume equal frequencies wp,, , /27 = 10 MHz for a brief estimation. We
obtain |(b)| = Go|(m)|*/wy =~ 7.2 X 10°, and the frequency shift 2G,|(b)| ~ 4.5 x 10° Hz, which is much
smaller than A = w;, ~ 6.3 x 107 Hz, and thus can be safely neglected.

We have further adopted strong pumps for the magnon modes, which may bring in unwanted
nonlinearities owing to the Kerr nonlinear term Km® mm'm in the Hamiltonian [34], where KC is the Kerr
coefficient. For a 250-um-diameter sphere, K /27 ~ 6.4 nHz [15]. In order to keep the Kerr effect
negligible, KC|(m)|> < Q must be guaranteed. With the parameters used in the plots in figures 2(b) and 3,
we obtain a Rabi frequency 2 ~ |(m)|(A* — ¢)/A = 6.9 x 10'* Hz (corresponding to the drive magnetic
field By ~ 3.8 x 107> T and drive power P = 8.3 mW [62]), and we thus have K|(m)]> ~ 6.9 x 10" Hz <
Q. Therefore, the Kerr nonlinearity can also be safely neglected in our linearized model.

5. Conclusions

We have presented a protocol to entangle the vibrational modes of two massive ferromagnetic spheres in a
hybrid cavity—magnon—phonon system. The cavity—magnon subsystem has an intrinsic state-swap
interaction, whereas the magnon—phonon subsystem is coupled by a nonlinear magnetostrictive
interaction. We therefore directly drive the magnon mode with a red-detuned MW field to activate the
magnomechanical state-swap interaction. This allows for the successive transfer of quantum correlations
from a two-mode squeezed driving field to two cavity modes, then to two magnon modes, and finally to
two phonon modes. We further analyze the validity of the model in detail by confirming the conditions of
the approximations that have been made, and the feasibility of the protocol by considering realistic
parameters, as well as experimentally accessible squeezing in MW sources. Our work studies quantum
entanglement between two truly massive objects and may find applications in the study of macroscopic
quantum mechanics and gravitational quantum physics.

Data availability statement

All data that support the findings of this study are included within the article (and any supplementary files).
The source data for the figures is available at 10.5281/zenodo.4446839.

Acknowledgments

This work is supported by the Foundation for Fundamental Research on Matter (FOM) Projectruimte
Grant (16PR1054), the European Research Council (ERC StG Strong-Q, 676842), and by the Netherlands
Organization for Scientific Research (NWO/OCW), as part of the Frontiers of Nanoscience program, as well
as through Vidi (680-47-541/994) and Vrij Programma (680-92-18-04) Grants.

Appendix A. Drift matrix

Here we provide the specific form of the drift matrix A used in equation (8), which can be constructed in
the form of

(A1)

where 04 is the 4 x 4 zero matrix, A = — diag(Ka, Ka;> Kays Kay)s Am = — diag(Km, > Kmys Kmys Bmy )
Ap = —diag(y,, 71> 725 72), and Ay, and A,y are the coupling matrices for the cavity—magnon and
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magnon—phonon subsystems, respectively, which are given by

0 @& 0 0
|l-@ 0 0 0

A= 80 0 el (A2)
0 0 —g 0

and A,,;, = —diag(Gi, Gi1, Gz, Gy).

Appendix B. Entanglement measure-logarithmic negativity

The entanglement of two-mode Gaussian states can be quantified by the logarithmic negativity [58], which
is defined as [63]

En:= max [0, —In 20_], (A3)
where 7 = min eig|iQ,C}| (with the symplectic matrix Q, = @7_,i0, and the y-Pauli matrix o) is the
minimum symplectic eigenvalue of the CM C, = PC, P, with C; the CM of two phonon modes, which is

obtained by removing in C the rows and columns related to the cavity and magnon modes, and
P = diag(1, —1, 1, 1) is the matrix that performs partial transposition on CMs [64]. In the same way, we
can calculate the logarithmic negativity of two cavity/magnon modes.
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