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We use a direct phase-resolved optical technique to study the coherence of spin waves (SWs) that are driven
by surface acoustic waves (SAWs) via resonant magnetoelastic coupling. For this, we employ a piezoelectric
lithium tantalate (LiTaOs) substrate, equipped with micropatterned interdigital transducers for SAW excitation,
which interact with SWs in a 5-nm-thin and 20-um-wide Co4oFes0B,y waveguide. We detect the SAW and
the SW using a phase-locked microfocused optical polarization detection experiment and use the characteristic
polarization dependence to separate the SAW and SW signals. Our measurements directly image the resonant

and coherent excitation of the SW by the SAW.

DOLI: 10.1103/vvy1-772h

Introduction. As nanoscale electronic circuits are reaching
their physical limitations [1], Spintronics provides a comple-
mentary approach for information transport and processing
as spin currents convey the information by transportation of
spin angular momentum [2—4]. This spin transport does not
necessarily require a charge current [5], as the spin informa-
tion can be transported by excitations of the magnetic order
parameter, consequently bypassing the resistive energy loss
to Joule heating [6]. Spin currents can be generated, for in-
stance, by the spin-Seebeck effect [7] or spin pumping [8—10].
The specialized field of magnonics [11] explicitly makes use
of coherent spin currents in the form of spin waves (SWs).
SWs with their quanta, the magnon, are the low energetic
excitations of magnetically ordered systems, locally deflecting
the magnetization from its equilibrium. The applications of
coherent SWs range from signal processing [12] to quantum
computing [13,14] and neuromorphic computing [15,16]. Es-
pecially for the latter, magnons are promising candidates due
to their intrinsic nonlinearity that is accessible at low powers
[17-19].

A key challenge for magnonics is that, although the SWs
operate in a low-energy, low-dissipation regime, the coherent
excitation by microwave antennas is rather inefficient, due to
their weak coupling to microwave electronic cuircuits [20].
An approach to circumvent this is to exploit surface acoustic
waves (SAWs), that couple via magnetoelastic interaction to
the spin domain. The magnetoelastic mechanism for acoustic
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excitation of spin dynamics was already proposed by Kittel
[21] and experimentally established shortly thereafter [22].
Previous studies showed that SAWs can be used to efficiently
excite SWs linearly [23], parametrically [24] and nonlinearly
[25], even in ultralow magnetic damping materials [26,27],
with the magnon-phonon interaction reaching the limit of
strong coupling [28,29].

A key necessity for magnonic devices that operate with
SAW-driven SWs is to retain a well-defined phase relation
between the microwave, the SAW, and the SW. For this, it
is required to directly demonstrate that the SWs driven by
the SAW are indeed coherent. Typical experiments employing
electrical detection commonly only probe the absorption of
the SAW in transmission experiments due to the SW exci-
tation [30-32]. These experiments do not provide evidence
of the degree of coherence of the generated SWs, but
only probe the SAW dissipation. Contrary, micro-optical ex-
periments are a powerful tool for expanding research on
phonon and magnon dynamics by providing space, time,
and frequency resolution [33-35]. Previous studies using
phase-resolved optical techniques were employed to identify
resonant SAW-SW coupling and to develop methods of dis-
tinguishing individual signal contributions [36]. Our previous
microfocused Brillouin light scattering («BLS) experiments
provided evidence that the magnon signal is coherent to the
SAW signal by evaluating the interference of light scattered
by SAWs and SWs [37]. In this Letter, we examine the direct
phase relationship between the SAW and SW during a reso-
nant magnetoacoustic interaction, depending on space and the
magnetic field.

Here, we present the direct imaging of resonant, coher-
ently driven SWs by shear-horizontal SAWs (SH-SAWs).
We achieve this by employing microfocused frequency-
resolved polar magneto-optical Kerr effect (MOKE)-based
spectroscopy, termed the uFR-MOKE technique [38], an

Published by the American Physical Society


https://orcid.org/0000-0002-1291-4446
https://orcid.org/0009-0002-8671-4137
https://orcid.org/0000-0002-8506-5019
https://orcid.org/0009-0002-4408-6646
https://orcid.org/0009-0000-1465-8549
https://orcid.org/0000-0002-5934-4153
https://orcid.org/0009-0009-4125-350X
https://orcid.org/0000-0002-0795-8487
https://orcid.org/0000-0003-0537-9251
https://ror.org/01qrts582
https://ror.org/012p63287
https://ror.org/03p14d497
https://crossmark.crossref.org/dialog/?doi=10.1103/vvy1-772h&domain=pdf&date_stamp=2026-09-09
https://doi.org/10.1103/vvy1-772h
https://creativecommons.org/licenses/by/4.0/

YANNIK KUNZ et al. PHYSICAL REVIEW B 114, L140403 (2026)

—
o
-~

(a) (b)

LiTaO,/Co,Fe,B,, (€) —Re(S,)—Im(S,) Ni,Fe,(Py)

Lase s-pol.
r T T ™ T . T T
A=532nm +15.B| 5 - 2r '»M».ﬁ A4 2k : .
3 BEe s T P R 2 :
— "ot s ' A4 | / | 175 |
s-pol. = A g ok i W41 Fhdge
< I WA wle
E4- 7 —_— A s_ [h ] ' ! =
/ Polarizer Y X kSAW C0,Fe,8, o A L X“’ix( 1 "’_2 :
" I_|C '2EL i U sAwat f=3,41GH7
i ] - w () Strain profile ® ° " pos. km)
# Photo- p 10— SW__SAW _SW__

of a SH-SAW

ky

X[ Ksaw

detector

motor. : :
N2-plate I |
I I

0.5

norm. Int. ///(0°)

ook L
-45 0 45

Polarization 6 (deg)

-45 0
Polarization 6 (deg)

90

FIG. 1. (a) Schematic depiction of the experimental setup employing phase-locked microfocused optical polarization analysis, commonly
referred to as the uFR-MOKE technique. The reflected laser light is analyzed in its polarization and intensity state at fixed temporal wave
phase wt = const. (b) A sketch of the investigated sample: On a LiTaO;-piezoelectric substrate, sets of IDTs excite coherent SH-SAWSs toward
a 5-nm-thick and 20-pm-wide CosoFe40B,¢ waveguide. (c) The in-plane polarized shear-strain profile of the propagating SH-SAW mode. The
strain amplitude of &,, is shown in false color. (d) Example linescan measurement of a SH-SAW mode on LiTaO3, measured at f = 3.41 GHz.
The real and imaginary parts of the S,; parameter, measured by the VNA, encode the phase information of the detected SAW. (e) Linescan
measurement of a SW on a 40-nm-thick permalloy film, excited by a microwave antenna, measured at f = 7 GHz and poHex = 30 mT
in Damon-Eshbach geometry (ksw L poHex). (f) The light intensity as a function of the polarization, analyzed by the rotatable 1/2 plate
measured after the polarizer, relative to the incoming polarization on the sample, measured separately for SH-SAWSs on LiTaO3; and SWs on
Py. The incoming, unmodulated light is linearly p polarized. (g) Polarization dependence of the detected amplitude of the real part of the
SH-SAW and SW signals, respectively. Notably, the SAW signal on LiTaO; maximizes at highest sensitivity on intensity modulation and not
undergoing a sign change from the negative to positive polarization analysis, showing an even symmetry. Comparably, the SW on Py is detected
most efficiently at polarization modulating sensitivity and exhibiting a sign change from the negative to positive polarization analyzing angle,
representing an odd symmetry. The inset illustrates the origin of the sign flip of the SW detection, which occurs when the polarization is rotated

due to a different selection of the analyzed polarization orientation.

established technique alongside uBLS, that provides phase
resolution similar to phase-resolved uBLS [39,40] or micro-
focused super-Nyquist sampling MOKE [18]. uFR-MOKE
is based on a vector-network analysis and can operate in a
large frequency bandwidth with resolution down to 1 Hz while
providing a frequency range comparable to phase-resolved
uBLS. uFR-MOKE does not require the synchronization
of pulsed lasers and electronics that is necessary for mi-
crofocused super-Nyquist sampling MOKE. We introduce a
concept to separate SAW-generated signals from the SW sig-
nature and show the intensity and phase modulation of the
SAW. Finally, we directly demonstrate the resonant and co-
herent driving of SW precession by the SAW.

Experimental Methods. To spatially resolve the magnetoe-
lastic interaction, we use the experimental setup schematically
shown in Fig. 1(a), based on the uFR-MOKE technique
[38]. Hereby, we use a linearly polarized X} = 532 nm
continuous-wave laser that is focused on the sample using a
100 x /0.75 numerical aperture (NA) microscope objective
with a refraction-limited spot size of approximately dpo =
A1/(2NA) =~ 355 nm. The light interacts with the coherently
excited acoustic or SW and is thereby modulated in polar-
ization and intensity, depending on the probed spatial wave
phase. The reflected light is coupled out using a beam split-
ter and passes a polarization analyzer unit consisting of a
rotatable A/2 plate and a polarizer, converting the polariza-
tion modulation into an intensity modulation. This intensity
modulation is captured by a fast broadband photodetector via

an optical fiber. The photodetector’s output passes through
a low-noise amplifier and is connected to port 2 of a vector
network analyzer (VNA). Port 1 of the VNA is used as a
microwave output to excite the acoustic or SW on the sample.
With the phase-resolving ability of the VNA we measure the
complex-valued S,; transmission parameter that is directly
sensitive to the probed wave phase:

Vs ) .
S = o O Moop exp(ikswx), &;jexp(iksawx),
1

ey

Here, V) » are the voltages at the output port 1 and detection
port 2 of the VNA, myq,p is the dynamic out-of-plane mag-
netization component Mooy = Moop/Ms, and ¢;; is the strain
of the acoustic wave mode. A microscope picture and image
stabilization is realized by a Kohler illumination and a CCD
camera that is coupled in and out of the light path by a dichroic
mirror.

For SAW generation, we use piezoelectric LiTaO; as a
substrate and sets of interdigital transducers (ITDs), as shown
in Fig. 1(b). Details on the sample fabrication are given in the
Supplemental Material [41]. Importantly, the LiTaO3 supports
the excitation of a shear-horizontal SAW mode, which is an
in-plane polarized shear wave with a dominant &,, strain com-
ponent that decays exponentially into the material along the
—z direction, as depicted in Fig. 1(c). The result of an exem-
plary linescan measurement at a frequency of f = 3.41 GHz

So1, Moop, €ij € C.
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using a microwave power of Pyw = 12 dBm is shown in
Fig. 1(d), clearly demonstrating the spatially resolved wave
fronts of the propagating SAW in Re(S>;) and Im(S;;). The
detection mechanism relies on the elasto-optic effect, in lit-
erature also referred to as the photoelastic, acousto-optic, or
Pockels effect, and is explained by a modulation of the reflec-
tivity and induced birefringence [42—46], which depends on
the strain profile of the acoustic mode. The SAW can interact
with the SWs in a 5-nm-thick and 20-um-wide Co4oFe4oB2g
waveguide. Separately, we analyze the detection character-
istics of SWs using a 40-nm-thick film of permalloy (Py)
with a microwave antenna for direct SW excitation. A typical
measurement result is depicted in Fig. 1(e), revealing the
SWs wavelength and decay length £ by its envelope. Here,
we employed the Damon-Eshbach geometry, meaning the
wave vector ksw of the SW is perpendicular to the external
magnetic field puoHex and excited at f = 7 GHz with Pyyw =
0 dBm of microwave power. SWs are detected by the polar
magneto-optical Kerr effect that induces a circular dichroism
and subsequent rotation of polarization of the reflected light
on the analyzer plane [38,47].

Detection characteristics. First, we focus on the proper-
ties of the detection mechanisms for SH-SAWs and SWs by
our polarization analysis technique. For this, we rotate the
analyzer’s A/2 plate. As expected, the linear polarization ex-
hibits a cos?(#) dependence, where 6 denotes the polarization
angle relative to the pure p-polarized state of the incoming
light, which is polarized parallel to the A/2 plate’s neutral
axis and the polarizer axis. This is depicated in Fig. 1(f) and
indicated by the normalized light intensity 7/1(0°). We assess
the obtained signal for both the SH-SAW and the SW under
variation of the analyzed polarization angle, i.e., of the A/2-
plate angle, relative to its neutral axis. For this, we measure a
linescan as depicted in Figs. 1(d) and 1(e) and fit the complex
S»1 data using [48]

$21(x) = Age ¢ =90, )

Here, Ao denotes the detected amplitude and ¢, the phase. The
result as a function of the analyzed polarization is shown in
Fig. 1(g) for the normalized detected amplitude Ap/Amax €x-
tracted for the real part. Remarkably, we find that the SH-SAW
is detected most sensitively at an analyzer angle correspond-
ing to maximized intensity modulation [see Fig. 1(f)] and is
even in symmetry with respect to 0. Concluding, the detected
signal dominantly stems from a reflectivity modulation in-
duced by the SAW. Consequently, the incident electric field
Ei, = (Ein, 0, 0)7 is modulated by the SAW phase according
to Erer = ((r11 + Aryy exp(ikx))Ei, 0, 0)7, with r|; being the
reflection coefficient and Ary; exp(ikx) being the modulation
that depends on the phase of the acoustic wave. Selection of
the polarization orientation by the polarizer at an angle 6 on
the polarizer axis ¢ = (cos(f), sin(9), 0)” and detection as a
DC voltage V5 o (¢ - Erf)? by the photodiode yields

Vo o {[r11 + Aryy expliksawx)]Ein cos(6)}>. 3)

This expression is equivalent to Eq. (1) in [49]. From this,
it becomes clear that the maximum sensitivity to intensity
modulation is obtained at a polarization of 0° with 180° peri-
odicity due to the cos?(6) dependence. Next, considering SW

detection, we obtain the maximum signal at analyzer angles
that maximize sensitivity to polarization modulation. This
aligns with the expectation for the induced circular dichroism
by the polar MOKE, which leads to a rotated polarization
state on the analyzer plane, depending on the probed SW
phase. Notably, we find that the detected real-part amplitude
exhibits a sign change when moving from negative to posi-
tive analyzer angles, being odd in symmetry with respect to
0, as shown in Fig. 1(g). To understand this, we consider
the Kerr-rotated signal in simplified limit given by E. =
(r11Ein, Ok o exp(ikx)ri2Ei, 0)7, with © o exp(ikx) denoting
the polar Kerr angle and 7}, the off-diagonal component of the
reflectivity tensor. After polarization selection and DC voltage
detection (see above), we obtain

Vy o {r11Ein c08(8) + Ok o exp(ikswx)riaEin sin(6)}*  (4)
~ 11y Eq c0s*(0) + ri1ra Eq Ok exp(ikswx) sin(26). (5)

We hereby neglect the quadratic terms @% ~ 0. As the first
term contains only a constant background, not containing any
SW information, we do not consider this part further. The sec-
ond term includes the polarization modulation. Here, Re(sz)
and Im(V22) maximize for sin(20) = +45°. Importantly, as
sin(26) is odd in symmetry with respect to 0°, the detected
phase flips by 180° when rotating from —6 to +6. This flip is
depicted in the insets in Fig. 1(g) by the different projection
of the GHz-dynamic part of the electric field vector on the
polarizer axis. At —45°, one obtains a minimum position after
the selection of the polarization orientation on the polarizer,
which is denoted by ¢, while on +45°, one obtains a maxi-
mum. The observed behavior is in contrast to the SAW and
SW detection using mircofocused Brillouin light scattering
spectroscopy, where SAW and SW signals are in 90° polariza-
tion rotation to each other [50]. The polarization-dependent
footprints allow to discriminate SAW and SW signals. By
subtracting the measured Re(S,;) and Im(S,;) at —45° and
+45°, the SAW signal is effectively diminished, while the
SW signal is preserved by exploiting the odd and even sym-
metry correlations. The corresponding angles are marked in
Fig. 1(f).

Phase-resolved SAW-SW coupling. Now, we focus on the
phase-resolved detection of magnetoelastic SW excitation by
SAWSs. For this, we place our LiTaO3/Co4oFe49B,o sample,
oriented with ksaw parallel to the external magnetic field
UoHext, commonly called the backward-volume geometry.
Thereby, the shear strain component generates an effective
magnetoelastic field pohip, given by

2bi&yy
fohiy = — A; > cos[2<1(ksaw, M)], (6)

S

where b; is the magnetoelastic coupling constant of
CoyoFeq9Byp and M is the magnetization [51]. We choose
this configuration, as the SH-SAW ¢&,, component couples
efficiently in the orientation ksaw ||[M||Hex;, as shown by Kiif3
et al. [30,52]. We excite the SH-SAW at f = 3.41 GHz with
Pyw = 12 dBm and first focus on the end of the CogoFe40B2g
waveguide, marked by “ROI SAW” in Fig. 2(a), where ROI
stands for region of interest. As shown in Ref. [37], the total
SAW absorption is greatest at the furthest point from the
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FIG. 2. (a) Shows a sketch of the investigated structure and the
measurement geometry. We orient the sample in backward-volume
geometry (ksaw || ttoHex:). The SAW signal is picked up near the end
of the waveguide (marked by ROI SAW). The SW signal shown in
Fig. 3 is measured at the start of the CosgFesB strip. (b) Shows the
derived SAW dispersion relation (blue) and of the SW dispersion
relation (green) at poHey = 11 mT computed using the thin-film
approximation derived by Kalinikos-Slavin equation [53]. The SAW
frequency (f = 3.41 GHz) and wave vector (k = 5.3 rad/um) ex-
cited by our IDT intersect the SW dispersion relation at the external
field of poHey = 11 mT, fullfilling the resonance condition. (c) and
(d) Show the measured SAW signal as Re(S,;) and Im(S,;) at f =
3.41 GHz, detected at “ROI SAW” indicated in (a) at 0° polarization
analyzing position, when the SAW is detected most sensitively. At
the resonance magnetic field of 11 mT we observe a decrease in
SAW amplitude as well as a phase shift, compared to the off-resonant
case as a backaction of the SW system on the SAW. (e) and (f)
Show the fitted data for Re(S,;) and Im(S,;) using the theory by
Dreher et al. [51] and Kii} e al. [54] using Eq. (11) given in the
Supplemental Material [41].

exciting IDT due to the exponential decay of the acoustic wave
as it propagates.

We expect resonant SAW-SW coupling when the excited
SAW:s frequency and wave vector on the SH-SAW dispersion
relation match the SW dispersion relation. This is met at
an externally applied magnetic field of poHex = £11 mT,
as shown in Fig. 2(b). During the experiment, we rotate the
A/2 plate to 8 = 0° analyzing position on maximized SAW
detection efficiency, and measure linescans for each applied
magnetic field. The result is shown in Figs. 2(c) and 2(d)
for the obtained Re(S,;) and Im(S,;). As is evident, at the
field of £11 mT the SAW amplitude is strongly decreased
and the phase of the acoustic wave is shifted, as one sweeps

over the resonance magnetic field. This occurs, as when ful-
filling the resonance condition, the acoustic impedance of
the material is altered. Consequently, the acoustic absorption
and group velocity are modulated, which yields the observed
phase shift. This is described by the theory developed by
Dreher et al. [51] and KiiB3 ef al. [54] by

£y (x) o exp (—3Im(h* ¥ h)x), 7

A (x) o Re(h* xh)x. ®)

Hereby, &,,(x) is the strain and A¢(x) the associated phase
shift along the propagation direction, h is the generated
magnetoelastic driving field, ) is the dynamical Polder
susceptibility tensor, and x denotes the wave’s propagated
distance over the CoyoFe40Bog. The expression for A¢ directly
follows from the Kramers-Kronig relations [55,56].

Details on the modeling and the formulation of the fitted
equations can be found in the Supplemental Material [41].
The obtained fit is shown in Figs. 2(e) and 2(f) for the real and
imaginary part. Additionally, in Figs. 2(c) and 2(d) a slight
increase in the obtained SAW amplitude with propagation
length is visible. This is attributed to a slight deterioration
in the reflected light coupled into the optical fiber caused by
the stage moving over several micrometer distances, which
improves again during small-step scanning of the ROI.

Finally, we move the detection ROI to the start of the
CoyoFeq9By layer as indicated by ROI SW in Fig. 2(a). As
previously described, we measure linescans as a function of
the applied magnetic field. To maximize the obtained re-
sponse, we repeat the measurement at —45° and +45°, and
subtract the absolute values of the resulting signal to suppress
the SAW contribution and enhance the SW signature. The
extracted normalized signal is shown in Figs. 3(a) and 3(b)
for Re(S,;) and Im(S5,;), respectively.

As is evident in Fig. 3 by the strongly increased signal
intensity at 11 mT, the resonantly driven SW is detected
alongside a 90° positional phase difference of the SW relative
to the off-resonantly detected SAW signal. This is analogous
to the characteristic 90° phase difference of a driven harmonic
oscillator at resonance between the driving force, that is the
SAW, and the resonantly driven system, that is the SW at
the resonance magnetic field. As is visible when comparing
Figs. 2(c) and 2(d) with Figs. 3(a) and 3(b), the driven SW
possesses the same wavelength A as the SAW. Profoundly, this
measurement shows not only the resonant excitation of the
SW but importantly directly demonstrates the coherent driv-
ing of the spin-wave precession. We note that the SW decay
length in the magnetic structure is only about &gw = 1.85 um
(SW group velocity vg ~ 22.4 m/s [41]), so continuous spa-
tial driving by the SAW is crucial for the SW driving which we
observe. The SW does not propagate freely, but rather repre-
sents resonant SW precession on the SW dispersion, driven by
the SAW. Further noticeable is that off-resonantly, the SAW
signal does not fully vanish. This is due to the shear strain of
the SH-SAW inducing an optical birefringence, which gives
rise to a polarization rotation. Similar to the measured SAW
in Figs. 2(c) and 2(d) a small increase in obtained amplitude is
visible in Figs. 3(a) and 3(b), which we again denote to a small
improvement of the coupling into the optical fiber during the
scanning.

L140403-4
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FIG. 3. Spin-wave signal extracted in the ROI SW region, indi-
cated in Fig. 2(a) near the start of the ferromagnetic waveguide. At
an external magnetic field of puoHe = 11 mT, the SAW resonantly
drives the SW. This becomes apparent by the increase in the detected
amplitude and the phase difference of 90° of the signal, as marked by
the gray dashed lines. The result clearly shows that the SAW drives
a coherent SW precession. (a) and (b) Show the experimental data,
and in (c) and (d) the fit according to Eq. (13) in the Supplemental
Material [41] is shown.

We employ the theoretical formalism by Dreher et al
[51] and KB et al. [54], where we considered not only the
resonantly driven spin wave, but additionally a small-signal
contribution by the acoustic wave that is 90°-phase shifted
to the SW signal. The result is shown in Figs. 3(c) and 3(d).
Details on the formulation can be found in the Supplemental
Material [41]. We obtain a good agreement between the exper-
imental data and the theoretical modeling. Conclusively, the
presented data evaluation can be used to extract the magnetic

parameters, among them the spin-wave damping and decay
rate, the magnetoelastic coupling parameters. By increasing
the length of the scanning region, the SAW decay length
and loss rate can directly be measured, too. This allows to
estimate the coupling strength and the cooperativity of the
system. Hereby, we first estimate the SAW and SW loss rate
as ksaw = 12.0 &= 1.2 MHz, following Eq. (16) and «sw =
1.41 £0.2 GHz, to Eq. (14) in the Supplemental Material
[41]. We note that in the ultrathin film of 5 nm, the effective
magnetic damping is significantly enhanced by out-of-plane
anisotropy effects and two magnon scattering processes, lead-
ing to increase of the SW loss rate. The coupling strength
is then estimated to g = 6.63 £ 0.9 MHz [Supplemental Ma-
terial Eq. (18)] and the corresponding cooperativity C =
&2/ (ksawksw) = (2.6 = 0.9) x 1073, Thereby, the device op-
erates in the weak-coupling limit, which could be enhanced,
for instance, by using thicker Co4gFes9B;¢ films or Bragg
gratings to create a planar cavity resonator [28,29].

Summary. Our measurements demonstrate that, besides
SWs, one can detect SAWSs using a polarization-intensity anal-
ysis experiment. We presented a mean to effectively separate
SAW and SW signatures by their distinct polarization foot-
prints. This enables measuring the resonant magnetoelastic
coupling between SAWs and SWs, and allows us to directly
image the SAW attenuation and phase shift due to the modi-
fied acoustic impedance by the SW. Remarkably, we directly
showed the resonant and coherent driving of SWs by SAWs,
paving the way for the exploitation of magnetoelastic-based
SW excitation for coherent magnonic applications.
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