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Enhancement of microwave to optical spin-based quantum transduction via a magnon mode
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We propose a method for converting single microwave photons to single optical sideband photons based on
spinful impurities in magnetic materials. This hybrid system is advantageous over previous proposals because
(i) the implementation allows much higher transduction rates (103 times faster at the same optical pump Rabi
frequency) than state-of-the-art devices, (ii) high-efficiency transduction is found to happen in a significantly
larger space of device parameters (in particular, over 1 GHz microwave detuning), and (iii) it does not require
mode volume matching between optical and microwave resonators. We identify the needed magnetic interactions
as well as potential materials systems to enable this speed up using erbium dopants for telecom compatibility.
This is an important step towards realizing high-fidelity entangling operations between remote qubits and will
provide additional control of the transduction through perturbation of the magnet.
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I. INTRODUCTION

Coherent transduction of microwave photons to optical
photons [1], hereafter for concision “quantum transduction,”
will enable scaling of dilution-fridge (e.g., superconducting
[2]) quantum processors via remote entangling operations
over room-temperature optical fiber. Demonstrated quantum
transduction platforms include optomechanical transducers,
[3–5], the electro-optic effect in lithium niobate [6], the
magneto-optic effect in Y3Fe5O12 (YIG) [7,8], Rydberg atom
clouds [9–11], and dilute ensembles of rare-earth ions in
a crystal [12–16]. Optomechanical transduction enabled the
first optical readout of Rabi oscillations in a superconduct-
ing qubit [17,18], lithium niobate transducers have achieved
moderate conversion efficiencies with the introduction of only
a small amount of conversion noise and MHz bandwidth
[19,20], Rydberg atom transducers have demonstrated near-
unit-efficiency frequency conversion between microwave and
optical photons with high bandwidth, and rare-earth ions
(particularly using Er for telecom wavelength compatibil-
ity) have demonstrated coherent chip-integrated wavelength
transducers. However, each of these approaches faces criti-
cal challenges in achieving high efficiency, bandwidth well
matched to the 10–100 ns timescale for gate operations in
superconducting qubits [21], and integration with supercon-
ducting qubits in the same device. The optical pump necessary
to bridge the frequency gap between microwave and optical
photons specifically creates notable technical issues including
heating [22] and destruction of Cooper pairs in superconduct-
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ing circuits [23] leading to noise and reduced efficiencies.
Rare-earth ion transducers have produced high efficiencies
at MHz-scale bandwidths [16], but scaling to repetition rates
beyond the kHz level with quantum-limited photon noise will
require higher coupling between the ensemble and microwave
photons as well as the mitigation of heating from the optical
pump.

Direct transduction using magnets has been proposed be-
fore [24–26] on account of their strong coupling to microwave
photons (e.g., in YIG [27,28] and GdVO4 [28]). However,
these crystals lack the sharp optical lines of rare-earth ions,
so the transducers are limited by the weak Brillouin scattering
interaction between optical photons and magnons in spite of
the high microwave photon couplings [24–26,28–31]. Alter-
natively, fully concentrated rare-earth crystals leverage the
strong coupling of microwave photons to magnons and the
optical transitions of rare-earth ions [32], but demonstrating
frequency conversion has been a challenge on account of the
very high optical density of the fully concentrated rare-earth
crystals [33]. Finally, recent developments have been made
towards antiferromagnetic optomagnonics [34,35].

We propose to overcome the weak optical interaction of
magnets using dilute doping of an optically active defect
into a magnetic material, maintaining the strong microwave-
magnon coupling while enhancing the optical coupling via
the defects. This proposal relies on attainable narrow mi-
crowave linewidths in magnets [36–39] and optical linewidths
in rare-earth ensembles [40–45], and we effectively reduce
the problem to creating an appropriate interaction between
the magnet and dopants within several proposed materials.
We demonstrate how the strengthened coupling, to both sin-
gle microwave and optical photons, enables transducers with
significantly increased effective transduction rates (as much
as 103 times faster at the same optical pump Rabi frequency)
and bandwidths (∼1 GHz microwave detunings) compared
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FIG. 1. (a) Crossing between the magnon excitation (|0〉 → |1〉)
and the erbium-spin flip (|0〉 → |2〉) versus Bz. (b) Full energy-level
diagram, including the erbium excited state (|3〉), and the transitions
due to the couplings to an optical cavity (gaâ), to an optical pump
(�), to a magnon via spin exchange (h⊥), and to a magnon via the
microwave cavity (g̃b

√
NFeb̂). δ̃, δ, and � are detuning parameters

to the cavity frequencies. (c) Frequencies of the optical cavity reso-
nance (ωa), microwave resonator (ωb), and optical pump (ω�).

to prior art. These improvements will enable higher-fidelity
remote entangling operations of superconducting qubits that
approach the threshold for entanglement purification [46].

The enhancement of the transduction can be derived from
the linear combination of optically active single-spin defects
interacting with the spins in a magnet. Without loss of gen-
erality we first assume a single erbium ion within a YIG
magnet (represented by the Fe atoms) in the presence of a
static magnetic field, as well as microwave (MW) and optical
(opt) fields, as schematically presented in Fig 1.

II. HAMILTONIAN

The system above can be described with the Hamiltonian

H(t ) = H0 + HZee + Hex + Hopt(t ) + HMW(t ), (1)

where H0 = HFe + HEr is the total energy of all iron atoms
and a single erbium ion in a crystal. HZee is the Zeeman term
due to the presence of an external static field Bz along the z
direction. The exchange interaction Hex between the single
erbium spin and its z nearest neighbors (n.n.) iron atoms is
assumed to have the following anisotropic form

Hex = − 1

h̄2 SEr · J ·
∑
i∈n.n.

SFe
i ,

≈ − zJ⊥
2h̄2

(
SEr

+ SFe
i,− + SEr

− SFe
i,+

) − zJ‖
h̄2 SEr

z SFe
i,z, (2)

∀ i ∈ n.n. The SFe
i is the magnetic moment of the i-th iron

atom and SEr the pseudospin operator of a single erbium
ion. The term with exchange coupling J‖ contributes to the
Zeeman energy and J⊥ to the exchange of excitation between
spins, i.e., converting a magnetic excitation into an erbium
spin-flip transition. The Hopt(t ) accounts for the interaction
between the optical fields and the Er ion. The two oscillating
optical fields, Ea(t ) and E�(t ), couple the ground and first

excited manifolds (4I15/2 – 4I13/2) of the erbium ion through
an effective electric dipole operator (μEr) as

Hopt(t ) = −μEr · Ea(t ) − μEr · E�(t ). (3)

Here, E�(t ) = E� cos(ω�t )ê� is an external pump field and
Ea(t ) = Ea cos(ωat )êa is an upconverted optical sideband
field. In addition, the HMW(t ) accounts for the presence of a
microwave field, Bb(t ) = Bb cos(ωbt )êb, that couples to both
erbium and iron spins via their magnetic dipole moments as

HMW(t ) =
(

μBgSh̄−1
NFe∑
i=1

SFe
i + μBgJ h̄−1SEr

)
· Bb(t ), (4)

where NFe is the total number of spins in the magnet volume,
and gS and gJ are the g factors of the iron spins and the
erbium spins in the manifold with total angular momentum
J , respectively.

The Hamiltonian in Eq. (1) acts on the reduced er-
bium ion energy levels |↓〉 ≡ |J = 15/2, mS = −1/2〉, |↑〉 ≡
|J = 15/2, mS = +1/2〉, and |e〉 ≡ |J = 13/2, mS = −1/2〉,
where mS is the pseudospin related to the lowest-energy dou-
blet within the multiplet J . It also acts on the ground and first
excited states of the magnet, which are |−〉 ≡ |↓ . . . ↓〉 and
|+〉 ≡ N−1/2

Fe

∑NFe
i=1 |↓ . . . ↑i . . . ↓〉. These two states describe

the uniform mode of the magnet, a magnon, in which the
spins presses coherently around the z axis, corresponding
to an isotropic configuration with respect to ẑ. Alternative
configurations, including anisotropy, have been discussed in
Refs. [47,48]. The ground-state energy of the composite
system is E↓ ≡ 〈↓,−|H|↓,−〉. An energy level diagram is
illustrated in Fig. 1(a). We are particularly interested in the
magnetic excitation energy Em ≡ 〈↓,+|H|↓,+〉 and the first
spin excitation E↑ ≡ 〈↑,−|H|↑,−〉 relative to the ground
state, i.e.,

Em − E↓ = γ
√

Bz(Bz + Ms) − zJ‖
2NFe

, (5)

E↑ − E↓ = μBggBz + zJ‖
2

, (6)

where the square root in Eq. (5) follows the Kittel formula
[49,50] for the magnetic excitation of a thin film, in which γ is
the gyromagnetic ratio and MS is the saturation magnetization.
Here gg ≡ gJ=15/2. Notably, the Ising exchange coupling J‖
acts as an effective static magnetic field significantly changing
the energy of the erbium-spin transition [Eq. (6)], but has little
effect on the magnon resonance frequency as it is normalized
by the total number of spins in the magnet, notice J‖/NFe in
Eq. (5). Finally, the magnon and erbium spins must be near
resonance in order to allow magnon-erbium flip flops within
the secular approximation. Thus, the exchange interaction J‖
must be small enough to allow for the intersection of the Er
and magnon resonances at an experimentally feasible mag-
netic field. Additionally, even in the absence of J‖, in the large
Bz limit the spin ensemble g factor is constrained to μBgg < γ

for an anticrossing to occur. The following results assume
a microwave frequency, set by Bb(t ), to be mutually de-
tuned from magnon and spin resonant frequencies in Eqs. (5)
and (6).

033221-2



ENHANCEMENT OF MICROWAVE TO OPTICAL … PHYSICAL REVIEW RESEARCH 7, 033221 (2025)

III. HAMILTONIAN IN CAVITY QED NOTATION

First, we relabel the erbium states |0〉 ≡ |↓,−〉, |2〉 ≡
|↑,−〉, and |3〉 ≡ |e,−〉, and the magnon state |1〉 ≡ |↓,+〉,
see Fig. 1. Second, we write the Hamiltonian in terms of
transition operators σ̂i, j ≡ |i〉〈 j|, with i, j = 0, 1, 2, 3. Third,
we define the transition elements

〈1|H(t )|2〉 = h̄h⊥N−1/2
Fe 〈1|σ̂1,2|2〉, (7)

〈0|H(t )|2〉 = h̄gb2 cos (ωbt )〈0|σ̂0,2|2〉, (8)

〈0|H(t )|1〉 = h̄g̃bN1/2
Fe 2 cos (ωbt )〈0|σ̂0,1|1〉, (9)

〈0|H(t )|3〉 = h̄ga2 cos (ωat )〈0|σ̂0,3|3〉, (10)

〈2|H(t )|3〉 = h̄�2 cos (ω�t )〈2|σ̂2,3|3〉, (11)

related to the previous quantities as h̄gb = μBggβ−Bb/4,
h̄g̃b = μBgSBb/4, h̄ga = μErEa/2, h̄� = μErE�/2, and
h̄h⊥ = −J⊥zβ−/2 (details in the Supplemental Material
(SM) [51]). The new variables gb, g̃b, ga, and h⊥ have
values of coupling per spin, and � is the optical pump
Rabi frequency (or the pump power ∝ �2). From that, we
build a new Hamiltonian H′(t ) = ∑

i, j〈i|H(t )| j〉|i〉〈 j|. The
time dependence can be removed using the rotating-wave
approximation (RWA) [52] (e−i2ωt ≈ 0, see SM [51]), taking
H′(t ) → HRWA. The energy levels are then defined with
respect to their detunings from the wave frequencies, namely,
we define h̄δ = (E↑ − E↓) − h̄ωb, h̄δ̃ = (Em − E↓) − h̄ωb,
and h̄� = (Ee − E↓) − h̄ωa, with ωa = ω� + ωb, as
illustrated in Fig. 1. The Hamiltonian can then be written as

HRWA = h̄

⎛
⎜⎜⎜⎜⎜⎝

0 g̃bN1/2
Fe gb ga

g̃∗
bN1/2

Fe δ̃ h⊥N−1/2
Fe 0

g∗
b h∗

⊥N−1/2
Fe δ �

g∗
a 0 �∗ �

⎞
⎟⎟⎟⎟⎟⎠. (12)

Next, we suppose that the crystal is embedded in both an
optical cavity (of frequency ωa) and a microwave resonator
(of frequency ωb), such that there will be an exchange of
photons between the microwave transitions and the resonator
(i.e., σ̂0,1 → σ̂0,1b̂† and σ̂0,2 → σ̂0,2b̂†), as well as the opti-
cal transition and the cavity (i.e., σ̂0,3 → σ̂0,3â†). The optical
pump field is tuned to create a three photon resonance between
the microwave and optical cavity fields, i.e., ωb + ω� = ωa.
These transitions are schematically represented in Fig. 1(c).

The Hilbert space including the cavity and the res-
onator becomes |ψ〉 = |Er, Fe〉|b〉|a〉, from which we build
a new Hamiltonian H′

RWA = ∑
i, j〈i|HRWA| j〉|i〉〈 j|. Solving

the Eqs. of motion ih̄∂t |ψ (t )〉 = H′
RWA|ψ (t )〉, using adiabatic

elimination of the higher-energy states [53–55] (|δ̃| � |g̃|, |h|,
and |δ| � |�|, |gb|, |h|, and |�| � |ga|, |�|, with g̃ = g̃bN1/2

Fe

and h = h⊥N−1/2
Fe , see SM [51]), we end up with an effective

Hamiltonian of the form Heff = i(κa/2)â†â + i(κb/2)b̂†b̂ +
S∗â†b̂ + Sb̂†â, where κa, κb are photon leakage rates of the
optical cavity and the microwave resonator, respectively, and
S is the transduction rate. As the pump power is a limiting
constraint in practical transduction implementations, here we
focus on the normalized transduction rate S/�, corresponding
to the transduction rate normalized by the pump Rabi fre-
quency. The linear combination of erbium-ion-spin ensemble,

NEr, results in

S

�
= NEr(δ̃gb − h⊥g̃b)ga

�
(
δδ̃ − h2

⊥N−1
Fe

) . (13)

Notice that the limit h⊥ → 0 recovers the result in Ref. [56].
Via the input-output formalism we introduce the operators
âin, âout, b̂in, b̂out, from which we extract the efficiency (η =
2
√
C/(1 + C)) and cooperativity [C = 4|S|2/(κaκb)], see SM

[51]. In this scenario, the unit efficiency happens when the
transduction rate is matched to the cavities leakage, i.e., the
so-called impedance matching condition 2|S| = √

κaκb, thus
C = 1 and η = 1. As we are going to show next, higher rates
κa and κb are desirable to achieve higher transduction rates,
mitigating the losses and leading to larger bandwidths. Our
main findings in this paper come from exploring the limit
|h⊥g̃b| � |δ̃gb| for obtaining higher transduction rates. If we
further separate the leakage into an extrinsic leakage (hence-
forth called coupling rate) κa,c, κb,c and an intrinsic device loss
κa,i, κb,i, the efficiency is computed as (more details in the
SM [51])

η = 4|S|√κa,cκb,c

(κa,c + κa,i )(κb,c + κb,i ) + 4|S|2 . (14)

Notice that 100% efficiency is achieved at the impedance
match condition only for zero intrinsic losses, i.e., κa,i =
κb,i = 0, however, the intrinsic losses in a device can be
mitigated by a high ratio of cavity coupling to intrinsic loss
κ(a,b),c/κ(a,b),i � 1.

IV. CALCULATIONS

In the following we show some quantitative results to
illustrate magnon enhancement of rare-earth quantum trans-
duction processes. We compare the normalized transduction
rate (S/�) with and without the presence of a magnet, for
the idealized case of erbium-iron perpendicular interaction
J⊥ = 1 THz and Ising interaction J‖ = 1 GHz. Then, we
vary the erbium-iron perpendicular interaction, showing how
the results connect to the case of smaller exchange anisotropy
(for J⊥ ≈ J‖ ≈ GHz). Finally, we show how our proposal
allows higher coupling rates at much lower pump power than
previous proposals.

A strong exchange interaction between erbium and iron
of J ≈ 0.714 THz has been observed in erbium orthoferrite
(ErFeO3) [57]. Similarly, the spin-flop transition in Er:YIG
observed at 30 K is indicative of a strong Er-Fe coupling of
J ≈ 0.625 THz [58]. However, so far there is no evidence
of anisotropy, i.e., J⊥ = J‖ = J in these materials. Such a
strong parallel coupling shifts the spin transition away from
the typical ∼10 GHz for superconducting qubits, as discussed
in Fig. 1(a). Therefore, our proposal suggests that finding a
system with Er-Fe coupling of J‖ ≈ 1 GHz would be ideal,
while keeping J⊥ ≈ 1 THz. The strong perpendicular ex-
change coupling is favorable because it leads to the limit
|h⊥g̃b| � |δ̃gb| in Eq. (13), whereas the opposite limit recov-
ers the nonmagnetic transducer in Ref. [56].

Figure 2 shows S/� varying with the external parameters,
the resonator frequency (ωb) and the static magnetic field
Bz, for the cases Fig. 2(a) without a magnet and Fig. 2(b)
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FIG. 2. Normalized transduction rate (|S|/�) versus Bz and the
microwave frequency ωb, (a) without and (b) with a magnet. The
gray stripes cover the regions where the adiabatic elimination ap-
proximation fails. Vertical-dashed lines indicate the Bz values used
in (c) and (d), which show |S|/� versus the detunings δ and δ̃

for ωb ≈ 5 GHz near the erbium-spin-magnon resonance. The black
points (see arrows) highlight the maximum transduction rates used
in Fig. 3.

with a magnet. For a certain set of parameters, the system
reaches a resonant condition (δ = 0 or δ̃ = 0) between the
microwave resonator and either the spin or the magnon exci-
tations. As the detunings reach zero, the adiabatic elimination
condition is broken, populating the excited state and causing
the microwave photon to be parasitically absorbed. Thus, gray
areas are added to block regions within five linewidths of spin
and magnon transitions, see SM [51] for a list of parame-
ters used. Comparing Figs. 2(a) and 2(b), we see that S/�

reaches orders of magnitude higher values in the presence of
a magnet. From Figs. 2(c) and 2(d) we notice that higher rates
are especially large near the crossing between the magnon
and the spin transition frequencies, thus close to the adiabatic
elimination condition limits. Also, the presence of a mag-
net allows |S/�| > 102 for over 1 GHz microwave detuning
range.

Next, we explore the case of J‖ ≈ J⊥ ≈ GHz, that rep-
resents a magnet with weaker spin-exchange couplings, or
spin-magnet dipole coupling as will be discussed below. In
Figs. 3(a) and 3(b) we show the transduction rate in the
presence of a magnet, relative to the maximum transduction
rate obtained without a magnet [defined as |S0| and marked
as a black point in Fig. 2(c)], as we vary the perpendicu-
lar exchange coupling. It becomes clear that the presence
of a magnet leads to higher transduction rates overall, even
for lower values of J⊥, in which we see an increase of
two orders of magnitude at detunings close to the adiabatic
elimination condition. The feature appearing in Fig. 3(a) for
negative detuning (δ < −1 GHz) and small coupling values
(J⊥ < 5 GHz) is due to the reduced transduction rate ap-
proaching zero for δ̃gb ≈ h⊥g̃b, see Eq. (13).

FIG. 3. (a) Transduction rate in the presence of a magnet (|S|)
relative to the maximum value without a magnet |S0|, represented by
a point in Fig. 2(c), versus detuning (δ) and spin-exchange interaction
(J⊥). (b) Same as (a) over larger range of J⊥. Gray stripes same as
in Fig. 2. Blue feature in (a) for δ < 0 and small J⊥ is due to |S| → 0
for δ̃gb ≈ h⊥g̃b, see Eq. (13). (c) and (d) Efficiency (η) versus �

and coupling rates (κa,c = κb,c ≡ κc) at the |S0| values marked in
Figs. 2(c) and 2(d), respectively.

To better quantify the advantages of using a magnet in
the transduction process, in Figs. 3(c) and 3(d), we analyze
the transduction efficiency, see Eq. (14), as we vary the
optical pump (�) and the coupling rates (κa,c = κb,c ≡ κc).
The red region signals the near unit efficiency, where the
impedance matching condition is satisfied, 2|S| = κc. The
linear behavior in this region is the result of J⊥ = 1 THz,
thus |h⊥g̃b| � |δ̃gb|, and the impedance matching condition
leads to

κc

�
=

∣∣∣∣NErh⊥g̃bga

�δδ̃

∣∣∣∣, (with magnet) (15)

κc

�
=

∣∣∣∣NErgbga

�δ

∣∣∣∣, (without magnet). (16)

Thus, the magnet allows the maximum efficiency to be
achieved at significantly lower pump powers and significantly
higher cavity coupling rates.

In addition to the advantages discussed above, our pro-
posed scheme also removes any rate penalty from mismatched
optical and microwave mode volumes [59]. This is because
the microwave resonator needs to be coupled only to the iron
atoms in the magnet and not the erbium ions. This removes
a significant experimental challenge in designing colocalized
optical and microwave photons, and also opens new possibili-
ties for transduction device implementations, particularly with
small mode volume and spatially separated optical cavities.
Freedom in choice of optical cavities is particularly impor-
tant as pump-induced heating [22] and optical destruction of
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Cooper pairs in superconducting microwave resonators [23]
have proven to be significant challenges in experimental mi-
crowave to optical transducers.

V. DISCUSSION

In the following we discuss possible routes to achieve a
rare-earth magnet interaction required to realize our proposal.
It is first necessary to create an erbium spin-magnon res-
onance at an experimentally reasonable field. This is most
easily achieved if J‖ ≈ GHz. One such approach would use
a dipole-dipole interaction instead of exchange. For example,
consider a heterostructure composed of a thin film of YIG
on a substrate of Er:YAG, thus positioning the Er near to
the magnet’s surface and leading to strong erbium-spin-iron-
spin interaction (we estimate ∼10 nm for a ∼GHz coupling
strength) [60–62].

A far larger transduction improvement would be achieved
with large exchange anisotropy (J⊥ � J‖). For example, the
Dzyaloshinskii-Moriya interaction (DMI) induces spin tran-
sitions as (S+

1 S−
2 − S−

1 S+
2 ), see SM [51]. Thus, for magnets

with J‖ ≈ GHz, the DMI enhances the spin transitions to
fulfill our requirement J⊥ � J‖. However, the Fe-Er3+ DMI
has not been measured. Although the rare-earth g tensors are
known to have anisotropies that exceed ten in noncubic site

[63,64], the anisotropy of the exchange interaction itself is not
well studied; to our knowledge, more material characteriza-
tion is necessary for finding anisotropic couplings with lower
strengths (J‖ ≈ GHz).

Alternatively, there has been interest in using millimeter-
wave qubits instead of microwave-frequency qubits for
easier transduction [11,65]. Our analysis directly extends to
millimeter-wave magnons in which strong J‖ ∼ 100 GHz is
needed to obtain resonance between the erbium spin ensemble
and the magnon.

We have proposed that the strong coupling between spin-
ful optically active impurities and a magnon can implement
high-efficiency transduction at rates at least two orders of
magnitude faster than existing approaches based on dilute
rare-earth ion ensembles.
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