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ABSTRACT

Delay lines (DL) are crucial components in communication systems, providing the required time delays for signal timing, synchronization,
and processing. DLs providing nanosecond-scale delays are conventionally based on acoustic waves; however, they cannot operate conve-
niently in a high-frequency range (EU 5G high-band 24.25–27.5 GHz) required by a modern generation of 5G communication technologies
to speed up data transfer. The proposed solution is to use DL based on spin-wave (SW) transmission, as SW devices allow for operation at
high-frequency ranges and can be scaled down to a few μm2. In this study, we investigate SW-based DL at the microscale at the frequency
ranges of 4, 9, and 25 GHz. The DL is based on SW transmission between a pair of 250 nm wide microwave coplanar waveguide transducers,
each with a footprint of 2:25� 100 μm2, and fabricated with varying mutual distances on a 97 nm thin yttrium iron garnet film. DLs are
tested for in-plane SW modes (Damon–Eshbach and backward volume), and depending on the parameters, the extracted delay times are in
the range of 6–165 ns. Furthermore, the insertion losses are extracted and compared to other DL concepts. Time-gating analysis of the mea-
sured transmission is performed, providing a detailed discussion of individual signal contributions to the measured spectra. Additionally,
analytical theory is employed to compare the experimental delay times with analytical calculations and to predict how to adjust the device
parameters to obtain variable time delays.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0286108

I. INTRODUCTION

Communication systems urgently need to speed up data trans-
fer due to the increasing number of active user devices every year.1

Therefore, the aim of modern 5G technology systems is to move from
standard frequency ranges (e.g., EU 5G low-band 694–790MHz and
mid-band 3.4–3.8 GHz) to high-frequency ranges (e.g., EU 5G

high-band 24.25–27.5 GHz). However, moving to higher frequency
ranges is challenging for many radio frequency (RF) devices, such as
filters, limiters, and delay lines that are conventionally used at lower
frequency ranges.2

Delay lines (DLs) are two-port devices that delay signal trans-
mission by a fixed amount of time to synchronize signals. This is
crucial for error reduction in signal processing, timing, and phase
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shifting, especially in multi-band and multi-antenna systems used
in modern 5G communication systems.2

In telecommunication systems, either photonic or acoustic
DLs are conventionally used for on-chip signal processing applica-
tions. DLs based on photonic integrated circuits (PICs)3–7 leverage
the propagation of light through optical waveguides and offer
several advantages, including broadband operation, performance
up to THz frequency range, and small insertion losses. However,
since on-chip PIC-based DLs provide delay times in the ps range, it
remains challenging to simultaneously achieve tunability, longer
delay times (at th ns range), and a small device footprint.3,4

The synchronization requirements and delay compensations
needed for 5G networks are from picoseconds to a few hundred
nanoseconds.8,9

Therefore, searching for a technology providing longer delay
times is of interest. One of the suitable candidates are acoustic
DLs based either on surface acoustic waves (SAWs)10–18 or on bulk
acoustic waves (BAWs).19–22 SAW-based DLs can provide delay
times in the range of a few ns up to several hundred ns. However,
they can operate conveniently only in the low GHz range (approx.
up to 3 GHz11) because of the significantly increasing damping of
acoustic waves with increasing frequency, resulting in high inser-
tion losses.12 Additionally, operating SAW DLs at higher frequen-
cies requires proportionally smaller interdigitated transducers
(IDTs), which poses significant challenges for conventional optical
lithography techniques used for their fabrication.13 Compared to
SAW-based DLs, BAW-based DLs can provide significantly longer
delay times in the range of a few hundred ns up to several hundred
ms, and they can also operate at slightly higher frequency ranges
(up to approximately 6 GHz).23 However, BAW-based DLs suffer
from complicated fabrication due to the high requirements for
BAW isolation from the substrate and increasing damping with
increasing frequency.13

Therefore, it is of interest for the next generation of communi-
cation technology to search for a DL capable of operating in the
high frequency range (around 25 GHz) and simultaneously provid-
ing longer delay times (in the ns range). One possible solution can
be DLs based on spin-wave (SW) transmission, as they allow effec-
tive operation at high-frequency ranges with provided delay times
in the ns range. Moreover, SW-based DLs are frequency flexible
(the same device can operate at any frequency range defined by the
external magnetic field), are easy to fabricate, and allow for device
miniaturization.2,24 Additionally, SW-based devices provide multi-
functionality, meaning that a single SW device can simultaneously
work as a delay line, filter, and power limiter.24 Furthermore, the
delay time can be precisely tuned by the choice of the magnetic
material (sample thickness, saturation magnetization), antenna
design (mutual distance between the antennas), and applied mag-
netic field, determining the frequency range and SW mode.25–29

However, in the past, SW-based DLs have been investigated mostly
at the macroscale,30–36 in the centimeter and millimeter ranges, and
in the low-frequency ranges (up to 5 GHz). Only recently, in 2023,
Li et al.37 demonstrated nanoscale spin-wave delay lines based on
100 nm thin YIG films, employing coplanar-waveguide (CPW)
antennas with a width of 200 nm and a length of 30 μm. These
devices, characterized in the Damon–Eshbach (DE) mode up to
14 GHz, exhibited delay times of 23, 47, and 96 ns at 10 GHz for

propagation distances of 5 μm, 10 μm, and 20 μm, respectively.
Nevertheless, the reported devices exhibit high insertion losses
exceeding 50 dB, were not characterized in the desired high-
frequency range up to 25 GHz, and were tested exclusively for the
Damon–Eshbach mode. However, the backward volume mode is
particularly relevant for 5G high-band applications, as it exhibits
significantly lower insertion losses at 25 GHz compared to the
Damon–Eshbach mode.24

In this study, we investigate nanoscale DLs based on the spin-
wave transmission between a pair of 250 nm wide microwave CPW
transducers, each with a footprint of 2:25� 100 μm2, of different
mutual center-to-center spacings, which are fabricated on the
97 nm thin yttrium iron garnet (YIG) film. The DLs are tested in a
broad frequency range of 4, 9, and 25 GHz for both in-plane SW
modes—Damon–Eshbach (DE, applied field is perpendicular to the
SW propagation) and backward volume (BV, applied field is paral-
lel to SW propagation). To extract the delay time, a time-gating
analysis of the measured SW transmission is performed, providing
a detailed discussion of the various signal contributions, including
electromagnetic leakage, and explaining the oscillations in the mea-
sured SW spectra. The extracted delay times are compared with
analytical calculations, and the possibility of obtaining variable
delay times by tuning the device parameters (such as sample thick-
ness, or using different SW modes) is discussed. Furthermore, the
quantitative comparison of the extracted insertion losses is pre-
sented and compared to other DL devices. To explain the different
delay times and insertion losses observed for the two spin-wave
modes, calculated dispersion relations, group velocities, lifetimes,
and decay lengths are provided for both modes.

II. NANOSCALE SW-BASED DELAY LINES

The DL devices consist of CPW transducers and a magnetic
film. As a magnetic medium, the 97 nm thin liquid phase epitaxy
(LPE) grown YIG film on h111i gallium gadolinium garnet (GGG)
is used because of favorable damping characteristics,38 resulting in
long propagation distances of spin waves. On top of the YIG layer,
the microwave transducers are fabricated using PMMA resist and
e-beam lithography, followed by metal evaporation (10 nm Ti,
320 nm Cu, 20 nm Au) and lift-off. The fabricated transducers
consist of three fingers, each 250 nm wide with 750 nm spacing,
and a length of 100 μm. The center-to-center distance between the
transducers is 3, 7:5, and 52:5 μm, and their total thickness is
350 nm; see Fig. 1.

The microwave transducers are connected via picoprobes and
coaxial cables to the vector network analyzer (VNA), which gener-
ates and detects microwave signals (electromagnetic waves, EM).
For characterization of DLs, propagating spin-wave spectroscopy
(PSWS)24,39,40 is used. The principle is the following: the DL device
is located in the external magnetic field, and the microwave current
generated by the VNA is sent to the input transducer. The micro-
wave current creates an alternating magnetic field around the trans-
ducer, which interacts with the magnetic moments in the magnetic
layer beneath. If the frequency of the microwave current matches
the SW dispersion relation (determined by the external magnetic
field and material parameters, see Appendix A), spin waves are
generated, and they propagate in the magnetic film. When they
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reach the output transducer, the alternating magnetic field (created
by magnetic moment precession) induces a voltage in the output
transducer, which is detected by the VNA. The transmitted SW
signal can be represented by the scattering parameter S21, which is
the ratio of the detected and generated signals.

The time delay Td is determined by the SW group velocity vg
and the distance D between the transducers,

Td ¼ D
vg
: (1)

The SW group velocity is a derivative of the SW dispersion relation

vg ¼ 2π@f
@k

, (2)

which is calculated from the analytical model of Kalinikos and
Slavin,41 see Appendix A.

III. MEASUREMENTS AND DATA ANALYSIS

We characterize the fabricated DLs described in the previous
section using the time-gating analysis.37,42–46 SW transmission is
measured using VNA in the frequency domain,24,39,40,42,47,48 and
then the inverse Fourier transform (IFT) is applied to convert the
measured data into the time domain. This emulates propagation of
a very short pulse (with the duration being the inverse frequency

band accounted for in the calculations—see Appendix B) and
allows for distinguishing all the possible contributions to the trans-
mission. The analysis of a finite-length pulse propagation is dis-
cussed later. In the time domain, we identify and extract the signal
of interest, a peak whose amplitude corresponds to a specific delay
time Td. To gain deeper insight into the time-domain data, the
Fourier transform (FT) of the signal of interest (extracted peak
with annulled surroundings) is applied to convert this signal back
to the frequency domain for comparison with the original data.
This time-gating analysis enables the identification of the individual
signal contributions and their origin in the measured transmission,
allowing for further optimization of SW devices by eliminating
unwanted signal components. Please note that the time-gating
analysis is applicable only to time-invariant linear systems.

Moreover, in many cases, the SW signal in the measured
transmission is very weak, particularly in a few-nanometer-thick
structured YIG films. The standard procedure to eliminate parasitic
signals (e.g., electromagnetic leakage) typically involves subtracting
the reference transmission (measured at different magnetic fields)
from the transmission of interest, which is both time-consuming
and prone to inaccuracies. Compared to this standard method of
background subtraction, time-gating is highly efficient in finding
the signal of interest in the measured transmission spectrum in the
frequency domain.

The time-gating analysis of all signal contributions in the
transmission spectra measured using transducers with a center-to-
center distance of 7:5 μm, at 71mT in DE mode is shown in Fig. 2.
The VNA parameters used are input power �30 dBm, bandwidth
1 kHz, frequency step 200 kHz, and no averaging. The measured
SW transmission in the frequency domain (original raw data) at
3–5 GHz is plotted in gray in the bottom row in Fig. 2(a). The IFT
of the measured (raw) data in the time domain is also plotted in
gray in the middle row in Fig. 2(a). The signal of interest in the
time domain is highlighted in color for each column, and its FT is
plotted in the same color in the frequency domain. In the following
text, the individual signal contributions, depicted in the top row in
Fig. 2(a), are described.

† The first column I. The fastest signal that is detected by the
second VNA port is the electromagnetic leakage, i.e., the cross-
talk between the transducers.49 The electromagnetic leakage
creates the background in the frequency domain, and it is of
interest to reduce it as much as possible to have the best signal-
to-noise ratio for the SW signal.

† The second column II. After the electromagnetic leakage, the
main SW signal takes place. Compared to electromagnetic
leakage, the SW signal is slower as it propagates at a speed of
the SW group velocity (in this case vg ¼ 598m=s) from the
input to the output transducer. This propagation defines the
delay time Td, which is extracted from the measured data as
Td ¼ 13:6+ 3:2 ns. The theoretical delay time T�

d , determined
by the distance between the transducers and the SW group
velocity [see Eq. (1)], is T�

d ¼ 12:5 ns and agrees well with the
experimental one. The SW signal maximum (�27 dB) is 29 dB
larger than the median value of the electromagnetic leakage
(�56 dB) extracted at the frequency range of the SW signal
(3.8–4.3 GHz).

FIG. 1. SEM images of SW-based DLs consisting of microwave transducers on
the YIG film. The lengths of the transducers are 100 μm, and both signal (S)
and ground (G) conductors are 250 nm wide and 750 nm apart from each other.
The center-to-center distance D between the transducers is (a) D ¼ 3 μm, (b)
D ¼ 7:5 μm, and (c) D ¼ 52:5 μm. Spin-wave propagation between the input
and output transducers and the signal conversion between electromagnetic
(EM) and spin-wave (SW) signals are indicated in (c).
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† The third column III. The next signal contribution appears as an
interference of two signals. We see a pronounced beating in the
time domain with a period ΔT � 2 ns, as evidenced in the
zoomed-in signal profile in Fig. 2(d). The reconstructed spec-
trum of this signal of interest contains two peaks, one at the
same frequency position as the main SW peak discussed just
above (around 4 GHz) and the second at about 4.5 GHz.
Frequency separation between the peaks Δf � 0:5 GHz gives the
period of beating in the time domain ΔT ¼ 1=Δf . Both of these
peaks originate from the SW signal. The frequencies (f ) and
wavenumbers (k) of the generated spin waves in the measured
transmission [gray curve in Fig. 2(c)] are determined by the
intersection of the SW dispersion relation [black curve in

Fig. 2(c)] and transducer excitation spectra Jexc [blue curve in
Fig. 2(c)]; see Appendix A for more details. The main SW
signal contribution in the measured data is from the first peak
in the excitation spectra at k ¼ 3:1 rad=μm (wavelength
λ ¼ 2:026 μm), and the side contribution is from the second
peak ks ¼ 9:3 rad=μm (λs ¼ 0:675 μm). The SW group velocities
differ within the main peak (vg ¼ 598m=s) and side peak
(vg,s ¼ 316m=s). Theoretical delay for shorter SW (secondary
peak) is T�

d, s ¼ D=vg,s ¼ 23:8 ns, close to the measured one
Td ¼ 29:5+ 4:5 ns. Thus, the signal from the second peak in
the excitation spectra is the SW signal at a smaller wavelength
that propagates as a common one-way from the excitation
toward the detection transducer. The nature of the signal at the

FIG. 2. (a) In the top row: Different signal contributions—the electromagnetic leakage (the curved arrow in I.), the SW signal with small wavenumbers that undergo reflec-
tions from the transducers (straight arrows in II., III., IV., and V.), and the SW signal with large wavenumbers (double-arrow in III.). In gray, the bottom row: Measured SW
transmission using the transducers with the distance of 7:5 μm in DE mode. In gray, the middle row: The IFT of the measured transmission to the time domain. In color:
The signal of interest in the time domain is highlighted in color, and its FT with the annulled background back to the frequency domain is highlighted in the same color. In
columns: The individual signal contributions are highlighted and compared to the original data in each column. (b) The interference of two signals causes the oscillations
in the measured SW transmission (in gray). The signal contributions in the time domain are highlighted in light green for the main SW peak and in dark green for the side
SW peak. (c) The SW transmission (in gray) occurs at the frequency range that matches the intersection of the SW dispersion relation (in black) and the transducer excita-
tion efficiency (in blue). The arrows symbolizing the individual signal contributions in (a) are assigned to the first and second peaks in the excitation spectra. (d) The
details of the interference of two SW signals with different wavenumbers in the time domain in III. The distance between two maxima in the time domain (2 ns) corresponds
to the distance in frequency between the main and the side SW signal, as highlighted in dark cyan in (c).
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main excitation peak is more nontrivial. To match theoretical
delay time with the experimental one, we need to assume
that the signal propagates the doubled distance, i.e.,
T�
d ¼ 2D=vg ¼ 25:0 ns. Thus, the signal from the first peak of

the excitation spectra originates from the SWs that travel from
the excitation transducer toward the detection transducer and
back. We assume that this signal contribution is present in the
measured transmission due to the interference of this reflected
SW signal with the electromagnetic leakage signal that is being
generated at the emitting transducer and detected at the output,
as we are operating at the continuous-wave (CW) mode.
Because the two aforementioned delay times are similar, the
interference occurs, see Fig. 2(d). Both discussed contributions
are weak compared to the main SW peak (column II)—24:5 dB
smaller for the second excitation peak contribution and 28:2 dB
smaller for the double reflected signal.

† The fourth and the fifth columns IV. and V. In the fourth and
fifth columns, the SW signals with two and three reflections
from the transducers are highlighted. Its theoretical delay times
T�
d ¼ 3D=vg ¼ 37:5 ns and T�

d ¼ 4D=vg ¼ 50:0 ns agree reason-
ably with the experimental one Td ¼ 41:0+ 5:2 ns and
Td ¼ 53:0+ 3:1 ns. The differences between the contributions
from the signals with two reflections (�48 dB) and three reflec-
tions (�61 dB) from the transducers are 21 and 24 dB compared
to the main SW signal maximum (�27 dB). We assume that,
also in this case, the SW signal with three reflections is present
in the measured transmission due to the interference with the
electromagnetic leakage when reaching the emitting transducer.

Based on this analysis, the main SW signal exceeds the electro-
magnetic leakage by 29 dB, the side peak from the second excita-
tion maxima by 24:5 dB, and the contribution from two reflections
on the transducers by 21 dB. Therefore, despite the presence of
these parasitic signals, the DL performance remains good, with a
margin exceeding 20 dB.

Moreover, this time-gating analysis is particularly useful for
understanding the original data measured in the frequency domain
(in gray). Both the main and the side SW signals exhibit some oscilla-
tions; see Fig. 2(b). These oscillations are caused by the interference of
two signals. To explain their origin, an IFT must be performed simul-
taneously for two signals of interest with an annulled background.

The oscillations observed in the main SW peak arise when the
IFT is calculated from the superposition of the SW signal propagat-
ing once between the transducers and the signal undergoing three
round trips between them. These contributions in the time domain
are highlighted in light green in Fig. 2(b). For certain applications,
such as SW-based filters, it is essential to minimize these oscilla-
tions to achieve a well-defined peak shape, ideally as close as possi-
ble to a rectangular profile. The oscillations originate from SW
reflections at the interface between the metal transducers and the
YIG film, and can be suppressed by introducing an insulating layer
between the transducers and the film. However, a trade-off arises:
while a thicker insulating layer reduces the reflections more effec-
tively, it also decreases the efficiency of SW excitation and detection
due to the increased separation from the YIG film. Alternatively,
parasitic reflections can be mitigated by fully metallizing the YIG
film in DE mode35,50 and employing the “inverse approach,” in

which the entire surface is covered by metals except for the
antenna gaps. Another potential strategy is the use of antennas
with a gradual increase in thickness, enabling the SWs to adapt
progressively and thereby reducing reflections through a smoother
transition in wavenumber.

The oscillations in the side peak are caused by the interference
between the SW signal originating from the second peak in the
excitation spectrum and the electromagnetic leakage, as highlighted
in dark green in Fig. 2(b). While the electromagnetic leakage inter-
feres with all signal components, pronounced oscillations appear
only when the SW signal is comparable to or smaller in magnitude
than the electromagnetic leakage. Therefore, for SW devices, it is
crucial to minimize electromagnetic leakage as much as possible,
thus achieving a better signal-to-noise ratio and avoiding unwanted
oscillations in the signal of interest. Electromagnetic leakage can be
reduced by optimizing the transducer design, particularly the trans-
ducer pads used for contacting the picoprobes.

A real device is operating with finite-length pulses51 (units up
to tens of nanoseconds) that have relatively narrow frequency spectra
rather than a wide uniform spectrum in the whole measurement
band (which mimics in our case a pulse of just 0:5 ns length, as we
take 2 GHz band into consideration). To analyze transmission of
such pulses, we consider a normalized 10 ns long Gaussian pulse
[Fig. 3(a)] and 5 ns long square pulse [Fig. 3(e)] at the carrier fre-
quency of 4.1 GHz. The calculations are done in a standard way—
the pulse frequency spectra [blue curves in Figs. 3(b) and 3(f)] are
multiplied by the amplitude-frequency characteristics of the delay
line, which is nothing else than the measured frequency-dependent
SW transmission in continuous mode [gray curves in Figs. 3(b)
and 3(f)]. The resulting spectra of the transmitted signals [dark blue
curves in Figs. 3(c) and 3(g)] are then converted back to the time
domain using IFT, where they are compared with the original data;
see Figs. 3(d) and 3(h).

From this comparison, it is visible that the second peak
(at about 30 ns delay) is suppressed for both excitation pulses
(Gaussian and square), because the second excitation maximum in
the antenna spectrum lies outside the signal bandwidth and there-
fore does not contribute to the transmission. Also, the oscillations
of the transmitted signal are suppressed for the same reason. The
suppression of the second peak is more pronounced when using
the Gaussian pulse, as there are no side products in the frequency
domain compared to the square pulse; see blue curves in Figs. 3(b)
and 3(f ). Other peaks, with a delay of about 41 and 53 ns, are still
there, meaning that these peaks originate from the SW signal that
undergoes multiple reflections. At the same time, these side peaks
are at least 10 times in amplitude (i.e., 20 dB) smaller than the
main one. In addition, the main peak distortions and dispersion
spreading are weak. These two features prove that the SW-based
DL is able to operate in the ns-pulse regime, preserving the well-
defined pulse structure and delay time.

To construct an effective SW-based DL, it is essential to sup-
press both electromagnetic leakage and signals arising from SW
reflections at the transducers. The desired signal for DL applica-
tion is the SW signal from the main peak, which propagates only
one-way from the excitation to the detection transducer, and is
more than 20 dB larger than the other contributions. In the fol-
lowing text, we focus solely on this main SW signal.
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We performed systematic measurements using the fabricated
DLs with different center-to-center distances between the transduc-
ers. The measured SW transmissions for both SW modes and all
investigated frequency ranges are plotted in gray in Fig. 4(a). The
IFT of the measured SW transmission to the time domain is also
plotted in gray in Fig. 4(b). The signal of interest in the time
domain is highlighted in color (green for DE and red for BV). The
FT of this signal is plotted in the same color in the frequency
domain in Fig. 4(a). The signal of interest is the main SW signal
that propagates from the excitation transducer toward the detection
transducer. It is a pure SW signal with no electromagnetic leakage
and no contributions from other SW signals, such as the reflected
ones or those with different wavelengths. The delay time Td is
extracted from the normalized SW amplitude at the peak maxima.
The signal amplitude in the time domain is normalized for better
peak visibility. This analysis, shown in Fig. 4(b), clearly demon-
strates that SW-based microscale DLs work in the broad frequency
range up to 25 GHz, providing different delay times depending on
the transducer distance and SW mode.

The comparison of the SW delay time in the time domain for
both SW modes is shown in Fig. 5(a). The delay times are extracted
from the measurements in Fig. 4(b) for all investigated frequency
ranges and SW modes, except the DE mode at 25 GHz, as no SW
signal was found in the time-domain spectrum. The experimental
delay times (solid lines) are compared with the theoretical delay
times (dashed lines) obtained from analytical calculations using the
Kalinikos–Slavin41 model, as described in Appendix A. The applied
magnetic fields used in the calculations, together with the group
velocities, calculated using Eq. (2), and extracted at k ¼ 3:1 rad=μm,
are depicted in Table I. The theoretical delay times T�

d , calculated

using the corresponding group velocity and transducer distance
[Eq. (1)], and the experimental delay times Td are depicted in
Table I for all investigated distances D between transducers, fre-
quency ranges, and SW modes.

From Fig. 5(a) and Table I, it is visible that the analytical
calculations agree well with the delay times extracted from the mea-
surements. As expected, the larger the distance between the trans-
ducers, the longer the delay time. With increasing frequency, the
delay time increases for DE and decreases for BV. This is because
the group velocity increases for DE and decreases for BV with
increasing frequency; see Fig. 6(b) in Appendix A.

The comparison of the insertion losses of the presented DL
devices is shown in Fig. 5(b) and Table I. The values are extracted
from the raw data at the peak maxima. As expected, the insertion
loss increases with larger transducer distance due to damping
during spin-wave propagation. This trend holds for all cases, except
for the BV mode at a distance of 3 μm, which exhibits a slightly
higher insertion loss than at 7:5 μm. The deviation can be attrib-
uted to imperfections in the fabricated transducers.

To explain the frequency dependence of the insertion losses,
three factors must be considered: the SW group velocity, lifetime,
and the efficiency of excitation and detection by the transducers.
The SW lifetime is inversely proportional to frequency and
decreases for both SW modes, see Fig. 6(c) and Table I. In the case
of DE mode, the group velocity also decreases with increasing fre-
quency [see Fig. 6(b)], which leads to larger insertion losses at higher
frequencies. In contrast, for the BV mode, the spin waves are getting
faster with increasing frequency [see Fig. 6(b)]. However, this
increase in group velocity is not enough to compensate for the
decrease in the lifetime, and the decay length for the BV mode also

FIG. 3. (a)–(d) Calculated 10 ns Gaussian pulse: (a) normalized time-domain waveform; (b) pulse spectrum (blue) with measured SW transmission (gray) using the trans-
ducers with the distance of 7:5 μm in theDE mode; (c) product of pulse spectrum and transmission (dark blue) vs transmission (gray); (d) inverse Fourier transform (IFT)
to the time domain of the transmission (gray) and the product (dark blue). (e)–(h) Calculated 5 ns square pulse: panels analogous to (a)–(d).
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decreases with increasing frequency; see Fig. 6(d) and Table I.
Nevertheless, the impedance matching improves for the BV mode
with increasing frequency, as it can be derived from the theoretical
model presented by Bruckner et al.52 In both cases, the combination
of these three factors explains the observed trends: with increasing
frequency, the insertion losses increase for the DE mode and
decrease for the BV mode, indicating that operation in the BV mode
is more favorable at higher frequencies.

The comparison of DL characteristics—material dimensions,
transducer size and spacing, operating mode and frequency, delay
time, and insertion loss—is presented in Table II. Compared to
macroscale YIG devices with millimetre-scale samples and trans-
ducer lengths, the insertion loss of the present device is higher (by
14.2 dB relative to Fetisov et al.33); however, the YIG film is more
than 160� thinner than in Ref. 33. In contrast, relative to the

nanoscale YIG devices of Li et al.,37 the presented DL exhibits a
substantially lower insertion loss (by 27 dB). Acoustic DLs (SAW/
BAW) generally achieve lower insertion losses but can conveniently
operate only in the low-frequency range.

In general, the insertion losses of the presented DL devices are
higher than 20 dB; however, if the DL device were used at a single
frequency, the signal would exhibit a 20 dB margin over the back-
ground. The insertion loss can be significantly reduced—potentially
down to 3 dB2—by optimizing the transducer design52–55 and by
increasing the thickness of the YIG film.

IV. DISCUSSION

As there is a good match between the experimental results and
the analytical theory (summarized in Appendix A), the theory can

FIG. 4. (a) In gray: Measured spin-wave (SW) transmission using the transducers with center-to-center distance of 3 μm (first row), 7:5 μm (second row), and 52:5 μm
(third row). The SW transmission is measured at 4, 9, and 25 GHz with a frequency span of 2 GHz for both Damon–Eshbach (DE) and backward volume (BV) modes.
The VNA parameters used: power �30 dBm, bandwidth 1 kHz, frequency step 200 kHz, and no averaging. The applied magnetic fields are depicted in Table I. In color:
the Fourier transform of the signal of interest extracted in the time-domain in (b) with annulled surroundings, back to the frequency domain (highlighted in color, green for
DE and red for BV). (b) In gray: The inverse Fourier transform of the measured SW transmission in (a) to the time domain. The SW amplitude in the time domain is nor-
malized for better signal visibility. In color: The signal of interest (SW signal) is highlighted in color. The time delay Td is extracted at the SW signal maxima.
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be implemented to predict and optimize the DL parameters to
achieve specific delay times.

† To achieve shorter delay times, the simplest approach is to position
the transducers as close to each other as possible; see Fig. 5(a).
However, this approach has practical limitations, making it
essential to explore strategies to maximize the SW group velocity.

For dipolar spin waves (at large wavelengths), the group velocity
increases with both the magnetic film thickness and the satura-
tion magnetization. Doubling the thickness of the magnetic film
results in an approximately twofold higher SW group velocity,
thereby reducing the delay time by half. The only drawback
is the increase in bulkiness of the device. The saturation magneti-
zation of single-crystalline YIG films can be increased by substi-
tuting Nd and Pr ions; however, such substitutions drastically
increase the damping. Therefore, a more effective approach to
increase saturation magnetization would be the replacement of
the iron ions on the octahedral lattice sites with diamagnetic
ions such as Sc and In.56,57 Another approach can be to use mag-
netic materials with higher damping, such as nanocrystalline
YIG films, whose magnetization can be increased by doping with
rare earth ions59 or using different magnetic materials with higher
saturation magnetization, such as CoFeB or NiFe. However, this
would lead to a decrease in signal magnitude as a result of the
enhanced damping compared to the single-crystalline YIG films.
Nevertheless, this effect might be less pronounced when the prop-
agation distance between the transducers is very small. For
exchange spin waves (at short wavelengths), an increase in group
velocity can also be achieved with Ga-substituted YIG (Ga:YIG),
which exhibits substantially higher vg owing to its enhanced
exchange stiffness, despite its lower Ms.

58 To further increase the
group velocity, it is preferable to use the DE mode when operating
in a lower frequency range and to use the BV mode in a higher
frequency range; see Fig. 6(b), which agrees well with the results
obtained in Ref. 24. An option to increase the SW group velocity
for the DE mode is to add a metalized surface to the YIG film.35,50

† To achieve longer delay times, there are two solutions: (i) to place
the transducers further away from each other [see Fig. 5(b)] or
(ii) to operate at a lower SW group velocity. Both the solutions

FIG. 5. (a) Experimental delay time (solid line) extracted from Fig. 4(b), and
theoretical delay (dashed line) time calculated using Eq. (1). (b) Insertion losses
obtained from the maxima of the SW transmission bands. All values are calcu-
lated/extracted for Damon-Eshbach (DE, in green) and backward volume (BV, in
red) for distances between the transducers of 3, 7.5, and 52:5 μm.

TABLE I. Overview of the key parameters characterizing SW-based delay lines for Damon–Eshbach (DE) and backward volume (BV) modes at 4, 9, and 25 GHz. The table
lists the applied magnetic fields B, calculated group velocities vg, SW lifetimes τ, decay lengths δ at k = 3.1 rad/μm; the theoretical delay time T�

d derived from the calculated
group velocity and the center-to-center distance between the transducers D; and the experimental delay times Td and insertion losses IL extracted from measurements for
transducers with distances of 3, 7.5 and 52.5 μm.

4 GHz 9 GHz 25 GHz

DE BV DE BV DE BV

D (μm) B (mT) 71 87 244 255 807 823
vg (m/s) 598 308 298 429 145 508
τ (ns) 192 173 89 86 32 32
δ (μm) 115 54 26 37 5 16

3 T�
d (ns) 5.0 9.8 10.1 7.0 20.8 5.9

Td (ns) 6.0 ± 2.0 8.6 ± 4.0 9.7 ± 3.5 7.3 ± 2.7 18.0 ± 3.8 6.5 ± 2.2
IL (dB) 23.7 34.8 22.9 30.3 33.3 28.1

7.5 T�
d (ns) 12.5 24.4 25.2 17.5 51.9 14.8

Td (ns) 13.6 ± 3.2 24.5 ± 7.3 26.7 ± 4.8 18.2 ± 3.5 46.5 ± 3.1 15.1 ± 2.9
IL (dB) 27.1 36.9 25.7 31.0 34.0 26.8

52.5 T�
d (ns) 87.8 170.7 176.3 122.5 363.2 103.4

Td (ns) 82.0 ± 14.1 154.5 ± 21.8 158.4 ± 14.9 111.5 ± 16.7 … 95.0 ± 9.8
IL (dB) 36.4 52.4 40.7 48.0 … 44.5
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inevitably lead to an increase in insertion losses, as it is deter-
mined by the delay-to-damping ratio; thus, low-damping YIG
becomes even more preferential for long-delay DLs. The solution
(ii) benefits from smaller device sizes and appears to be more pre-
ferred. Lower SW group velocity can be achieved by a choice of
the SW mode, as already discussed above, or by restricting the
YIG film to multiple waveguides (if operating at small SW wave-
numbers). The SW group velocity can also be tuned by the shape
and size of the transducers, determining the SW wavenumber
(the narrower the transducer, the higher the wavenumbers that
can be excited). The dispersion relation is usually the steepest for
the dipolar spin waves (the region with the smallest wavenumbers)
and for exchange spin waves (the region with high SW wavenum-
bers), leading to large group velocities; see Figs. 6(a) and 6(b).
However, when operating in between these two regions at dipolar-
exchange spin waves, the group velocity can be very small, provid-
ing very long delay times. Another approach to lower the SW
group velocity for dipolar spin-waves is to reduce the saturation
magnetization of the YIG films by substituting diamagnetic ions,
such as Ga or Al ions, for iron ions on the tetrahedral sublattice.60

† To achieve the dynamical adjustment of the SW DLs, it is possi-
ble to tune their frequency range by the magnitude of an applied
field, and their delay time by the direction of an applied field
(i.e., operate at DE, BV, or at any other spin-wave mode).2

† To achieve small insertion losses and a good signal-to-noise ratio
of the SW DL, it is necessary to decrease the electromagnetic
leakage and enhance SW excitation and detection efficiency.
Both can be done by optimizing the transducer design and
increasing the thickness of the YIG film.52–55,61–63

† Need for high magnetic fields at 5G high-band. To operate at
25 GHz using YIG films, an applied magnetic field exceeding
800 mT is required, which poses a significant challenge for

integration into communication technologies. To enable practical
operation at 5G high-band, three main strategies can be consid-
ered.2 The first is the use of magnetic materials with high crystal-
lographic anisotropy, such as barium hexaferrites64 or materials
with perpendicular magnetic anisotropy (PMA).65,66 However,
these materials exhibit higher damping than YIG films, resulting
in increased insertion losses. The second approach involves
self-biased magnetic structures based on shape anisotropy, e.g.,
nanowaveguides.67,68 For YIG-based devices, however, achiev-
ing 25 GHz operation by this method is challenging, as shape
anisotropy generally provides bias fields of only a few tens of
mT. The third strategy is the integration of on-chip permanent
micromagnets, such as NdFeB.69,70 A first proof-of-concept
self-biased phase shifter based on spin-wave transmission in a
CoFeB waveguide incorporating permanent micromagnets was
demonstrated by Cocconcelli et al..71

V. CONCLUSION

In summary, we have realized the microscale DL based on SW
transmission in the 97 nm thin YIG film. Three different DL
devices are fabricated and tested, consisting of a pair of 250 nm
wide transducers, each with a footprint of 2:25� 100 μm2, with
center-to-center distances of 3, 7:5, and 52:5 μm. The DLs are
tested in the frequency range up to 25 GHz for the in-plane SW
modes, DE, and BV, and their delay times are extracted by time-
gating analysis. The shortest and longest delay times obtained at
25 GHz are 6:5+ 2:2 ns and 95:0+ 9:8 ns using the DLs with the
smallest and largest distances of 3 and 52:5 μm and operating in
the BV mode, with corresponding insertion losses of 28:1 and
44:5 dB. The extracted delay times agree well with analytical predic-
tions based on the Kalinikos–Slavin dispersion; group velocities

TABLE II. Overview of DL devices providing nanosecond-scale time delay based on spin waves and acoustic waves. For each source, the first author or company name is
listed. The Sample block reports the material, planar size, and thickness t. The Transducers block gives the transducer width w, length L, and center-to-center distance D
between the transducers. Under the Characteristics, propagation mode is provided [for SW-based devices: Damon-Eshbach (DE), backward volume (BV), and forward volume
(FV); and for acoustic devices: Surface Acoustic Waves (SAW) and Bulk Acoustic Waves (BAW)], the operating frequency f, the delay time Td, and the insertion losses IL.
Blank entries indicate values not stated in the original sources.

Sample Transducers Characteristics

Source Material Size (mm) t (μm) w (μm) L (mm) D (mm) Mode f (GHz) Td (ns) IL (dB)

Bardai30 YIG 11 × 3 4.5 30 3 BV 1–5 350 30
Adam31 YIG 4 × 3 7 50 DE 1.0–1.5 45 25
Bajpai32 YIG 5 20 50 10 FV-BV 9.3–10.2 80–160 20–40
Fetisov33 YIG 2.16 × 16 15.7 50 2.5 10 DE 4.5–5.0 83–100 8.8
Etko34 YIG 2 × 40 65 50 8 10 DE 5–9 4–18 10–20
Li37 YIG thin film 0.1 0.2 0.03 0.005–0.02 DE 8–15 23, 47, 96 50
This work YIG thin film 0.097 0.25 0.1 0.003–0.0525 DE/BV 4, 9, 25 6–165 23-52
Sarabalis10 LiNbO3 0.014 × 1.2 0.25 10 0.017 0.05–1.2 SAW 1.2–3.3 300 14.3
Lu11 LiNbO3 0.49 7.4 0.0048–0.0144 0.02–0.32 SAW 5 15–109 7.9
Microsaw17 LNO SAW 2.595 1200 31
Qorvo18 SAW 1.96 450 22
Defranould19 ZnO, AIN BAW 1–10 200–15 000 20–90
Yin20 LiTaO3 500 3000 5 9.5, 14 BAW 0.819 1680, 2460 <1
Teledyne22 Sapphire, quartz BAW 0.3–17 100–13 000 30–90
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extracted from the model reproduce the distance–delay scaling
across all bands. Insertion loss trends are quantitatively explained
by the combined evolution of group velocity, lifetime, and trans-
ducer excitation efficiency: with increasing frequency, IL rises for
DE and falls for BV, making BV preferable at higher frequencies.
The insertion losses achieved are reasonably good compared to
other nanoscale YIG devices and can be reduced by optimizing
antenna coupling and impedance matching, mitigating electromag-
netic leakage and metal-edge reflections, and increasing the YIG
thickness.
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APPENDIX A: SPIN-WAVE DISPERSION RELATION,
GROUP VELOCITY, LIFETIME, DECAY LENGTH,
AND TRANSDUCER EXCITATION EFFICIENCY

The general theory of SW dispersion relation in a ferromag-
netic film was developed by Kalinikos and Slavin.41 In our case of a
nanoscale-thick film, we can use the diagonal approximation of
this theory for the calculation of fundamental (quasiuniform across
the thickness) SW mode dispersion. This approximation is typically
valid until kd , π, which holds in our case; otherwise, the hybridi-
zation with higher-order thickness modes and other effects could
become important.

Within the diagonal approximation, SW dispersion ωk ¼ 2πf
of a fundamental SW mode is given by

ωk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωH þ ωMλ

2k2ð Þ ωH þ ωM λ2k2 þ Fk½ �ð Þ
q

, (A1)

where ωH ¼ γB, ωM ¼ γμ0Ms, λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Aex=(μ0Ms)

p
, and Fk is the

dipolar term in the form

Fk ¼ sin2θ

þ Pk cos(2θ)þ sin2θ sin2w 1þ ωM(1� Pk)

ωH þ ωMλ
2k2

� �� �
: (A2)

The term Pk depends on the pinning condition at the film surfaces;
in the case of unpinned spins, it is equal to

Pk ¼ 1� 1� e�jkdj

jkdj : (A3)

The summary of all variables used in Eqs. (A1)–(A3):

f frequency
ωkangular frequency
γ gyromagnetic ratio
B static magnetic field in the film, equal to the external magnetic

field if applied in the film plane
Aex

exchange stiffness constant
Ms

saturation magnetization
k SW wavenumber
d magnetic film thickness
μ0 vacuum permeability, μ0 ¼ 4π � 10�7 H=m
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θ out-of-plane angle between magnetization and film normal
(θ ¼ 0: forward volume; θ ¼ π=2: Damon–Eshbach or backward
volume)

w in-plane angle between static magnetization projection onto the
film plane and spin-wave propagation direction (w ¼ 0: back-
ward volume; w ¼ π=2: Damon–Eshbach).

For BV geometry (θ ¼ π=2, w ¼ 0), the above equations are
simplified to

ωk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωH þ ωMλ

2k2ð Þ ωH þ ωM λ2k2 þ 1� Pk½ �ð Þ
q

, (A4)

while for the DE case (θ ¼ π=2, w ¼ π=2) ,one gets

ωk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωH þ ωM λ2k2 þ Pk½ �ð Þ ωH þ ωM λ2k2 þ 1� Pk½ �ð Þ

q
: (A5)

The calculated dispersion relations are plotted in Fig. 6(a) for
both SW modes using the equations stated above and the following
parameters: Ms ¼ 140 kA=m, γ=2π ¼ 28GHz=T, d ¼ 97 nm,
Aex ¼ 3:6 pJ=m. The dispersions are calculated for the fundamental
SW modes in the DE and BV cases, and the applied magnetic
fields used in the calculations are summarized in Table I.

From the dispersion relation, the group velocity vg ¼ @ωk
@k

[Fig. 6(b)] and the lifetime τ [Fig. 6(c)] are calculated. The SW life-
time is calculated as a field derivative73

τ ¼ αωk
@ωk

@ωH

� ��1

, (A6)

where α is a damping constant (in our case α ¼ 0:0002).
The decay length δ is then calculated as a multiplication of

the group velocity and lifetime δ ¼ vgτ, see Fig. 6(d). The values of

group velocity, lifetime, and decay length are also depicted in
Table I at k ¼ 3:1 rad=μm.

The shape and size of the transducer used for SW generation
determine the transducer excitation spectra Jexc [plotted on the
right y axes in Figs. 2(c) and 6]. Jexc is calculated using a qualitative
analytical model as the Fourier transform of the normalized
current density in the CPW transducer,24,39 assuming an infinitely
thin transducer carrying a uniform, normalized current in all con-
ductors

Jexc ¼ 1
ka

sin
ka
2
þ kb

� �
� sin

3ka
2

þ kb

� �� �
þ sin ka

2

� �
ka
2

					
					
2

, (A7)

where a is the width of the conductor and b is the gap between the
signal and the ground conductors, in our case a ¼ 250 nm and
b ¼ 750 nm.

APPENDIX B: TIME-DOMAIN INTERPRETATION OF VNA
MEASUREMENTS

Although a vector network analyzer (VNA) operates entirely
in the frequency domain, it is possible to extract time-domain
information from its data by performing an inverse Fourier trans-
form (IFT) of the measured transmission coefficient S21(f ). This
transformation yields the system’s impulse response, which corre-
sponds to the output signal that would result from a hypothetical
input pulse.

The time-domain response obtained via IFT does not corre-
spond to the response to an ideal Dirac delta pulse, but rather to a
band-limited version of it. This is because the VNA only measures
a finite frequency span Δf ¼ fmax � fmin, and with a finite fre-
quency resolution δf .

FIG. 6. Comparison of spin-wave (a) dispersion relations, (b) group velocities, (c) lifetimes, and (d) decay lengths for Damon–Eshbach (DE, in green) and backward
volume (BV, in red) modes. The curves are calculated using the model of Kalinikos and Slavin41 for applied magnetic fields of 71, 244, and 807mT for the DE mode, and
87, 255, and 823mT for the BV mode, corresponding to operation at 4, 9, and 25 GHz, respectively. The right y axis (dashed curves) shows the calculated excitation
spectra of the CPW transducer.
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1. Input pulse shape

Assuming that the system is excited by a signal with constant
amplitude across the measured frequency range and zero elsewhere,
the frequency-domain representation of the hypothetical input
pulse is

Gpulse(f ) ¼ 1, fmin � f � fmax

0, otherwise:



(B1)

The corresponding time-domain signal is obtained via the
inverse Fourier transform,

gpulse(t) ¼
ð fmax

fmin

e2πift df ¼ sin πΔf (t � t0)½ �
π(t � t0)

e2πifc(t�t0)

¼ sinc Δf (t� t0)ð Þ e2πifc(t�t0): (B2)

where fc ¼ fminþfmax

2 is the center frequency and sinc(x) ¼ sin(πx)
πx is

the normalized sinc function. The signal gpulse(t) is thus a band-
limited sinc pulse modulated by the center frequency fc.

2. Time resolution and window

The finite frequency span Δf determines the time resolution,

Δt � 1
Δf

: (B3)

In practice, for a VNA measurement from 3 to 5 GHz
(Δf ¼ 2GHz), the time resolution is approximately Δt ¼ 0:5 ns.

The total observable time window T is set by the frequency
step size δf ,

T ¼ 1
δf

: (B4)

For example, with a frequency step of δf ¼ 200 kHz, the time
window is T ¼ 5 μs, meaning that the IFT will yield the impulse
response sampled over this interval.

3. Interpretation of the time-domain result

The time-domain response obtained from the IFT represents
the system’s response to the sinc-like input pulse gpulse(t). Peaks in
this response correspond to physical events such as direct electro-
magnetic coupling, spin-wave transmission, or reflections. The time
of arrival of each peak provides a direct measurement of the time
delay associated with each signal path.

This method, commonly referred to as time-gating, enables
the isolation of distinct signal contributions in time and allows for
precise extraction of spin-wave group velocities and delay times
without requiring direct time-domain excitation.

REFERENCES
1N. H. Jemaludin, A. J. A. Al-Gburi, R. H. Elabd, T. Saeidi, M. F. Akbar,
I. M. Ibrahim, and Z. Zakaria, Results Eng. 23, 102712 (2024).
2K. O. Levchenko, K. Davídková, J. Mikkelsen, and A. V. Chumak, arXiv:2411.
19212 (2024).

3X. Ji, X. Yao, Y. Gan, A. Mohanty, M. A. Tadayon, Ch. P. Hendon, and
M. Lipson, APL Photon. 4, 090803 (2019).
4P. M.-C. Romero, T. Huy-Ho, and J. C. Francoy, APL Photon. 10, 056105
(2025).
5B. Paul, K. Sertel, and N. K. Nahar, IEEE Access 10, 75513–75526 (2022).
6I. Giuntoni, D. Stolarek, D. I. Kroushkov, J. Bruns, L. Zimmermann, B. Tillack,
and K. Petermann, Opt. Express 20, 11241–11246 (2012).
7J. Cardenas, M. A. Foster, N. Sherwood-Droz, C. B. Poitras, H. L. R. Lira,
B. Zhang, A. L. Gaeta, J. B. Khurgin, P. Morton, and M. Lipson, Opt. Express 18,
26525–26534 (2010).
8J. C. Lin, IEEE Veh. Technol. Mag. 13, 91–99 (2018).
9ETSI (3GPP TS 36.101), ETSI TS 18.5.0, 1553 (2024), available at https://www.
etsi.org/deliver/etsi_ts/136100_136199/136101/18.05.00_60/ts_136101v180500p.
pdf.
10Ch. J. Sarabalis, Y. D. Dahmani, A. Y. Cleland, and A. H. Safavi-Naeini,
J. Appl. Phys. 127, 5 (2020).
11R. Lu, Y. Yang, M.-H. Li, M. Breen, and S. Gong, IEEE Trans. Microw. Theory
Tech. 68(2), 573–589 (2020).
12I. Anderson et al., “Low-loss higher-order cross-sectional Lamé mode SAW
devices in 10-20 GHz range,” in 2024 IEEE Ultrasonics, Ferroelectrics, and
Frequency Control Joint Symposium (UFFC-JS), Taipei, Taiwan, 22–26 September
2024 (IEEE, 2024).
13P. Delsing, A. N. Cleland, M. J. A. Schuetz, J. Knörzer, G. Giedke, J. I. Cirac,
K. Srinivasan, M. Wu, K. C. Balram, Ch. Bäuerle et al., J. Phys. D: Appl. Phys.
52, 353001 (2019).
14A. Springer, M. Huemer, L. Reindl, C. C. W. Ruppel, A. Pohl, F. Seifert,
W. Gugler, and R. Weigel, IEEE Trans. Microw. Theory Tech. 46, 2213–2219
(1998).
15L. Hackett, M. Miller, F. Brimigion, D. Dominguez, G. Peake,
A. Tauke-Pedretti, S. Arterburn, T. A. Friedmann, and M. Eichenfield, Nat.
Commun. 12, 2769 (2021).
16P. Zheng, S. Zhang, Y. Chen, L. Zhang, J. Wu, H. Yao, X. Fang,
X. Zhao, K. Huang, and X. Ou, IEEE Electron Device Lett. 44, 309–312
(2023).
17See https://www.microsaw.fi/products/saw-delay-lines/saw-delay-lines.php?
id=c1-asc for information about M359-2595M1*.
18See https://www.qorvo.com/products/p/856717 for information about SAW
delay line 856717.
19P. Defranould, “Bulk acoustic microwave delay lines: design, fabrication and
performance,” IEE Proc. A (Phys. Sci., Meas. Instrum.) 131, 4 (1984).
20R.-Ch. Yin, S.-Y. Yu, Ch. He, M.-H. Lu, and Y.-F. Chen, Appl. Phys. Lett. 97,
092901 (2010).
21A. Wathen, W. Hunt, F. Munir, K. S. David, J. G. Maloney, and R. S. Westafer,
U.S. patent US20130162369A1 (27 June 2013).
22See https://www.teledynedefenseelectronics.com/products/Microwave%20Solutions
%20-%20RFandM/components/Pages/BAW%20Devices.aspx for information about
BAW devices.
23Z. Szczepaniak and S. Waldemar, “Microwave delay lines for analogue signal
correlatio,” in Radioelect. Syst. Conf. 11442, 505–516 (2020).
24K. Davídková, K. Levchenko, F. Bruckner, R. Verba, F. Majcen, Q. Wang,
C. Dubs, V. Vlaminck, J. Klima, M. Urbanek, D. Suess, and A. Chumak, Phys.
Rev. Appl. 23, 034026 (2025).
25O. S. Demokritov and A. N. Slavin, Magnonics: From Fundamentals to
Applications (Springer, 2012), Vol. 125.
26A. Barman, G. Gubbiotti, S. Ladak, A. O. Adeyeye, M. Krawczyk, J. Gräfe,
C. Adelmann, S. Cotofana, A. Naeemi, V. I. Vasyuchka et al., J. Phys.: Condens.
Matter 33, 413001 (2021).
27B. Flebus, D. Grundler, B. Rana, Y. Otani, I. Barsukov, A. Barman,
G. Gubbiotti, P. Landeros, J. Akerman, U. Ebels et al., J. Phys.: Condens. Matter
36, 363501 (2024).
28X. Han, H. Wu, and T. Zhang, Appl. Phys. Lett. 125, 022401 (2024).
29Q. Wang, G. Csaba, R. Verba, A. V. Chumak, and P. Pirro, Phys. Rev. Appl.
21, 040503 (2024).

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 143908 (2025); doi: 10.1063/5.0286108 138, 143908-12

© Author(s) 2025

 30 O
ctober 2025 11:14:03

https://doi.org/10.1016/j.rineng.2024.102712
https://arxiv.org/abs/2411.19212
https://arxiv.org/abs/2411.19212
https://doi.org/10.1063/1.5111164
https://doi.org/10.1063/5.0260286
https://doi.org/10.1109/ACCESS.2022.3188992
https://doi.org/10.1364/OE.20.011241
https://doi.org/10.1364/OE.18.026525
https://doi.org/10.1109/MVT.2018.2813339
https://www.etsi.org/deliver/etsi_ts/136100_136199/136101/18.05.00_60/ts_136101v180500p.pdf
https://www.etsi.org/deliver/etsi_ts/136100_136199/136101/18.05.00_60/ts_136101v180500p.pdf
https://www.etsi.org/deliver/etsi_ts/136100_136199/136101/18.05.00_60/ts_136101v180500p.pdf
https://doi.org/10.1063/1.5126428
https://doi.org/10.1109/TMTT.2019.2949808
https://doi.org/10.1109/TMTT.2019.2949808
https://doi.org/10.1109/UFFC-JS60046.2024.10794098
https://doi.org/10.1109/UFFC-JS60046.2024.10794098
https://doi.org/10.1109/UFFC-JS60046.2024.10794098
https://doi.org/10.1088/1361-6463/ab1b04
https://doi.org/10.1109/22.739199
https://doi.org/10.1038/s41467-021-22935-1
https://doi.org/10.1038/s41467-021-22935-1
https://doi.org/10.1109/LED.2022.3233079
https://www.microsaw.fi/products/saw-delay-lines/saw-delay-lines.php?id=c1-asc
https://www.microsaw.fi/products/saw-delay-lines/saw-delay-lines.php?id=c1-asc
https://www.qorvo.com/products/p/856717
https://doi.org/10.1049/ip-a-1.1984.0034
https://doi.org/10.1063/1.3463470
https://www.teledynedefenseelectronics.com/products/Microwave%20Solutions%20-%20RFandM/components/Pages/BAW%20Devices.aspx
https://www.teledynedefenseelectronics.com/products/Microwave%20Solutions%20-%20RFandM/components/Pages/BAW%20Devices.aspx
https://doi.org/10.1117/12.2565097
https://doi.org/10.1103/PhysRevApplied.23.034026
https://doi.org/10.1103/PhysRevApplied.23.034026
https://doi.org/10.1088/1361-648X/abec1a
https://doi.org/10.1088/1361-648X/abec1a
https://doi.org/10.1088/1361-648X/ad399c
https://doi.org/10.1063/5.0209113
https://doi.org/10.1103/PhysRevApplied.21.040503
https://pubs.aip.org/aip/jap


30Z. M. Bardai, J. D. Adam, J. H. Collins, and J. P. Parekh, AIP Conf. Proc. 34,
268–270 (1976).
31J. Adam, J. Owens, and J. Collins, IEEE Trans. Magn. 10, 783–786 (1974).
32S. N. Bajpai, R. W. Weinert, and J. D. Adam, J. Appl. Phys. 58, 990–996
(1985).
33Y. K. Fetisov, P. Kabos, and C. E. Patton, IEEE Trans. Magn. 34, 259–271
(1998).
34Y. L. Etko and A. B. Ustinov, Tech. Phys. Lett. 37, 1015–1017 (2011).
35J. D. Adam and J. H. Collins, Proc. IEEE 64, 794–800 (1976).
36S. Watt and M. Kostylev, Phys. Rev. Appl. 13, 034057 (2020).
37Y. Li, T.-H. Lo, J. Lim, J. E. Pearson, R. Divan, W. Zhang, U. Welp,
W.-K. Kwok, A. Hoffmann, and V. Novosad, Appl. Phys. Lett 123, 022406
(2023).
38C. Dubs, O. Surzhenko, R. Thomas, J. Osten, T. Schneider, K. Lenz, J. Grenzer,
R. Hübner, and E. Wendler, Phys. Rev. Mater. 4, 024416 (2020).
39V. Vlaminck and M. Bailleul, Phys. Rev. B 81, 014425 (2010).
40A. Papp, W. Porod, A. Csurgay, and G. Csaba, Sci. Rep. 7, 9245
(2017).
41B. A. Kalinikos and A. N. Slavin, J. Phys. C: Solid State Phys. 19, 7013–7033
(1986).
42T. Devolder, G. Talmelli, S. M. Ngom, F. Ciubotaru, C. Adelmann, and
C. Chappert, Phys. Rev. B 103, 214431 (2021).
43A. E. Kanj, “Unraveling spin wave dynamics in ferro- and antiferromagnetic
materials: A step towards ultrafast magnonics,” Ph.D. thesis (Université
Paris-Saclay, 2024).
44G. Y. Thiancourt, S. M. Ngom, N. Bardou, and T. Devolder, Phys. Rev. Appl.
22, 034040 (2024).
45I. Zdru, F. Ciubotaru, C. Nastase, A. Florescu, A. A. Hamadeh, M. Geilen,
A. Nicoloiu, G. Boldeiu, D. Vasilache, S. Iordanescu et al., IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 72, 30–43 (2025).
46K. O. Levchenko, K. Davídková, R. O. Serha, M. Moalic, A. A. Voronov,
C. Dubs, O. Surzhenko, M. Lindner, J. Panda, Q. Wang et al., arXiv:2506.10591
(2025).
47M. Vaňatka, K. Szulc, O. Wojewoda, C. Dubs, A. V. Chumak, M. Krawczyk,
O. V. Dobrovolskiy, J. W. Kłos, and M. Urbánek, Phys. Rev. Appl. 16, 054033
(2021).
48C. Liu, J. Chen, T. Liu, F. Heimbach, H. Yu, Y. Xiao, J. Hu, M. Liu, H. Chang,
T. Stueckler et al., Nat. Commun. 9, 738 (2018).
49J. Greil, M. Golibrzuch, M. Kiechle, Á. Papp, V. Ahrens, G. Csaba, and
M. Becherer, IEEE Trans. Magn. 59, 1–5 (2023).
50R. O. Serha, D. A. Bozhko, M. Agrawal, R. V. Verba, M. Kostylev,
V. I. Vasyuchka, B. Hillebrands, and A. A. Serga, Adv. Mater. Interfaces 9(36),
2201323 (2022).
51M. Song, J. Lim, W. Zhang, D. A. Bozhko, R. Divan, A. Hoffmann, K.-J. Kim,
V. Novosad, and Y. Li, npj Spintronics 3(1), 12 (2025).

52F. Bruckner, K. Davídková, C. Albert, A. Chumak, and D. Suess, Sci. Rep. 15,
1–8 (2025).
53D. A. Connelly, G. Csaba, H. R. O. Aquino, G. H. Bernstein, A. Orlov,
W. Porod, and J. Chisum, Sci. Rep. 11, 18378 (2021).
54R. Erdélyi, G. Csaba, L. Maucha, F. Kohl, B. Heinz, J. Greil, M. Becherer,
P. Pirro, and Á. Papp, Sci. Rep. 15, 9806 (2025).
55F. Kohl, H. Björn, Á. Papp, G. Csaba, and P. Pirro, arXiv:2505.08656 (2025).
56V. Huong, D. Nguyet, N. Duong, T. Loan, S. Soontaranon, and L. Anh, J. Sci.
Adv. Mater. Devices 5, 2468 (2020).
57I. I. Syvorotka, I. M. Syvorotka, and I. V. Kityk, J. Magn. Magn. Mater. 322,
3314 (2010).
58T. Böttcher, M. Ruhwedel, K. O. Levchenko, Q. Wang, H. L. Chumak,
M. A. Popov, I. V. Zavislyak, C. Dubs, O. Surzhenko, B. Hillebrands, and
A. V. Chumak, Appl. Phys. Lett. 120, 10 (2022).
59M. N. Akhtar, M. Yousaf, S. N. Khan, M. S. Nazir, M. Ahmad, and
M. A. Khan, Ceram. Int. 43, 17032 (2017).
60C. Dubs and O. Surzhenko, Adv. Electr. Mat. 11, e00232 (2025).
61V. B. Bobkov, I. V. Zavislyak, V. V. Zagorodny, and V. F. Romanjuk, Proc.
IEEE Int. Conf. Microw. Telecommun. Technol. 12, 401 (2002).
62J. Wu, X. Yang, S. Beguhn, J. Lou, and N. X. Sun, IEEE Trans. Microw. Theory
Tech. 60, 3959 (2012).
63M. J. Freire, R. Marques, and F. Medina, Proc. Eur. Microw. Conf. 33, 563
(2003).
64S. V. Trukhanov, A. V. Trukhanov, V. G. Kostishin, L. V. Panina,
I. S. Kazakevich, V. A. Turchenko, V. V. Oleinik, E. S. Yakovenko, and
L. Yu. Matsui, J. Exp. Theor. Phys. 123, 461–469 (2016).
65A. Haldar, C. Tian, and A. Adeyeye, Sci. Adv. 38, e1700638 (2017).
66J. Chen, C. Wang, C. Liu, S. Tu, L. Bi, and H. Yu, Appl. Phys. Lett. 114(21),
212401 (2019).
67K. O. Nikolaev, S. R. Lake, G. Schmidt, S. O. Demokritov, and V. E. Demidov,
Nano Lett. 23, 8719 (2023).
68A. Haldar and A. O. Adeyeye, Appl. Phys. Lett. 119, 060501 (2021).
69F. O. Keller, R. Haettel, T. Devillers, and N. M. Dempsey, IEEE Trans. Magn.
58, 1–5 (2022).
70L. F. Zanini, N. M. Dempsey, D. Givord, G. Reyne, and F. Dumas-Bouchiat,
Appl. Phys. Lett. 99, 232504 (2011).
71M. Cocconcelli, F. Maspero, A. Micelli, A. Toniato, A. Del Giacco, N. Pellizzi,
A. Enrique Plaza, A. Cattoni, M. Madami, R. Silvani, A. Hamadeh,
Ch. Adelmann, P. Pirro, S. Tacchi, F. Ciubotaru, and R. Bertacco, abs/2502.
03186v1 (2025).
72K. Davídková, “Spin-wave nanoscale RF delay lines for mid and high fre-
quency 5G band,” Dataset o:2140783 (PHAIDRA, University of Vienna, 2025),
available at https://phaidra.univie.ac.at/o:2140783.
73D. Stancil and A. Prabhakar, Spin Waves: Theory and Applications (Springer,
New York, 2009), Vol. 5, pp. 173–176.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 143908 (2025); doi: 10.1063/5.0286108 138, 143908-13

© Author(s) 2025

 30 O
ctober 2025 11:14:03

https://doi.org/10.1063/1.2946096
https://doi.org/10.1109/TMAG.1974.1058403
https://doi.org/10.1063/1.336147
https://doi.org/10.1109/20.650254
https://doi.org/10.1134/S1063785011110058
https://doi.org/10.1109/PROC.1976.10214
https://doi.org/10.1103/PhysRevApplied.13.034057
https://doi.org/10.1063/5.0156369
https://doi.org/10.1103/PhysRevMaterials.4.024416
https://doi.org/10.1103/PhysRevB.81.014425
https://doi.org/10.1038/s41598-017-09485-7
https://doi.org/10.1088/0022-3719/19/35/014
https://doi.org/10.1103/PhysRevB.103.214431
https://doi.org/10.1103/PhysRevApplied.22.034040
https://doi.org/10.1109/TUFFC.2024.3463731
https://doi.org/10.1109/TUFFC.2024.3463731
https://arxiv.org/abs/2506.10591
https://doi.org/10.1103/PhysRevApplied.16.054033
https://doi.org/10.1038/s41467-018-03199-8
https://doi.org/10.1109/TMAG.2023.3292545
https://doi.org/10.1002/admi.202201323
https://doi.org/10.1038/s44306-025-00072-5
https://doi.org/10.1038/s41598-025-05463-6
https://doi.org/10.1038/s41598-021-97627-3
https://doi.org/10.1038/s41598-025-94474-4
https://arxiv.org/abs/2505.08656
https://doi.org/10.1016/j.jsamd.2020.02.007
https://doi.org/10.1016/j.jsamd.2020.02.007
https://doi.org/10.1016/j.jmmm.2010.06.015
https://doi.org/10.1063/5.0082724
https://doi.org/10.1016/j.ceramint.2017.09.115
https://doi.org/10.1002/aelm.202500232
https://doi.org/10.1109/CRMICO.2002.1137289
https://doi.org/10.1109/CRMICO.2002.1137289
https://doi.org/10.1109/TMTT.2012.2222661
https://doi.org/10.1109/TMTT.2012.2222661
https://doi.org/10.1109/EUMA.2003.341015
https://doi.org/10.1134/S1063776116090089
https://doi.org/10.1126/sciadv.1700638
https://doi.org/10.1063/1.5093265
https://doi.org/10.1021/acs.nanolett.3c02725
https://doi.org/10.1063/5.0061528
https://doi.org/10.1109/TMAG.2021.3101911
https://doi.org/10.1063/1.3664092
https://arxiv.org/abs/2502.03186
https://arxiv.org/abs/2502.03186
https://phaidra.univie.ac.at/o:2140783
https://pubs.aip.org/aip/jap



