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Magnonics is a promising platform for integrated radio-frequency (rf) devices, leveraging its inher-
ent nonreciprocity and reconfigurability. However, the efficiency of spin-wave transducers driven by
rf currents remains a major challenge. In this study, we systematically investigate a spin-wave trans-
ducer composed of micrometer-sized rf antennas on yttrium iron garnet films of different thickness—an
ideal testbed for integrated magnonic devices. Using propagating spin-wave spectroscopy, we analyze
spin-wave transmission, identifying key loss mechanisms and improving device efficiency by reducing
ohmic resistance. The resulting improvements enable the reduction of insertion loss to below 10 dB in
microscaled spin-wave transducers. At the same time large nonreciprocity can be exploited to achieve
significant isolation on the microscale.

DOI: 10.1103/j5s3-zvhr

I. INTRODUCTION

Recent advances in information and communication
technology continue to drive the demand for efficient, scal-
able, and versatile radio-frequency (rf) devices [1]. This
trend is further accelerated by the emergence of Internet-
of-Things (IoT) applications, which require improved data
transmission rates and processing, to support the increas-
ing number of interconnected devices [2]. Hence, there is
a growing need for greater bandwidth in wireless com-
munication systems [3]. At the same time, this demand
is driven by the ongoing rollout of 5G standards and the
development of 6G technologies, both of which promise
higher bandwidths and operation at higher frequencies
[3]. However, established technologies for integrated ana-
log devices (e.g., based on surface acoustic waves and
bulk acoustic waves) face significant challenges at high
operation frequencies [4–7]. The scalability and efficiency
of these devices are limited by increased losses and the
increasing complexity of their manufacturing. These limi-
tations are driving the search for alternative technological
approaches.
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With its focus on the generation, manipulation, and uti-
lization of spin waves, magnonics is a promising approach
to tackling these problems. Altogether, it offers several
advantages over established alternatives. First and fore-
most, the operating frequency range of magnetic devices
can be tuned via externally accessible parameters such
as the applied magnetic field [8,9]. Second, spin waves
provide a readily accessible signal nonreciprocity, which
allows such transducers to be used as microwave filters
and isolators at the same time. For example, in this work,
the isolation could be shown to reach up to 30 dB across
the 3 dB bandwidth of the devices under test. In addi-
tion, spin waves are inherently low-energy excitations
[10], rendering them ideal for IoT applications. They also
exhibit intrinsic nonlinearity [11] due to the structure of the
underlying equations of motion, which can be exploited
for various use cases, including neuromorphic computing
[12,13]. Overall, magnonics offers a versatile and tunable
technological option that can be integrated into existing
manufacturing processes.

Over the past few years, numerous scientific demonstra-
tions of prototype magnonic devices have been presented,
proving their potential to achieve various functionalities
[9,10,14,15]. Despite the potential demonstrated, many of
these devices are still either energy efficient and bulky
[16–18] or small but lossy, with losses exceeding 20 dB
[19]. Most of them also rely on electromagnets to gen-
erate the external magnetic fields required for operation
[4,20]. Thus, there is a particular need to identify the
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mechanisms limiting the energy efficiency, which is key to
lifting integrated magnonic devices to a competitive level.

In this work, a fundamental building block of magnonic
devices, the spin-wave transducer or spin-wave transmis-
sion line, is investigated using inductive spectroscopy of
propagating spin waves [21–24]. Commonly, these struc-
tures consist of two symmetrical antennas patterned on a
magnetic substrate. The objective of this study is to iden-
tify the main causes of inefficiency in such magnonic rf
devices to enable the future design of efficient magnonic
devices. An improved transducer structure is reported to
show losses lower than 10 dB, representing a significant
improvement in performance.

II. EXPERIMENTAL SETUP

A. Measurement method

For the investigation of different spin-wave transducers,
the technique of propagating spin-wave spectroscopy is
used [22,23]. In our experiment the device under investiga-
tion is connected to a vector network analyzer (VNA) via
commercial microwave probes (Picoprobe, GGB Indus-
tries). A schematic representation of the setup with the
device under test is shown in Fig. 1(a). To mitigate the
influence of cables and probes, a short-open load-through
calibration is performed on a commercial calibration sub-
strate prior to the measurements. Signal transmission is
characterized using the scattering parameter description of
a two-port network [25] across frequency spectra contain-
ing the spin-wave resonances. The spectrum of transmitted
spin waves can be assessed in both magnitude and phase.
From this phase information, the spin-wave propagation
can be characterized (e.g., the group velocity [26] and the
dispersion relation [22,24]). The external field is aligned
parallel to the antennas within the film plane, facilitating
measurements in the so-called Damon-Eshbach configu-
ration, where spin waves propagate perpendicular to the
direction of static magnetization. Unless stated otherwise,
the measurements are performed using a VNA output
power of P = −25 dBm.

In the following, the primary focus is on the relative
strength of spin-wave transmission (i.e., the efficiency and
performance of the transducers), which is assessed using
the insertion loss [25]

IL = −20 log |Sij | = −mag(Sij ). (1)

Here i, j ∈ {1, 2} and i �= j are the ports of the network and
Sij defined as the ratio of outcoming voltage amplitude Vj

at port j , and incident voltage amplitude Vi at port i, when
no voltage amplitude is incident on port j . This metric
directly correlates with the magnitude of signal transmis-
sion, where lower insertion loss describes more efficient
signal transmission.

B. Sample fabrication and design

For the spin-wave transducer, two opposing coplanar
waveguides (CPWs) with an edge-to-edge spacing of D =

10 µm are patterned onto yttrium iron garnet (YIG) films
of varying thicknesses (101 nm, 209 nm, 415 nm, 799 nm),
grown on a 500-µm-thick (111) gadolinium gallium gar-
net substrate, purchased commercially from the company
Matesy GmbH. in Jena, Germany. To maintain compa-
rability, no dedicated impedance matching for the CPWs
was performed, but the same structures were patterned on
all YIG films. To facilitate microwave probe contact, the
CPWs are connected to curved contact pads. A representa-
tive structure is shown in the scanning electron microscope
image in Fig. 1(a). In addition, to evaluate the exponential
spin-wave decay, the antenna spacing was systematically
varied from 10 µm to 500 µm (see the Supplemental Mate-
rial [27]). Fabrication involved electron beam lithography
using a PMMA based resist mask, followed by deposi-
tion of 10 nm Ti and 150 nm Au using electron beam
evaporation and a subsequent liftoff procedure.

The wave-vector distribution of the antenna’s magnetic
field can be interpreted as its excitation efficiency in wave-
vector space. In this study, the same antenna design is
used for all YIG films,chosen to operate at approximately
11 µm wavelength corresponding to a working point of
high group velocity for all YIG films investigated. Con-
sequently, large spin-wave decay lengths are expected,
minimizing losses associated with spin-wave damping,
thereby improving overall transmission efficiency. Calcu-
lated dispersion relations of the Damon-Eshbach mode,
using the TETRAX solver[28,29], along with the excitation
efficiency of the antenna are shown in Fig. 1(b). The gap
in dispersion relation for the Damon-Eshbach mode of the
209-nm-thick YIG is caused by an avoided crossing with a
higher quantized mode (see Supplemental Material [27]).
A more precise modeling of the antennas and spin-wave
resistance is carried out using the numerical simulation
model from [30]. The obtained data can be found in the
Supplemental Material [27].

III. THEORETICAL BACKGROUND

While propagating spin-wave spectroscopy is an estab-
lished technique, the extensive modeling efforts in this
field often focus on spin-wave characteristics rather than
device-level behavior. Frequently, the measured spin-wave
amplitudes are rather weak, forcing the use of various post-
processing methods such as background subtraction of the
electromagnetic background signal [22,23] or a timegat-
ing approach [24], which are not feasible for self-sufficient
rf devices. If the spin-wave signal is significantly larger
than the electromagnetic background, these postprocessing
procedures are not necessary and the spin-wave signal can
be read directly from the acquired signal. The structures
in this work are much smaller than the electromagnetic
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(a) (b)

(d) (e)

(c)

FIG. 1. (a) Schematic representation of the propagating spin-wave spectroscopy setup. The reference plane after short-open load-
through calibration is indicated. Coplanar waveguide (CPW) antenna dimensions are indicated in the scanning electron microscope
image. They are l = 100 µm long, D = 10 µm. The metal lines are w = 1 µm wide and have a spacing of s = 4 µm. (b) Dispersion
relation of the Damon-Eschbach spin-wave mode for different YIG thicknesses, calculated by TetraX [29]. The wave-vector spectrum
of the CPW antenna indicates the parts of the dispersion relation with highest excitation efficiency. (c) Exemplary measured and
calculated real and imaginary part of the reflection parameter S11 and the magnitude of the transmission parameter S21 (d) for µ0Hext =

138.7 mT on the 209-nm YIG film. The electric antenna properties are included according to Sec. III, while the calculations are
performed according to Eqs. (4) and (5). The unwrapped measured and calculated phase is shown in (e).

wavelength [30], which allows for a circuit-level analy-
sis using lumped elements. The response of the magnetic
system is accounted for by a radiation impedance term
[30,31] using the simplified analytic description given in
[31]. In the following, the essential elements of this ana-
lytic model relevant for understanding the results of this
work are reproduced here.

We consider an rf antenna as outlined in Fig. 1(a), which
provides an oscillating magnetic field around the antenna
driving the magnetization in the neighboring magnetic
material. This driven magnetization consequently induces
a voltage opposite to the voltage driving the current in
the antenna. The induced voltage oscillating at angular
frequency ω can be expressed as function of the total
magnetic flux �:

Vind =

∮

Ca

E(r)dl = −iω

∫

Sa

B(r)d2a = −iω�, (2)

with the surface Sa enclosing the current loop, Ca = ∂Sa,
and B the magnetic induction. In this approximation, the
total flux � can be separated in the flux from the current
itself, �0 = I · L0, and the flux caused by the magneti-
zation, �m = I · Lm. Here, L0 denotes the antenna’s self-
inductance, while Lm is the additional inductance intro-
duced by the generation of spin waves. This inductance

can be approximately modeled as [31]

Lm =
�m

I
= µ0

∫ ∫

hT
a(r

′)χm(r′, r)ha(r)d
3rd3r′ (3)

using the dynamic magnetic field ha and the dynamic sus-
ceptibility tensor χm, comprising the spin-wave response.
Assuming uniform magnetization profiles along the mag-
netic film thickness t and the antenna length l allows
the volume integral to be reduced to a one-dimensional
integral that can be converted to reciprocal space more
suited for analytical expression of the dynamic magnetic
susceptibility:

Lm = µ0tl

∫

hT
a(k)χ (ω(k)) h∗

a(k)
dk

2π
. (4)

The same procedure can also be extended to calculate
the mutual inductance M between two antennas medi-
ated by the spin-wave response. The derivation is identical,
apart from a phase accumulation due to the spatial sepa-
ration D introduced by a complex phase factor kD in the
integral:

M = µ0tl

∫

eikDhT
a(k)χ (ω(k)) h∗

a(k)
dk

2π
. (5)

Using this formalism, derived in [31], the calculation of
the spin-wave-induced self and mutual impedances Zsw =
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iωLm is possible using a simple analytic expression for
the magnetic susceptibility if the dynamic Oersted field
is known. Given the antenna’s minimal dimensions (up
to 1 µm thickness and width, below the skin depth), a
uniform current density can be assumed, while the spin-
wave feedback on the current distribution is neglected. An
analytical expression for the Oersted field of rectangular
wires with uniform current distribution is derived from
the Biot-Savart law in [32]. By applying the superposition
principle, the total antenna field is represented as the com-
bined contributions from individual antenna conductors,
each weighted by its corresponding current density. This
simplified description effectively captures the field distri-
bution for the system under investigation. The calculated
impedances can then be converted to S-parameters using
commonly known relations [25].

Most microwave systems are impedance-matched; devi-
ations from this value lead to reflections at the contacts,
reducing transmission efficiency. For this study, the refer-
ence impedance is chosen as 50 �. Thus, effective coupling
of energy into and out of the spin-wave system requires
a real impedance component of 50 � to minimize reflec-
tions and maximize conversion efficiency. At resonance,
the real part of the spin-wave impedance is maximized, as
is evident from Eq. (4). The prefactor in Eqs. (4) and (5)
further indicates that optimizing either the antenna length
or the magnetic layer thickness affects the impedance. If
the antenna design is known, impedance can be matched
by appropriately scaling the length of the antenna and
the thickness of the magnetic material using the equations
above. However, for the sake of comparability, the same
antenna is used for all magnetic material thicknesses in this
study.

Including the electrical properties of the antennas intro-
duces a series connection of the antenna impedance and
the spin-wave impedance as outlined in [30]. From this
analytic model, the following conclusions can be drawn.

(1) Adjusting the antenna length scales the total
impedance but does not alter the proportion of power dis-
sipated in the antenna versus the power coupled into the
spin-wave system, as both scale linearly in antenna length.

(2) Increasing the magnetic layer thickness increases
the spin-wave-induced impedance, while keeping the
antenna resistance unchanged. Therefore a larger fraction
of power inserted into the antenna is converted to spin
waves.

(3) For a given antenna, using a thicker magnetic layer
is advantageous, as it reduces the relative impact of ohmic
losses in the antenna as long as the dispersion does not
level out within the excitation efficiency of the antenna.

Additionally, the efficiency of spin-wave transducers is
influenced by losses within the spin-wave system itself. In
the Damon-Eshbach configuration, both the decay length

and group velocity of spin waves increase with film thick-
ness, reducing propagation time and therefore damping-
related losses. In the analytic model, this is described by
the exponential factor in Eq. (5), that reduces the value of
the integral via the real part of the exponent. Consequently,
to achieve large mutual coupling by the spin waves, the
distance should be as short as possible.

IV. RESULTS

A. Spin-wave transmission

In the experiment, the entire S-matrix is acquired,
enabling simultaneous analysis of the input antenna’s
reflection behavior (S11) and spin-wave transmission (S21).
Figure 1(c) illustrates the measured and calculated reflec-
tion and transmission parameters for a representative field
of 138.7 mT on a 209-nm-thick YIG film. According
to Eq. (4), the self-impedance’s frequency dependence
is determined by the dynamic susceptibility frequency
dependence weighted by the antenna field wave-vector dis-
tribution, that is shown in Fig. 1(b). The three maxima
in the antenna field wave-vector distribution consequently
result in the three maxima of the reflection coefficient
shown in Fig. 1(c). The gaps in the spectrum therefore
originate from the antenna itself rather than from possi-
ble hybridization points in the spin-wave dispersion. This
influence is explained in the Supplemental Material [27].

Using Eqs. (4) and (5), the expected reflection and
transmission spectra are calculated, applying parameters
derived from ferromagnetic resonance measurements on a
reference film: Ms = 155.3 kA m−1 and α = 4.7 × 10−4.
To account for the electrical characteristics of the antenna,
off-resonant measurements of the experimental structure
are included in series in the spin-wave impedances. The
total impedances are then converted to scattering parame-
ters using standard relations [25].

The modeled and measured reflection and transmission
spectra are shown in Figs. 1(c)–1(d). Notably, the antenna
excitation efficiency leads to three separated resonances
in reflection S11. Likewise, corresponding transmission
bands are observed in transmission S21, with higher-order
peaks being less pronounced due to decreased excita-
tion efficiency and group velocity. In addition, outside of
the spin-wave transmission bands a finite signal level is
observed due to electromagnetic (EM) crosstalk between
the antennas [33]. Figure 1(e) shows the measured and
calculated phases. As for the transmission magnitude, the
phase evolution also shows the signature of the three trans-
mission maxima, which are separated by the minima in
the antenna excitation spectrum of Fig. 1(b). Within the
spin-wave transmission band, a strong phase accumula-
tion due to the short-wavelength spin waves is measured,
while outside the band the EM contribution dominates,
whose phase does not show a strong frequency depen-
dence. Based on the phase accumulation, a discrimination
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of spin-wave transmission and electromagnetism is pos-
sible in the transmission spectra. The difference between
both accumulations is attributed to the unwrapping pro-
cedure and the slightly broader transmission band for the
calculation.

Qualitative agreement between the modeled and mea-
sured S-parameters is generally good, though the measured
data exhibit additional structural features. Consistent with
observations in [30], an extra peak at lower frequencies is
attributed to the influence of contact pads and tapered lines,
which can locally drive spin waves under a different angle
to the external field at different resonance frequencies, that
do not reach the output transducer. For the transmission,
the impact of the curved contact pads is negligible, as they
can only excite long-wavelength spin waves propagating
at an angle to the external magnetic field. Due to the angle
dependence of the spin-wave dispersion, their resonant fre-
quencies do not coincide with the transmission band of the
CPW antennas. The oscillations toward higher frequencies
are attributed to the interference between spin waves and
the EM crosstalk.

In the experiment, the operating frequency band is
not fundamentally dictated by the CPW structure but by
the spin-wave dispersion relation accessible to the wave-
vector spectrum of the CPW. Adjusting the external field
magnitude thus allows for tuning of the spin-wave trans-
mission band in frequency. As shown in Fig. 2(a) for
415-nm-thick YIG, the spin-wave transmission spectra
remain consistent across the tested field range but become
narrower at higher fields. This arises from the decreasing
group velocity of the Damon-Eshbach mode, leading to a
compression of the dispersion relation into a narrower fre-
quency band and increased propagation loss. Calculated
and measured decay lengths and propagation losses are
provided in the Supplemental Material [27].

Throughout the tested range, the maximum transmitted
spin-wave signal remains more than 20 dB stronger than
the electrically transmitted background. A further increase
of this ratio could be achieved by further optimization of
spin-wave transmission as well as by reduction of the elec-
tromagnetism, for example by using rf launch connectors
on specifically designed pads instead of rf probes on the
curved pads. To track the evolution of spin-wave transmis-
sion, Fig. 2(b) presents the maximum transmission mag-
nitude at different external fields for all tested YIG thick-
nesses. The trend is consistent across samples, showing a
clear correlation: thicker YIG films exhibit lower insertion
loss, aligning with the conclusions of Sec. III. Notably,
relative transmission magnitudes as high as −11.5 dB
are observed for the thickest YIG film, demonstrating the
potential of micrometer-scale magnonic transmission lines
also for submicrometer YIG thicknesses.

Note that a further increase in the YIG thickness does
not necessarily increase the spin-wave transmission for
a given fixed antenna geometry due to changes in the

(a)

(b)

FIG. 2. Magnitude of the transmitted spin-wave signal. (a)
Transmission spectra for different external magnetic fields coded
in color for the 415-nm-thick YIG film. The magnitude of the
directly transmitted electric signal without spin-wave contribu-
tion is indicated in black. (b) Extracted magnitudes of maximum
spin-wave transmission signal for all YIG thicknesses tested.

dispersion relation impacting on the group velocity [see
Fig. 1(b)]. In addition, according to the analytic model
of [31], the spin-wave-induced impedance increases lin-
early with the YIG thickness [see Eq. (4)], which can lead
to higher reflections. This illustrates the need for a com-
prehensive optimization strategy that requires a detailed
characterization of the loss channels, which is provided in
the following subsection.

B. Loss channels

There are multiple loss channels affecting power flow
in the studied structures. In magnonic devices, for exam-
ple, one of the dominant loss mechanisms is high reflection
loss due to impedance mismatch with the standard 50-�
microwave periphery. To systematically analyze these
losses, the first step is to quantify the total power loss. So
far, only transmitted power has been considered, given by

ǫtrans = |S21|
2 · 100%. (6)

However, the fraction of reflected power can be directly
obtained from the experiment via the S11 parameter as

ǫrefl = |S11|
2 · 100%. (7)
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The remaining power that is neither transmitted nor
reflected but is dissipated within the device is given by the
dissipation factor ǫdiss,

ǫdiss = (1 − |S21|
2 − |S11|

2) · 100%. (8)

Figures 3(a)–3(c) illustrate the relative fractions of dis-
sipated, reflected, and transmitted power for all tested YIG
films and external magnetic fields, evaluated at the fre-
quency of maximum spin-wave transmission. In all cases,
the power dissipation consistently exceeds 60%, reaching
up to 90% for thinner YIG films. Simultaneously, both the
reflected and transmitted power components are signifi-
cantly higher for thicker YIG layers. This indicates that,
despite higher reflection losses in thick YIG layers, the
overall transmission is improved by reducing the power
dissipation. This behavior can be understood in terms of
the inductive nature of the spin-wave-induced impedance,
as described by Eq. (4), and the assumption that the electri-
cal resistance of the antenna and the spin-wave impedance
are in series [see Fig. 3(d)]. As a result, a greater share
of the injected power is converted through the spin-wave
resistance rather than dissipated by the antenna ohmic
resistance. This desirable redistribution reduces the over-
all power dissipation, even as larger reflections lead to a
decrease in the total power coupled into the device. How-
ever, even in these cases, the majority of the power is still
lost. In what follows the dominant loss channels are quan-
tified to determine their individual contributions. For this
purpose, the overall efficiency of the transducer is modeled
as a product chain of the partial power transfer efficiencies
of different components or parts of the overall system:

η = ηrefl · ηohm,1 · ηNR · ηprop · ηohm,2. (9)

This product can be written as the sum of all partial losses,
following the conversion to decibels:

δi = −10 log10

(

Pi

Pavailable

)

= −10 log10(ηi), (10)

with the power transferred at this step Pi and the power
available at this step Pavailable.

The first term in Eq. (9) accounts for the impedance mis-
match and the resulting reflection losses. The terms ηohm,1

and ηohm,2 describe the power losses due to the ohmic
resistance of antennas 1 and 2, assuming a load resistance
of Rload = 50 � at the output of antenna 2. The corre-
sponding equivalent circuit is shown in Fig. 3(d), adapted
from [30]. Additionally, losses from spin waves propagat-
ing in the undesired direction ηNR are considered, with a
more detailed discussion provided in Sec. IV C. Finally,
the power losses due to spin-wave damping during propa-
gation ηprop are also estimated. This analysis is exemplarily
conducted for the 799-nm-thick YIG sample at an external

field of 139 mT, specifically at the frequency of maximum
transmission at around 6.4 GHz. Based on these condi-
tions, the individual loss contributions for this particular
case are determined as follows:

ηrefl = 1 − |S11|
2, δrefl ≈ 0.25 dB, (11)

ηohm,1 =
Rsw

Rsw + R�

, δohm,1 ≈ 3.5 dB, (12)

ηNR =

(

|S21|

|S21| + |S12|

)2

, δNR ≈ 0.3 dB, (13)

ηprop = exp
(

−2 · d

lsw

)

, δprop ≈ 0.54 dB, (14)

ηohm,2 =
Rload

Rload + R�

, δohm,2 ≈ 2.72 dB, (15)

with the extracted spin-wave resistance Rsw = Re(Z11) =

35.8 �, neglecting the length of the contact pads, the ohmic
resistance of the antenna R� = 43.6 �, and the spin-wave
amplitude decay length lsw = 336 µm, whose determina-
tion is detailed in the Supplemental Material [27].

The total quantified losses remain approximately δdiff =

4.3 dB lower than the insertion loss measured directly
in the experiment [see Fig. 3(e)]. This difference may be
attributed to several factors. Here, ηohm,1 only includes the
part of the energy that was originally coupled into the
magnetic system. However, some of this energy can be
dissipated locally without contributing to the transmission
of spin waves, for example by locally driving off-resonant
spin waves due to the finite frequency linewidth of the
spin waves and the antenna’s wave-vector distribution.
Additional sources of loss that are not considered include
non-Gilbert damping contributions [34] and effects at the
metal/YIG interface. In particular, the interface can lead
to locally increased attenuation below the antenna struc-
tures, which further increases the losses due to spin-wave
dissipation or scattering. To add to this effect, the metal-
ization can also induce anisotropies (e.g., via mechanical
strain [35]) as well as locally alter the spin-wave disper-
sion relation due to the changed electromagnetic boundary
conditions at the metalized surface, therefore introducing
a further source of loss due to spin-wave scattering at the
border of these regions.

Nevertheless, in direct comparison it becomes obvious
that in this reference case the main source of losses inside
of the transducer is caused by the high ohmic resistance of
the small current carrying lines of the antenna, amounting
to 6.2 dB in total.

Thus, to further reduce insertion loss, it is beneficial to
use antennas with lower resistance. To test this hypothe-
sis, two additional devices were fabricated with antennas
of identical design but made from aluminum instead of
gold, primarily to reduce material costs. A comparison
was conducted between antennas made from 150-nm- and
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(a)

(d) (e) (f)

(b) (c)

FIG. 3. Fraction of the supplied power, that is (a) dissipated, (b) reflected, or (c) transmitted at the point of maximum transmission
for all tested YIG thicknesses and applied external fields. (d) Equivalent circuit for the transducers adapted from [30] used for the
quantification of loss channels in (e). The difference from the measured insertion loss is marked in gray. (f) Extracted magnitudes of
maximum spin-wave transmission signal for antennas of different thickness on 799-nm YIG.

400-nm-thick aluminum. Applying the same loss quantifi-
cation approach, changes in antenna resistance influence
both reflection and ohmic losses. Employing the same
loss quantification predicts an insertion loss reduction of
approximately 1.4 dB.

Measured resistance values, obtained from the off-
resonant spectrum and an example spin-wave transmission
spectrum, are provided in the Supplemental Material [27].
Experimental results confirm an improvement of more
than 2 dB, depending on frequency, with insertion losses
below 10 dB achieved using the thicker aluminum anten-
nas, shown in Fig. 3(f). While further increasing antenna
thickness could reduce ohmic resistance even more, this
would also lower spin-wave impedances, as a larger por-
tion of the electric current would be located farther from
the antenna. This dependence on antenna thickness is dis-
cussed in the Supplemental Material and has also been
reported in the literature for out-of-plane magnetized YIG
films [36].

Despite this tradeoff, the ratio between spin-wave resis-
tance and ohmic resistance continues to increase within
the tested parameter range, suggesting further potential
for loss reduction. In a similar fashion, an increase in
the antenna metal line width is expected to decrease
the ohmic resistance and increase spin-wave conversion
efficiency. A computational study on this effect has already

been carried out in [37], demonstrating the feasibility of
this approach. Ultimately, the findings demonstrate that
the key to achieving efficient spin-wave transducers on
the microscale, particularly for submicrometer-thick YIG
films, is the use of low-resistance antennas.

C. Nonreciprocity

The experiments were conducted in the Damon-Eshbach
configuration, which enhances spin-wave radiation resis-
tance by leveraging both in-plane and out-of-plane compo-
nents of the antenna’s excitation field [38]. This improves
energy efficiency by utilizing the full field spectrum [39].
However, it also introduces a phase relationship between
the generated spin waves, requiring alignment with the
antenna field for constructive interference [40]. As shown
schematically in Fig. 4(a), this results in spin-wave excita-
tion in one direction while effectively suppressing it in the
opposite direction.

In the experiment, this directional dependence of inter-
ference manifests as nonreciprocal signal transmission, a
desired trait for many microwave applications. The mea-
sured transmission spectra confirm this, with one direc-
tion showing much lower insertion loss compared to the
other, as anticipated from theoretical predictions and pre-
vious studies [41]. An example measurement for opposite
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(a)

(b) (c)

FIG. 4. (a) Nonreciprocity: schematic illustration of spin-wave excitation in opposite propagation directions in the Damon-Eshbach
configuration. (b) Measured insertion loss for opposite propagation directions in red and blue for 415-nm YIG at an external field
µ0Hext = 142 mT. The ratio is shown in black. (c) Minimum extracted nonreciprocity ratios (NR) across the 3-dB bandwidths for all
YIG thicknesses tested.

propagation directions is shown in Fig. 4(b), along with
the isolation NR as the ratio of preferred and suppressed
direction amplitudes.

The smaller bandwidth of the spin-wave transmission
observed in the suppressed direction arises from the lower
amplitude, leading to a faster decay below the level of the
EM background signal. Toward the edges of both bands,
a phase shift of π between the spin wave and the electri-
cal signals can cause significant destructive interference,
resulting in sharp dips at the transmission band edges [Fig.
4(b)] [42]. To quantify isolation, we extract the minimum
isolation value within the 3-dB bandwidth around the peak
transmission for all external magnetic fields and YIG film
thicknesses, as this defines the lower bound of achievable
isolation in a potential device.

The extracted values, shown in Fig. 4(c), reveal that
isolation does not follow a uniform trend across all mea-
sured thicknesses as a function of the external field. This
variation likely stems from the finite difference in slope
between both propagation directions near the maximum
of S21 in Fig. 4(b). However, a clear correlation with
film thickness is observed: isolation increases sharply with
thickness, reaching up to 30 dB over the 3-dB bandwidth.
This enhanced nonreciprocity is attributed to the improved
matching between the spin precession ellipticity and the
antenna field ellipticity, maximizing interference modu-
lation. As demonstrated in [41], optimal isolation occurs
when the width of the electrical lines equals the YIG
layer thickness. Given the 1-µm-wide lines used in this

study, the highest isolation is expected for the thickest
YIG film of 799 nm. These findings highlight the poten-
tial of microstructured transmission lines for compact,
high-performance rf isolators.

D. Power dependence

In the previous subsections, all experiments were con-
ducted with a constant input rf power of P = −25 dBm. In
the linear regime, no change in transmission amplitude is
expected, as the VNA measures only the relative transmit-
ted power compared to the input power. However, when
the input power exceeds a threshold, nonlinear excitations
introduce additional loss channels in the magnonic system,
reducing the relative transmission. The results of power-
dependent transmission for the 415-nm-thick YIG sample,
shown in Fig. 5(a), indicate that at lower power levels
the spectra indeed remain unchanged. However, when the
power exceeds a certain threshold, a noticeable reduction
in transmission is observed across the entire spectrum. This
reduction is due to nonlinear spin-wave processes intro-
ducing additional losses. Furthermore, a shift of the trans-
mission maximum to lower frequencies is observed, as
the effective magnetization decreases when the precession
amplitude increases, lowering the resonance frequency at
a fixed wave vector [43].

The power-dependent performance is evaluated for all
YIG film thicknesses, as shown in Fig. 5(b), which
presents the maximum relative transmission for each

054064-8



LOSSES IN MICROSCALE SPIN-WAVE TRANSDUCERS PHYS. REV. APPLIED 25, 054064 (2026)

(a)

rf

rf

(b)

FIG. 5. (a) Measured transmission magnitude for a 415-nm-
thick YIG film at an external field µ0Hext = 84 mT for varying
input power. Due to the measurement of transmission magni-
tude relative to the input power, at higher power the transmission
appears to decrease. (b) Extracted maximum transmission for
different input powers and YIG film thicknesses. The 1-dB com-
pression points are marked for the thicker samples, while the
101-nm sample is nonlinear across the whole tested range.

applied input power. A clear trend emerges: the onset of
transmission degradation shifts to higher power levels with
increasing YIG thickness, as can be seen from the indi-
cated 1-dB compression points. Notably, the 101-nm film
shows a drop already at the lowest tested power. The shift
in 1-dB compression point is attributed to the higher group
velocity in thicker films as well as the larger magnetic vol-
ume itself, which reduces energy density in the YIG at the
same input power. The magnitude of this shift aligns well
with the expected 3 dB per thickness doubling [19], but for
thinner films the shift is larger than expected, likely due
to the lower group velocity and higher localized energy
accumulation near the antenna.

E. Permanent magnet integration

So far, the external magnetic field is always generated
by an electromagnet. This approach is not only energy-
inefficient but also unsuitable for future integrated rf
devices. To assess the feasibility of small permanent mag-
nets for future on-chip device integration, a 3 × 3 × 3 mm3

NdFeB magnetic cube is centered below the device under
test (DUT), providing a bias field in the Damon-Eshbach

FIG. 6. Measured transmission spectrum using a permanent
magnet alongside a reference measurement using an electromag-
net for the 799-nm YIG film.

configuration. Following a short-open load-through cali-
bration, the spin-wave transmission spectrum is acquired,
as presented in Fig. 6.

A comparison of the spin-wave transmission spectra
obtained with the electromagnet and the permanent mag-
net reveals that both the spectral shape and insertion loss
characteristics are nearly identical. This demonstrates that
using a small permanent magnet for biasing does not com-
promise device performance. The microscale dimensions
of the DUT facilitate usage of small permanent magnets
as external bias field source, as their size remains sig-
nificantly larger than the device active area, minimizing
the impact of field gradients and inhomogeneities. More-
over, the observed spectra correspond to a magnetic field
strength of approximately 190 mT, enabling fully passive
operation within the 8-GHz frequency band.

This observation demonstrates the feasibility of inte-
grating small magnets directly onto chips in future works,
but also enhances the system’s overall energy efficiency.
By eliminating the need for an external power source to
drive an electromagnet, the device operates in a fully pas-
sive manner, significantly reducing power consumption
and improving the practicality of standalone, fully inte-
grated systems for future applications, similarly to a fully
integrated approach recently reported in Ref. [44].

V. CONCLUSION

In this work, we presented a study on microscale spin-
wave transducers based on submicrometer YIG films. By
identifying ohmic losses as the dominant loss channel
rather than intrinsic spin-wave attenuation or reflection
losses, we were able to achieve transmission levels of
more than −10 dB. This underlines the potential for further
improvements through electrical optimization. In addition,
the devices intrinsically provide passive isolation proper-
ties with isolations up to 30 dB, a favorable trait for many
rf applications. Furthermore, the observed power depen-
dence underlines the ease with which nonlinear behavior
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can be achieved in magnetic devices. This opens up pos-
sibilities for advanced features such as nonlinear limiters
or neural networks that utilize efficient microwave-to-
spin-wave conversion. Finally, the feasibility of future
integration with small permanent magnets demonstrates
a practical path toward compact, bias-field-free magnetic
components, enabling scalable implementation in rf and
communication technologies.
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