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Optimal Broadband Frequency Conversion via a Magnetomechanical Transducer
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Developing schemes for efficient and broadband frequency conversion of quantum signals is an ongoing
challenge in the field of modern quantum information. The coherent conversion between microwave and
optical signals is an especially important milestone towards long-distance quantum communication. In this
work, we propose a two-stage conversion protocol, employing a resonant interaction between magnetic
and mechanical excitations as a mediator between microwave and optical photons. Based on estimates
for the coupling strengths under optimized conditions for yttrium iron garnet, we predict close to unity
conversion efficiency without the requirement of matching cooperativities. We predict a conversion band-
width in the regions of largest efficiency of the order of magnitude of the coupling strengths that can be
further increased at the expense of reduced conversion efficiency.
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I. INTRODUCTION

Modern quantum information technology relies on
quantum control across several platforms, ranging from
single atoms, ions, and spins to superconducting circuits.
A given system is, however, usually only able to excel
at a specific task. For example, superconducting qubits
and superconducting cavities, which typically operate in
the microwave energy range, have been identified as one
of the front runners [1] for quantum information pro-
cessing, whereas transferring quantum information over
long distances [2] is a task best accomplished with opti-
cal signals traveling inside photonic fibers [3]. Critically
coupling microwave quantum circuits with optical com-
munication networks represents a step forward in the
development of a quantum network [4,5] and requires the
design of microwave-to-optics conversion setups with high
efficiency and broad bandwidth.
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Direct conversion between optical and microwave fre-
quencies is possible in materials with significant nonlinear-
ities in their electric polarization [6—13]. In essence, large
second-order nonlinearities give rise to three-wave interac-
tions, such as parametric down-conversion and Stokes and
anti-Stokes processes. Those have been used to achieve
conversion efficiencies of the order of 10~ at a band-
width of approximately 18 MHz [14]. Instead of direct
conversion (zero-stage conversion), one can use one or
multiple excitations as mediating elements. In state-of-
the-art conversion platforms, mostly one-stage conversion
setups are considered and explored, with a single mediator
between optics and microwaves. For example, mechani-
cal resonators can be used to couple vibrational modes
to microwaves and optics simultaneously via electrome-
chanical [15,16] and optomechanical interactions [17—20],
respectively. The latter is achieved by confining an optical
mode in the mechanical resonator itself, which has been
realized, for example, in optomechanical crystals [21-23].
In experiments using a dielectric membrane conversion
efficiencies of € ~ 107! were achieved [24] at a bandwidth
of A ~ 100 kHz, which is limited by the total linewidth of
the mechanical mode.

Beyond mechanical excitations, collective magnetic
excitations, called magnons, have become promising can-
didates for quantum information processing [25—27] and,
in particular, for frequency conversion. Magnons allow
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frequency tunability through external magnetic fields and
can be coupled strongly to microwaves via magnetic
dipole interaction [28-30], which can be used to medi-
ate the coupling between magnons and superconducting
qubits [31]. Additionally, magnetization and light cou-
ple through magneto-optical effects [32], e.g., the Faraday
effect, which are however intrinsically weak. Confining
light inside the magnet enhances the magnon-photon cou-
pling [33,34], even though achieving sufficient overlap
between the modes is challenging [35,36]. The weakness
of magneto-optical effects together with the challenge of
achieving good mode matching strongly limits magnon-
based microwave-to-optics transduction in current exper-
iments [37,38]. Presently, state-of-the-art efficiencies of
1077 [39] at a bandwidth of approximately 16 MHz have
been demonstrated. Nevertheless, magnetostriction, which
couples the magnetization with mechanical deformations
on a static and dynamic level in a material, is a rele-
vant and even dominant interaction in magnetic materials
[40—43]. Recent demonstrations of large coherent interac-
tion between magnons and phonons [44—47] provides an
incentive to interface optomechanics with magnomechan-
ics in a hybrid system tailored for optics-to-microwave
multistage transduction.

In this article, we propose an approach to optics-to-
microwave conversion based on optomechanics by insert-
ing a magnetic element that maintains high cooperativity
both with a mechanical mode and with the microwave
mode. The cost of the increased setup complexity comes
at the gain of substantial increase of the coupling strength:
through magnetoelastic and optomechanical effects it is
possible to achieve a much stronger coupling to the
microwave mode, compared to purely mechanical systems,
and to optical photons, compared to the purely magnetic
system. We show that such a optomagnomechanical setup,
schematized in Fig. 1, yields conversion efficiencies close
to unity, while simultaneously providing large bandwidths.
The latter is due to the fact that we expect all relevant
coupling strengths to be large compared to any internal
linewidths. Our estimates are based on the magnetic insu-
lator yttrium iron garnet (Y1G). This material is the staple
choice for magnonic experiments, since it provides long
lifetime of magnon excitations and a large spin density
[48-51]. The strong coupling of the considered modes
leads to hybridization and the formation of frequency-
shifted normal modes. Whereas the phonon frequencies are
mainly determined by the choice of a specific geometry,
magnons provide a desirable tunability for optimization.
When all modes are tuned to resonance, the efficiency
is given only in terms of the cooperativities between the
modes. The cooperativity relates the coupling strength
between modes to their linewidths, therefore characteriz-
ing the dissipative behavior of a coupled system. Contrary
to setups based on one-stage conversion, matching coop-
erativities are not required in order to obtain efficiencies

close to unity. Here, optimization can be performed by
altering the optical pump power (which determines the
effective optomechanical coupling rate) and the respective
port-coupling rates of the optical and microwave modes.
Moreover, the total linewidth of the optical modes deter-
mines the optomechanical coupling regime and therefore
the hybridization of the coupled system.

The article is structured as follows. In Sec. II we intro-
duce the model Hamiltonian and give a brief description of
each relevant coupling term together with an estimate of
the coupling strength for material-specific parameters for
YIG. These values together with relevant frequencies and
linewidths are summarized in Table I. In Sec. I1I we set up
the two-stage conversion setup based on resonant magnon-
phonon coupling and calculate the expected conversion
efficiency. We give a description of the expected hybridiza-
tion of the interaction chain and discuss the resulting band-
widths of the conversion spectrum for different regimes of
the driven optomechanical interaction. Finally, in Sec. IV
we summarize our results.

II. MODEL

Our model is based on the interaction scheme given in
Fig. 1. Four different bosonic modes are coupled, with
frequencies w,, wp, @y, W (Where w, > wp, Op, ©.),
corresponding to optical photons, phonons, magnons, and
microwave photons, respectively. Optical photons couple
to phonons and magnons via optomechanical and magneto-
optical effects, respectively. Because of a large frequency
mismatch, these interactions are parametric. Magnons cou-
ple to phonons and microwave photons via magnetoelastic
and magnetic dipole interactions, respectively. We con-
sider a setup in which magnons, phonons, and microwave
photons can all be brought into degeneracy, leading to lin-
ear interaction terms. In this work, we consider no piezo-
electric interactions and assume that the magneto-optical
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FIG. 1. Sketch of a two-stage interconversion protocol
between optical and microwave photons respectively represented
by & and ¢. The two intermediary states are b, phonons, and 71,
magnons, both with frequencies in the microwave range. The
thick lines denote the dominant interaction scheme.
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TABLE 1. Table of used values for mode frequencies,
linewidths or dissipations and coupling strengths. Here g,,, and
gap assume a perfect mode overlap at a phonon, photon, and
magnon mode volume of 1 um?3. The estimate for g,,. assumes
1% mode overlap between the magnon and the microwave field,
so the microwave mode volume is 100 pm?.

Quantity Symbol Value

Optical photon frequency wg /21 200 THz

Optical detuning (red) A,y/2m —10 GHz

Phonon frequency wp /21 10 GHz

Magnon frequency /21 10 GHz

Internal optical linewidth Va/27 0.1 GHz

External optical dissipation Ka,out/ 27 1.5 GHz

Phonon linewidth Vo/2m 1.0 kHz

Magnon linewidth Vin | 27 1.0 MHz

Internal microwave cavity Ve /27 3.0 MHz
loss rate

External microwave cavity Keout/27 100 MHz
coupling rate

Magnomechanical coupling Smb/ 2T 10.0 MHz

Magnon-microwave photon Gme/ 27 180 MHz
coupling

Optomechanical coupling San /2 0.2 MHz

Mode volume (photon, Vasbim 1 pm?
phonon, magnon)

Mode volume (microwave) V. 100 pum?

coupling is weak compared to all other types of interac-
tion. This leads to an effective interaction chain comprising
optomechanics, magnomechanics, and inductive coupling
to magnetization dynamics.

The undriven Hamiltonian of the system is given by

H\/h = w,a"a + onm'i + opbth + w,é1e
+ g &1 a(b’ + b) + gy (BT + b)Y (T + i)
+ ge(m’ +m) @ + &). (1)

Here, a (@1, b (b%), m (m'), ¢ (¢1) are the bosonic anni-
hilation (creation) operators for optical photon, phonon,
magnon, and microwave photons, respectively. Moreover,
ab> &mb, and g, are the optomechanical, magnomechani-
cal, and inductive coupling strengths, respectively. In order
to realize the Hamiltonian of Eq. (1), a microstructure serv-
ing as an optical cavity and at the same time supporting
mechanical and magnetic modes in the gigahertz regime
is needed. In the following we briefly describe the cou-
pling mechanisms subject to our model and give estimates
for the optimal expected couplings using material specific
constants for YIG. Full derivations of the coupling terms
can be found in the Appendix, as well as a summary of
constants in Table II.

The coupling between magnons and phonons is medi-
ated by magnetoelastic effects, where the magnetization

TABLEII. Table of used values for material specific constants.
Quantity Symbol Value
Saturation magnetization Mg 140 x 10> Am™!
Magnetoelastic constant B 3.48Tm™3

(major axes)
Magnetoelastic constant B, 6.4Jm3
Mass density (YIG) 0 5110 kgm™3
Spin density (YIG) 05, YIG 422 x 10 m~3
Relative permittivity &r 5

(1.2 pm)
Refractive index n 2

(1.2 pm)
Vacuum permittivity 0 8.85x 10712 Fm™!
Vacuum permeability o 1.26 x 107* Hm™!
Mode volume (photon, Ve m 1 pm?

phonon, magnon)

inside a material couples dynamically to the mechani-
cal stress, thus causing lattice deformations. State-of-the-
art experiments [52,53] have involved magnetic spheres
that yield mechanical modes of megahertz frequencies,
due to their relatively large diameters of the order of
100 wm. This limits the parametric interaction strengths
with a uniform magnetic Kittel mode (frequency of the
order of gigahertz) to a few millihertz. In contrast, res-
onant magnomechanical interaction yields much larger
coupling strengths. For mode frequencies of 27 x 10 GHz,
we expect an optimal coupling strength of the order of
Zmp = 2 x 10 MHz. If the mode volumes of the magnon
(V) and phonon (V}) do not match, the coupling scales
as 2By + By)p~ 2V [V (if V,y < V3) or as (2B +
B)p~ 12V [V (Gf V,y > V3), where By =3.48 Jm™3
and B, = 6.4 Jm~3 are the magnetoelastic constants for
YIG [54] and p = 5110 kgm™3 is the mass density [55].
Detailed derivations of all coupling terms can be found in
the Appendix.

Magnons and microwave photons couple via magnetic
dipole interactions. Experimentally, the coupling can be
achieved by loading the magnetic element in a microwave
cavity, and coupling strengths of the order of the mode
frequencies have been achieved [28,29]. For perfect mode
overlap, the coupling only scales with the material specific
spin density. We estimate an optimal coupling strength
of 1.85 GHz for mode frequencies of 10 GHz. Never-
theless, such an optimal coupling requires perfect mode
matching, which can be challenging for small magnon
mode volumes. The difference between the magnon (V)
and microwave (V.) mode volumes yields a smaller cou-
pling, which scales via \/psyigVu/Ve (f V. > V), with
0s. vic = 4.22 x 10*’m~3 the spin density of YIG [55].
In what follows, we assume the inductive coupling value
of gme = 2 x 180 MHz, corresponding to a 1% magnon-
to-microwave volume ratio (see Appendix A 3), achieved
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in, for example, Ref. [30]. In Sec. IIID we further dis-
cuss the case of g, = 2w x 18 MHz, corresponding to a
volume ratio of only 0.01%, which should be more easily
achievable in experiment.

The interaction between phonons and optical pho-
tons arises from photoelastic effects. A mechanical mode
dynamically deforms an optical cavity, which affects the
permittivity inside the material, therefore altering its res-
onance frequency. Maximizing the achievable coupling
value for perfect mode overlap also requires the mode vol-
umes, V, (photon) and ¥}, (phonon), to be small, since
the coupling scales with n*p~'/2 /e./V (for V, = V;, = V),
with n = 2.2 and ¢, = 5 the refractive index and relative
permittivity for YIG (both at 1.2 um), respectively [55]. If
the mode volumes do not match, the coupling scales either
with n*p =12 /e, /V}, Gf V, < V},) or n*p=V2/V, /e, V, (if
V. > V). For YIG, we estimate an optimal single-photon
optomechanical coupling g,» = 27 x 0.2 MHz for a mode
volume of 1 um?, which is 80% smaller than for state-
of-the-art optomechanical crystals that are made of silicon
[22,23]. The main reason for that is the smaller refractive
index of YIG compared to silicon. Other material specific
constants, such as the permittivity and mass density, are
better in YIG, but cannot compensate the quartic depen-
dence on the refractive index [see Eq. (A17)]. We are
ignoring a moving-boundary contribution, since its contri-
bution is smaller than the photoelastic one and difficult to
estimate without considering a specific geometry.

The optical cavity is connected to a coherent drive,
leading to the total Hamiltonian

I:[Z = IA_Il + I:[drive (2)

with an optical drive term Hgive = iat(ae'P! — ate~ient),
We perform an unitary transformation to the rotating frame
of the optical driving field via UHUY — ihUd (7/ at with
U = exp [iwpa'ar] and linearize the Hamiltonian by con-
sidering fluctuations on top of the coherent steady state
induced by the drive. For small coupling rates, only the
optical field exhibits a coherent part, such that a = o + da
with & = /., where 7, is the mean photon number in
the optical cavity. The mean photon number 7, can be
estimated by [56]

- Ka,outP (3)
na = s
hﬂ)a[Ai + Vo + Ka,out)2/4]

where P is the drive power, y, the internal optical mode
linewidth, k, o the dissipation rate to the external port, and
A, = wp — w, the detuning from the drive frequency. The
confinement of photons yields a coupling enhancement
of the parametric processes that scales with the square
root of the mean photon number; specifically, the cavity
enhanced coupling is given by Gu, = +/7.84. Next we
apply a rotating-wave approximation, neglecting all terms

of the form mMbM and the form MMM, As long as
the coupling rates remain smaller than about 10% of the
mode frequencies, s0 Gup, Zmub> Cme < 0.1(A4, W, wp, @),
they can be safely neglected [57,58]. For a red-detuned
drive A, ~ —wy, the terms 8aV5™ can also be neglected
under the rotating-wave approximation. This leads to the
Hamiltonian used in the following (from now on we adopt
the notation da — a):

)l = —Aa'a + wpi i+ wpbth + wée
+ Gap(a'h + ab") 4 g (b + mb')
+ Gue('e + ") (4)

III. CONVERSION SETUP

Based on the Hamiltonian of Eq. (4) we consider the
conversion scheme depicted in Fig. 2(a). The quantum
Langevin equations (QLEs) for the bosonic annihilation
operators are obtained via the Heisenberg equation of
motion ﬁ(t) = —i[;l, )24 1/h (for an arbitrary operator 1:1), as

i) = —i( A i’/";"t)a(t) — iGub(1)

— Valinint(t) — /Kaoutlinext (1), (5a)
b(r) = —i(wb - i%)i)(t) — iGupa(t)

— igup (1) = /VoDinint (1), (5b)
t) = —i(wm - %’")rﬁ(z) — igub (1)

— iZncC(t) = /VmPitin,int (1), (5¢0)

&) = —i(wc - z'y";")a(t) — igne(f)
- «/zein,im(t) ) — A/ Kc,outein,ext(t)a (Sd)

where we have included the internal noise operators dip int,
l;in,im, Minint> Cin,int t0 describe the open dynamics of the
system, and Qinext, Cinext for the input fields from the
external ports. The description of the mechanical mode
in terms of the annihilation operator b instead of the
quadrature x is justified since the setup operates in the
regime wp, > yp [56] (see Table I). The rates yu/p/myc
define the internal linewidths of the modes. Furthermore,
Yajejot = Yaje + Kajeour give the total linewidths of the
optical or microwave mode that includes the coupling
rates K cout t0 the two external ports. All noise operators

:8 = din,int> Ain,ext» bin,inta Min int> Cin,int> Cin,ext describe thermal
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(b) Red Sideband

wlolo, Blue:Sideband

wm/(;)b/w(. Drive (j)u Frequency
FIG. 2. (a) Schematic and notation of the quadripartite coher-
ent interconversion protocol showing the interdependence of the
four different waveforms. The chain arises from selecting the
dominant coupling mechanisms in Fig. 1. Here, ky/cou denotes
coupling to the optical or microwave port and y,/p/m/c are the
intrinsic linewidths of each waveform. We consider an optical
pump at frequency wp and therefore the optomechanical cou-
pling is enhanced and denoted by G,;. (b) Pumping scheme for
driving of the red sideband of the optical cavity. Here w,, wp, w,
and w, correspond to the optical photon, phonon, magnon, and
microwave photon modes, respectively.

noise in each mode, given by

(BB (1)) = (mnpg + 1)t — 1),

A (6)
(BTOB()) = nupd(t — 1),

where ny g = [exp(hwg/kgT) — 177! is the Bose-Einstein
distribution determining the thermal occupancy of the
respective baths, with kz the Boltzmann constant and 7'
the temperature. For the optical photons, the thermal occu-
pancy is ny , & 0 even at room temperature due to the high
frequency. In the next step, we define the 4 x 4 matrix 4
and the 4 x 6 matrix B to bring the QLESs in the form

V(1) = AV(t) + Bvin(0) (7)

J

Xa [w] Xb [w] Xm [0)] Xc [C()] Gabgmcgmb +/ Kout,aKout,c 2

‘:Vith V(t) = (&9 b, fha &)T and Vin(t) = (&in,exta ain,inta
Bin, Min, Cin exts Cin.int) | » Where we distinguish between inter-
nal and external dissipation paths for optical photons and
microwaves.

In order to obtain the conversion spectrum of our cou-
pled system, we compute the scattering matrix S(w) that
relates input and output in frequency space via v(w)ouy =
S(w)vin(w). For that, we Fourier transform the QLEs [Egs.
(5)] using the conventions

/ dt e 0(t) = O(w), (8a)
/ At O(f) = —iwO(w), (8b)

and obtain

a= _iGabXa[w]B Y VaXa[w]&in,int

— ouaXal @l ou, (%a)
b= —iGaxp[w]a — igm xs[@]in

— SVoxs[@]bin, (9b)
it = —igus Xm[@]b — igme X[w]

— SV X[ @)tin, (%)
¢ = —igmeXxe[@]it — /VeXel@)einin

— Foure X[ ©1Cin,exts (9d)

where the susceptibilities have the form x.[w] = (—i(w —
wc) + (Ve + Keout) /2)~! for example. We obtain the scat-
tering matrix as a function of frequency w referenced to a
red sideband tone via

S(w) = BT [—iwly — A]"'B — I, (10)
where Iy is the N x N identity matrix. The conversion

efficiency from optics to microwave is then obtained as
E40(w) = |S15(w)|? and explicitly reads

Sac ((,()) =

In the case that all modes are on resonance and the cavity
is driven with a red detuning [see Fig. 2(b)], w = w,, =
wp = w, = —A,, we can express Eq. (11) solely in terms
of the cooperativities C;; = 4gi27 [ ViotVj pot:

4Camemec
[(1 + Cab)(l + Cmc) + Cmb]2

ac = MNae (12)

(1 + g2 xmlolx oD (1 + G, xalolxslw]) + g2, xmlwlxslw]

(1n)

(

with 14/ = Kajc.out/ Vaje,or the extraction factors defined as
the ratios between port dissipation and total dissipation. A
cooperativity value of Cj; > 1 is a necessary criterion for

an efficient energy transfer [59,60].

The single-particle couplings and intrinsic decay rates
are fixed by the design of the system and by the mate-
rial. Therefore, we consider a setup in which the free
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variables are the photon-phonon cooperativity C,;, which
can be tuned via the power of the external optical drive,
and the magnon-microwave cooperativity C,,., which can
be changed by adjusting the coupling of the microwave
cavity to the external port. By setting the partial deriva-
tives of Eq. (12) with respect to C,,. and C,;, to zero while
fixing C,,;, for the cooperativities, we obtain the constraint

(3nb
Cop=1+——-—, 13
b + Co+1 (13)
which in turns gives the maximum efficiency at
= O = /14 Cppp. (14)

The optimal value for the conversion efficiency in terms of
the fixed cooperativity C,,; is then given by

max[£Cm] = nun (1 + Ciup) Gy
“ A+ Cop + VT F Cup)?’

which approaches 1,1, as C,,;, grows. In Fig. 3(a), we show
the conversion efficiency as a function of the cooperativ-
ities C,p, and Cy,. at C,,, = 4 x 10°, corresponding to our
estimates shown in Table I. The indicated global maximum
is obtained from Eq. (15), which, for our adopted param-
eters, yields a maximum conversion efficiency of about
0.997 x n.n.. The optimal cooperativities obtained with
Eq. (14) determine the required microwave port dissipation
kM ~ 2w x 202 MHz and an optical pump power Ppax &
5.6 x 107> W, corresponding to approximately 6300 circu-
lating photons [see Eq. (3)] at a total optical linewidth of
Yatot = 27 x 1.6 GHz. However, as long as Eq. (13) is ful-
filled, high efficiencies are still possible even if Eq. (14) is
not satisfied.

It is important to note that the discussion exclusively
in terms of cooperativities only holds in the case where
all mode frequencies (and the optical detuning) are on
resonance. In a nonresonant case, the optimal conversion
efficiency has to be found by optimizing Eq. (11) with
respect to the relevant parameters. This can be achieved by
following the same procedure outlined above, but poten-
tially requires numerical solutions for the obtained set of
equations.

When we leave out the phonon mode for the conversion
scheme, transduction takes place only through the magnon
mode, via magneto-optical effects and magnon-microwave
coupling. This setup has been used in recent experiments
[37,39]. In such a conversion scheme with only one medi-
ating element, the efficiency in terms of the cooperativities
reads [61]

(15)

4CmCrne
(14 Cam + Cue)?’

where C,, it the magnon-optical photon cooperativity.
Compared with the efficiency via optomagnomechanics,

mmnz (16)

C,., = 400000
(a) mb
SOOOJ: : :
: 0.8
4000} {:
: 5
' - Cm(‘ = V 1+ Cm/? 5
3000+ o
: 5
Cab H g
20007| 3 K7
E o)
! >
[ [
1000} %, : 8
*
| SSSTUSR )
0 1000 2000 3000 4000 5000
(b) Cﬁc
1.0
0.8
H
SF| < 06
| <
<
=] 0.4r
0.2
1 10 100 1000 104 10°
Cmb

FIG. 3. (a)Conversion efficiency & at full degeneracy between
the different microwave waveforms (w = w, = wp = 0, =
—A,). The expression is given by Eq. (12) as a function of the
cooperativity between the magnon and microwave photon (Cj,.)
and the optical photon and phonon (C,). The dashed line in
the lower plot denotes the maximum conversion efficiency. The
gray diamond marks the global maximum. The magnon-phonon
cooperativity is fixed at C,p, =4 x 103, corresponding to the
estimates in Table I. (b) Maximum conversion efficiency given
in Eq. (15) as a function of C,,. Here C,;, and C,,. fulfil Eq. (14).

given in Eq. (12), the efficiency for a single mediator
requires matching cooperativities for maximum conver-
sion. Since the optomagnonic coupling achieved exper-
imentally is very low [38,62] compared to magnon-
microwave coupling, it is difficult to approach a good
matching, even for very high pump powers. This limits the
efficiencies obtained so far to values between 107! [37]
and 107 [39].

The inclusion of the optomagnonic interaction in the
magnomechanical-based setup considered here adds a par-
allel conversion channel. When the optomagnonic and
the optomechanical coupling strengths are comparable,
destructive interference generates a Fano-shaped reso-
nance in the conversion spectrum. In this case, the con-
version efficiency vanishes at a specific frequency that
depends on the relative strength of the optomagnonic and
optomechanical couplings.
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FIG. 4. Plot of the hybridization ratio of the four waveforms as a function of their detuning. The avoided crossing region is shown
in the rotating frame of the driven optical cavity, stemming from the interaction chain shown in Fig. 2, as a function of (a) the magnon
frequency w,,, (b) the phonon frequency wp, and (c) both set equal and simultaneously tuned. The color code corresponds to the weights
of the different bare modes, and shows how the hybrid mode is formed as a combination of the bare modes. We normalize all frequencies

by the fixed microwave frequency and set w, = —A,. We set the optical pump power P = 10~* W, corresponding to a photon-phonon
cooperativity C,; = 1124; and the magnon-phonon cooperativity C,,, = 4 x 10> and magnon-microwave cooperativity C,,. = 1258,

corresponding to the estimates presented in Table 1.

A. Hybridization and resonances

Coupled systems, where the coupling strength between
the interacting modes is larger than their linewidths, are
considered in the strong coupling regime. Based on our
coupling estimates and anticipated linewidths (see Table 1),
all considered modes are strongly coupled, except phonons
and optical photons. Here, the coupling regime depends on
the optical pump power. Strongly coupled systems undergo
normal mode splitting when they are close to resonance.
In particular, for a system with only two coupled modes
i and j at w; = w; = o, the shifted eigenfrequencies are
given by w1 = w = gj;, where gj; is the coupling strength.
If the total linewidth y; 4o of a coupled mode j exceeds the
coupling strength g;;, the shifted hybrid peaks cannot be
resolved. If, however, 4g;; > Vi ot, ¥} tot> the system is con-
sidered to be in the strong coupling regime, and the two
shifted hybrid peaks can be clearly resolved.

In Fig. 4(a) we show the normal mode spectrum of Eq.
(4) of the interaction chain shown in Fig. 2(a). At the reso-
nance point (o, = wp = w,, = —A,) we obtain two sets of
hybrid modes—one mode partly magnon and microwave
and the other partly phonon and optical photon. Since
the coupling between magnons and microwaves is the
dominant coupling, the phonons can only hybridize with
the driven optical cavity mode. Hybridization between
magnons and phonons does not occur as long as magnon-
microwave interaction dominates. However, if we tune the
phonon frequency instead [Fig. 4(b)], we can bring it in
resonance with the magnon-microwave hybrid mode. The
phonon then couples with the magnon part and the spec-
trum is split by twice the magnomechanical coupling rate
gmpb- Simultaneous tuning of the magnon and phonon fre-
quency in the case w, = w,,, as shown in Fig. 4(c), only

shows magnon-phonon hybridization when both are tuned
away from the microwave frequency.

To include the linewidths of the bare modes, we look
at the resonances of the coupled system of Egs. (9). The
imaginary part of the eigenvalues corresponds to a reso-
nance frequency w.s, while the real part gives the width
of the resonance peak j;s. The resonance is given by

the Lorentzian yyes/2((w — Wres)? + (res)?) ™!, In Fig. 5
we plot resonance spectra for optical pump powers of
10~* and 5 x 1072 W. This enhances the optomechani-
cal coupling rate to about 21 and 474 MHz, respectively.
The latter case corresponds to the strong optomechani-
cal coupling regime, where 4G, > Va0t [56]. The total

optical linewidth is set to y, ¢t = 27 x 1.6 GHz (corre-
sponding to a quality factor of O = 125 000). As expected,
in the first case (P = 10~* W) we observe no hybridiza-
tion between the photon and phonon, and hence no shift
of the green and yellow resonance peaks. Conversely,
the resonance peaks of the magnon-microwave hybrid
modes are clearly resolved and separated by twice the cou-
pling rate of g, =27 x 180 MHz. In the second case
(P =5 x 1072 W) the transition to the strong optome-
chanical coupling regime also leads to two frequency
shifted peaks. The peaks in the resonance spectrum cor-
respond to the peaks of the conversion efficiency. This
is, for example, depicted in Fig. 6, which shows the
conversion efficiency as a function of frequency w and
magnon frequency w,. One can observe a resemblance to
Fig. 4(a). The largest conversion efficiency is given at the
point of full resonance, which is highlighted in the inset.
The optimisation of the conversion efficiency in terms of
the cooperativities would follow the procedure presented
before.
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FIG. 5. Frequency spectrum of the resonances of the coupled

system defined by Egs. (9). The spectrum is obtained when all
modes are on resonance, including the optical detuning. The
blue peaks correspond to the magnon-microwave hybrid modes.
We assume full mode degeneracy (w = w,, = wp = 0w, = —A,)
and, based on the estimates of Table I, we fix cooperativi-
ties at C,,p, = 4 x 10° and C,,. = 1258 for magnomechanics and
magnon-microwave coupling, respectively. Spectra are depicted
for pump powers of (a) 10™* (C,, = 1124) and (b) 5 x 1072W
(Cap = 562353). In (a) the system is in the weak optomechani-
cal coupling regime, and hence no resolved shift of the phonon
(green) and photon (yellow) modes. In (b) the system exhibits
strong optomechanical coupling and therefore a normal mode
splitting (light green) becomes evident.

B. Conversion bandwidth

In order to characterize the performance of the proposed
conversion system, we quantify the conversion bandwidth
at frequencies with high conversion efficiency. In general,
the conversion bandwidth is limited by the slowest process
in the conversion chain. This is what limits, e.g., state-
of-the-art electromechanical and optomechanical systems
whose bandwidths are defined by the small total linewidths
of the vibrational modes [20,24,63]. Conversely, mod-
ern broadband conversion setups suffer from small overall
conversion efficiencies due to weak coupling [39].

The conversion bandwidth can be calculated from the
scattering matrix element given in Eq. (11). The half width
at full maximum Aw;,, of a peak in the transmission

1.04

1.02¢
1.007

0.98} : —-
Bog
$0.4]
$0.3 - 1074
0.2
0.96} £0.1

8 08 098 10 11 12
,,/®,

Frequency w/w,
Conversion efficiency

0.96 0.98 1.00 1.02 1.04
Magnon frequency w,,/o,

FIG. 6. Conversion efficiency, Eq. (11), as a function of fre-
quency o and magnon frequency w,,, both in units of the fixed
microwave frequency w.. The phonon frequency w;, and optical
detuning are set to —w.. The white inset shows the conversion
efficiency at w/w, = 1 as a function of magnon frequency. The
optical pump power is set to P = 10~*W, corresponding to the
cooperativity C,;, = 1124. Other parameters are fixed according
to the estimates in Table I, corresponding to C,,, = 4 x 10° and
Cpe = 1258.

spectrum at frequency wpm,y is defined by

& (Wmax)

E(Awy ) = >

(17)

The conversion bandwidth is therefore defined as Aw =
2Aw; ;. Conversion spectra can be obtained using Eq.
(11). In Fig. 7(a) [Fig. 7(b), enlarged view] we show a
plot of the conversion efficiency as a function of frequency
and optical pump power (mean photon number). Based on
the parameters in Table I, for small pump powers, we note
high efficiency (close to unity) at the point of full reso-
nance (wp = w, = w. = —A,) with a bandwidth Aw of
up to 0.6 MHz at an optical pump power of 2.8 x 107> W,
which corresponds to the point of maximum conversion
efficiency [see Fig. 7(d)]. As the pump power increases,
the resonance peak widens while the efficiency decreases.
At pump powers of about 103 W, conversion at the side-
bands created from the strong magnon-microwave cou-
pling is enhanced. This also marks the transition to the
strong optomechanical coupling regime. In this region, we
obtain a very large bandwidth (several hundred megahertz)
at the expense of a reduced conversion efficiency that does
not drop below 1074, It reaches 1072 peak efficiency at the
magnon-microwave sidebands that are limited in width by
the microwave port coupling rate «.. Since k. > y,, the
width is approximately «./2 = 27 x 50 MHz. The band-
width at wp = w,, = w. = —A, can be increased up to
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FIG. 7. (a) Conversion efficiency as a function of frequency and optical pump power (corresponding mean photon number on the
right y axis). The frequency axis is given in units of the microwave mode frequency w, and the color code for the conversion efficiency
is given on a logarithmic scale. We set w, = w,, = w. = —A,. The lower plot (b) is a enlargement of the upper plot. (¢) Bandwidth

and the respective conversion efficiency as a function of optical pump power. (d) Conversion efficiency as a function of frequency for
the point of maximum efficiency at a pump power of 2.8 x 107> W, corresponding to a cooperativity C,;, = 320. The bandwidth at this
point is marked with 0.6 MHz. Other parameters are in correspondence with the estimates shown in Table I for which C,,;, = 4 x 10°

and C,,. = 1258.

about 10 MHz before the efficiency drops off to 107! [see
Fig. 7(c)].

Optimization of the conversion bandwidth requires
improvement of the limiting coupling processes in the
chain. In the weak optomechanical coupling regime, where
the conversion efficiency is maximum, the bandwidth is
limited by the smallest mode coupling rate, which is either
gmb or Gy, depending on the pump power. In the strong
optomechanical regime, the bandwidth is increased by
enhancing the coupling to the microwave port. Altering
the magnon-microwave coupling rate only determines the
spectral position of the sidebands, not their width. An
enhancement of conversion bandwidth is achieved at the
expense of reduced conversion efficiency. To optimize
both, one has to take into account the interplay of the

cooperativities between the coupled modes (Fig. 3) and
find the optimal configuration.

C. Resolved versus unresolved sideband regimes

A large density of circulating photons in the optical res-
onator enhances the effective optomechanical coupling, but
can be limited by the maximum amount of photons that the
cavity supports. However, this limitation is partially lifted
under optimization of the single photon-phonon coupling.
Furthermore, Eq. (3) implies that, aside from the pump
power, the total optical linewidth has a crucial impact on
the mean photon number for a given mode. In general, cav-
ities with larger linewidths (low quality factors) require
stronger pump powers for achieving a large density of
circulating photons.
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For the driven optical cavity, we have to further dis-
tinguish between two regimes of the optical cavity with
respect to the optical linewidth. In the resolved side-
band regime, the total optical linewidth Y, = ¥4 +
Yaout 1S smaller than the mode frequencies of magnons,
microwave, and phonons: y,t < wp. In this case, the side-
bands can be directly addressed by choosing the optical
drive frequency (and therefore the optical detuning) to be
+wy [see Fig. 2(b)]. If, however, y, ot > wp, the sidebands
cannot be resolved and therefore cannot be individually
addressed by a detuned drive. As a consequence, the pre-
cise value of the detuning has less impact on the obtained
conversion efficiency.

In the case of full mode resonance and red optical
detuning (wp = w, = ©. = —A,), we plot the conversion
efficiency given in Eq. (12) as a function of the mean
optical photon number and the microwave port dissipa-
tion in Fig. 8, for two different total optical linewidths
Yajtot- FOI Voot = 27 X 1.6 THz, the system is in the side-
band unresolved regime of the optical cavity, since the
linewidth is larger than the mode frequency of the phonon
(wp =2 x 10 GHz). In this regime it is not important
that the optical detuning is chosen precisely. When we
compare the two cases, we conclude that both allow us
to reach the same conversion efficiencies. However, in the
sideband unresolved regime we need much stronger optical
pump powers to obtain similar results as for the unresolved
regime, due to the stronger dissipation.

D. Weak inductive coupling regime

In the previous sections, we have assumed a mode over-
lap between the magnon and microwave of 1%, which,
based on our estimates presented in the Appendix, yields
a coupling value of g, = 180 MHz. Nevertheless, such
overlap is challenging to achieve experimentally, since the
system’s design would require a balance between a suffi-
ciently small sample volume, which yields a high optome-
chanical coupling, while maintaining a large enough vol-
ume so as to achieve a high magnon-microwave coopera-
tivity. In this section we address such a design limitation by
quantifying the performance of our setup under a magnon-
microwave mode overlap of 0.01%, corresponding to
Zme = 18 MHz.

For this value of the coupling, the cooperativity between
the magnon and microwave is C,. = 13. Based on our
discussion of optimization in terms of cooperativities [fol-
lowing Eq. (12)], we still expect high conversion efficiency
for a sufficiently strong optical pump power. The reduced
coupling strength puts the system in the weak inductive
coupling regime since gy,c < Vetor- For small optical pump
powers, magnons hybridize with the phonons instead of
with microwaves. As a consequence, the conversion effi-
ciency as a function of both frequency and optical pump
power, depicted in Fig. 9(a), exhibits two peaks shifted by
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FIG. 8. Plot of the conversion efficiency given in Eq. (12) as

a function of the mean optical photon number per unit volume
(optical pump power) and the microwave port dissipation rate.
We set wp, = w,, = w. = —A,. The top plot corresponds to the
sideband-resolved regime of the optical cavity, while the bottom
plot is for the unresolved case. The color code denotes the con-
version efficiency. Other parameters are in correspondence with
the estimates in Table I.

gmp = 10 MHz from the resonance point. For increasing
pump power, the system approaches the strong optome-
chanical coupling regime. Around P = 2.5 x 10~3 W the
system reaches the point of largest conversion efficiency
[see Figs. 9(c) and 9(d)] where the phonon linewidth in
the resonance spectrum, shown in Fig. 9(b), is strongly
broadened, yielding a conversion bandwidth of up to
28 MHz. Note that, for this pump power, the system
is not yet in the strong optomechanical regime (G, ~
106 MHz < y,10t/4). For a stronger pump power, the
optomechanical coupling surpasses the magnomechanical
coupling, and phonons hybridize strongly with optical pho-
tons. After transition to the strong optomechanical regime,
the hybridization between magnons and phonons is weak,
and as a consequence, both the bandwidth and the overall
efficiency decrease.

Compared to the results discussed in the previous sec-
tions, we obtain a much larger conversion bandwidth at a
similar conversion efficiency. Therefore, smaller magnon-
microwave overlaps can still yield good conversion effi-
ciencies at broad bandwidths. However, the high required
optical pump power (and therefore large mean photon
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Optical pump power P (W)

(a) Conversion efficiency as a function of frequency and optical pump power (corresponding mean photon number on the

right y axis). The frequency axis is given in units of w., the microwave frequency, and we have set wp, = w,, = 0. = —A,. (b)

Frequency spectrum of the resonances of the coupled system following Egs. (9). In this case the blue peaks correspond to the magnon-
phonon hybrid modes. Since the system is still in the weak optomechanical coupling regime for the used optical pump power of
P=25x%x1073 W (Cyp = 28118, C,,. = 13), the phonon (yellow) and photon (green) are not shifted. (c) Conversion efficiency as a
function of frequency for the point of highest efficiency at a pump power of about P = 2.5 x 1073 W. The remarkably large bandwidth

at this point is marked with 28 MHz. (d) Conversion efficiency as a function of optical pump power.

number of the order of 10°) strongly limits the configu-
ration to application in the classical regime.

IV. CONCLUSIONS

In summary, we derive the efficiency of a two-stage
optics-to-microwave conversion system that incorporates
hybridized mechanical and magnetic excitations as medi-
ating elements. The conversion efficiency exhibits a spec-
trum that can be understood in terms of the hybrid
modes formed by the strong interaction of the coupled
modes. In a setup in which magnons, microwaves, and
phonons are resonant while the laser drive is red detuned,
the efficiency can be expressed solely in terms of the
cooperativities, and we derive a condition for the max-
imum efficiency as a function of the cooperativities that
can be used to determine optimal values for port coupling
rates and optical pump power. Furthermore, we discuss

the conversion bandwidth for different optical pump pow-
ers and the effect of total linewidth of the optical cavity
mode. Our results do not take into account any spe-
cific geometry and can be used as a starting point for
designing a magnomechanical-based microwave-to-optics
converter.

We show that high conversion between optical and
microwave modes is possible by the resonant coupling
between phonons and magnons. In regions where the
conversion efficiency is large we obtain bandwidths of
the same order of magnitude as the coupling rates. This
is an advantage over state-of-the-art one-stage conver-
sion setups based on, e.g., only optomechanics or only
electromechanics, which are generally limited by their
small total linewidth of the vibrational mode. Moreover,
the inclusion of magnons adds a desirable tunability to
the system and their coupling to phonons overcomes the
challenges of weak optomagnonic interactions.
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The work presented in this article applies to a fully clas-
sical framework and application in quantum conversion
requires the evaluation of the added noise, which in turns
contributes to the total state transduction fidelity. In gen-
eral, we expect that vacuum and thermal noise are added
during each step in the conversion chain [64]. Since the
optical mode frequency is in the terahertz regime, thermal
occupation for optics is expected to be negligible or van-
ish, even for room temperature, thus contributing only with
vacuum noise. The added thermal noise for the microwave
is suppressed when the port is strongly overcoupled and
the device is operated at sufficiently low temperature. To
assure low added quantum noise from the intermediate ele-
ments (magnons, phonons), we expect constraints that are
potentially stricter than those required for high conversion
efficiency [65]. Finally, it is important to note that, even
though the conversion efficiency is the same in both direc-
tions, the noise adds differently to the optic and microwave
ports.

A prospective geometry where the proposed system
could be implemented would have to fulfil strict require-
ments in terms of frequency matching, and ensure good
overlap and symmetry matching of the participating modes
in order to achieve high coupling rates. Patterned magnetic
dielectrics at the microscale in the form of an optomechan-
ical crystal can be promising in this regard [36]. Magnon-
phonon coupling in this kind of structure remains to be
investigated. Our choice of 1 m? for the effective magnon
mode volume at 1% mode overlap with the microwave
field also requires improvement of microwave resonator
design capable of achieving such a small microwave
mode volume, for example through a planar geometry.
Alternatively, one could build an overall larger geometry,
at the expense of a reduced single-particle optomechani-
cal coupling. The drawbacks of both approaches can be
partially resolved by increasing the optomechanical coop-
erativity (see Fig. 3), e.g., via a stronger optical drive.
We discuss the case of a worse mode overlap between
magnons and microwaves of only 0.01%, which yields
comparable results for conversion efficiency with a larger
conversion bandwidth. A well-optimized device would
represent a viable technique for overcoming the challenge
of efficient quantum frequency conversion, and pave the
way towards long distance quantum communication.
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APPENDIX: COUPLING DERIVATIONS AND
ESTIMATES

1. Magnomechanical coupling

Magnetic properties inside a material are defined by
the collective interaction of its atomic magnetic moments.
Mechanical deformation alters this collective interaction
and gives rise to coupling between mechanical and mag-
netic degrees of freedom. This magnomechanical interac-
tion is captured by the magnetoelastic anisotropy energy,
as it is the only energy that relates the magnetization direc-
tion with the crystal axes. Formally, the magnetoelastic
anisotropy energy is defined as the difference between the
energies required to magnetize a material along an easy
axis and a hard axis. The magnetoelastic energy is given
by [54]

B
Enel = M_12 d3r[M)c20xx + Myzgyy + Mzzazz]
S
2B, [ 4
e d’ MM, oy, + M,M.0,. + M.M.0-.].

S
(A1)

We quantize this energy in terms of both spin waves
(magnons) and mechanical modes (phonons). Let the total
magnetization be defined as a static magnetic ground state
plus a dynamic deviation on top, so m(r,?) = mgs(r) +
dm(r, f). Note that here we have introduced the normalized
magnetic field components m = M/Mjg. The temporally
dynamic deviation is quantized via bosonic annihilation
and creation operators

SH(r, £) = Y 5my (r)e” " fing + Smly(r)e il (A2)

where we are summing over multiple modes «. The
mechanical modes are quantized in the same way,

i(r,0) = Y u,(0)b,e”™" + w;(r)bie (A3)

n

where we again sum over multiple modes 7. Note that in
the definition of the magnetoelastic energy [Eq. (A1)] we
have elements of the symmetric strain tensor

1 [ 0u; 4 ou;
Ojj = =\ — ol B
T2\ i

where i,j € (x,y,z), so we have the spatial derivatives of
the mechanical mode profiles entering the coupling. The

(A4)
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quantized magnomechanical coupling Hamiltonian reads

Bg = Gaytita(by + b1) + Tugyinating (b + bY)
afn

+ Pagyiityiing (by + BF) + Hee. (A5)

with the coupling strengths defined as the following over-
lap integrals:

GD“) = 2Bl /d3r2m’58m;8, u%
i

+BZ/d3rZ(m§8m{;t + mlSml) (3 ) + B;10),
ij

(A6)
Tupy = By /d%Zamgam;ai i
i

4By [ Y smisnl @y + ). (AT
ij

Papy = B /d%Z(amg)*amjgai )
i

+32/d3r2(3m;)*5n/,'3(a,» W+ 3 u). (A8)

/)

The couplings are normalized by the total quasiparticle

numbers of both magnons and phonons. The phonon num-

ber is calculated using the mechanical energy contained in

given mode 7,

20)%'0 Vggonon,r]
hw,

max[[u(r)|’]

Nphonon,n = 5 (A9)

where we have used the definition of the kinetic energy.
The magnetic part is normalized by the average number of
spins in a given magnetic mode «,

MVt

mag,o

gUB

Nmag,ot = (A 1 O)

For linear magnomechanical interaction gmbﬁ1(l3 + ZAJ%) +
H.c., the coupling strength is given by

gf,ﬁ = 231/d3r2m65méog
+BZ/d3rZ(mgamg +msmi)al,  (All)
i

where m( denotes the magnetic ground state, m is the
magnetic mode, o is the symmetric strain tensor, B

are the material specific magnetoelastic constants, and we
have modes (o, 8) and spatial indices (i,j) = (x,y,z).
Equation (A10) represents an overlap integral over the
crystal volume. Normalizing by the total magnon and
phonon numbers inside given respective modes, we can
estimate the single-mode coupling for perfect mode over-
lap, so V& = szf = V. In this case, the integral is also
equal to ¥ and the coupling is independent of the mode
volumes, so

hgus
2wy p max[ul2Ms’

gmb ~ (2B, +Bz)\/ (A12)

Here, g is the gyromagnetic ratio, ;5 the Bohr magneton, p
the mass density, and M the saturation magnetization. The
volumes V,, and V}, correspond to spatial mode volumes of
the magnetic and mechanical modes, respectively. Further-
more, max[u] is defined to be the maximum value of the
displacement field corresponding to the zero-point fluctua-
tion xzpr, of a given mechanical mode «. Using material
specific constants for YIG and assuming perfect overlap of
mechanical and magnetic modes, we obtain coupling rates
of 2.5 and 12 MHZ for the terms proportional to B; and B,
respectively. The mechanical mode frequency is chosen to
be w, = 2w x 10 GHZ.

2. Photoelastic coupling

The interaction between phonons and optical photons
arises mostly from the photoelastic effect [66]. However,
the total coupling strength is also affected by the defor-
mation of the boundary. This contribution is usually of
the order of 10% of that of the photoelastic effect and
is difficult to estimate since it has to be evaluated for a
specific geometry. For our estimate, we neglect this con-
tribution. A mechanical mode deforms the optical cavity,
therefore altering its resonance frequency wy. This requires
that a potential coupling device serves both as mechan-
ical resonator and optical cavity. We introduce a small
perturbation in the permittivity tensor of the material via

g(r) = &(r) + 8¢(r). To first order, we obtain the shift of
the resonance frequency for a given optical mode profile
e(r) and write the photoelastic overlap integral as [21]

4 3 3
Ephotoelastic = —&on [d re-dc-e

= —gon’ / d*r [2Re{E}E; Ypasuy
+ |Ei1*(p110i +pi2(o; + o))l (Al3)

The optical modes are quantized via bosonic operators

E(r,f) =) =E, (e a, + E, (e al. (Al4)

n
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Together with the quantization of the mechanical mode
[Eq. (A3)], we obtain the quantized photoelastic interac-
tion Hamiltonian as

I:IPE = Zg’w"&li&v (Bz; + l;ﬂ)
pvn

(A15)

with the coupling strength defined as the overlap integral
vy = —80]’!4/d3l"|: Z(EL)*E{)O',?‘ZM;;
i

+ Y IELP(@lpn + (0 + afk)p12):|, (A16)
ik

where we have modes (u,v,n) and spatial indices
(i,j,k) = (x,y,z). This integral is again normalized to
coupling per phonon [Eq. (AS8)] and photon. The number
of photons contained in an optical mode « is calculated via

20

photon,

max[E*ZE]

Nphoton,p. = 5 (A 1 7)

hwphoton, “w

where we have used the definition of the total electric
energy. The normalized coupling for photoelastic interac-
tions neglecting the boundary contributions reads

o _ _mhos | R
b = € 2V, \ 2wppVy max[u]?
< [ @] Sieeiotou

.

316, P o + @ + o,f’f)pm} (A18)
i

where 7 is the refractive index, €, the relative permittiv-
ity, e the electric field components, and p the elements
of the material-specific photoelastic tensor. For perfect
mode overlap, the single-mode coupling approximates to
0.2 MHZ for the material-specific constant of YIG. We con-
sider a phonon mode frequency of w, = 27 x 10 GHZ and
an optical mode frequency of w, = 2w x 200 THZ.

3. Magnon-microwave coupling

The linear interaction between a microwave cavity field
and the magnetic excitations is mediated by magnetic
dipole interaction, captured by the energy term

(A19)

1
Emag = EMO / &*rM - H.

The magnetic energy can be quantized in terms of cav-
ity modes. Following Eq.(A13), but for a magnetic field

profile, we have
H(r,f) =Y =H,(r)e ¢, + Hy(r)er'e].  (A20)
n

and normalized to a coupling per microwave photon via

258

MW-photon, max [I-I>x< 'a H]

NMW—photon,;L = > (A2 1 )

thW—photon, "

and magnon using Eq. (A9). The normalized overlap
integral reads

1 [uohwegusMs / 3
oan _ _ [POTHSBBTS [ 3, 5m, - h A22
Ene =\ T 2w, romg by, (A22)

where a magnetic mode §m couples to the magnetic part h
of an electromagnetic microwave field. For perfect mode
overlap, the single-mode coupling strength is evaluated to

gMUB
8em X wohaw,ps,

- (A23)

where pg is the material specific spin density. The cou-
pling can be evaluated to 1.85 GHZ for a microwave mode
frequency of w. = 2w x 10 GHZ. Perfect overlap is chal-
lenging to achieve experimentally; therefore, we consider
an overlap factor of 1%, such that V,, = 0.01V,, yielding a
coupling rate of 180 MHz. We further discuss the perfor-
mance of the system under a worse mode overlap of 0.01%
(Vi = 0.0001V,), for which the coupling is 18 MHz.
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