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ABSTRACT

We investigated the interaction of surface acoustic waves and spin waves with spatial resolution by micro-focused Brillouin light scattering
spectroscopy in a CoyoFe 0B,0(10 nm) ferromagnetic layer on a LINbO;-piezoelectric substrate. We experimentally demonstrate that the mag-
netoelastic excitation of magnons by phonons is coherent by studying the interference of light scattered off generated magnons and annihi-
lated phonons. We find a pronounced spatial dependence of the phonon annihilation and magnon excitation, which we map as a function of
the magnetic field. The coupling efficiency of the surface acoustic waves (SAWs) and the spin waves is characterized by a magnetic field-
dependent decay of the SAWs amplitude.

© 2024 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/10.1063/5.0189324

Surface Acoustic Waves (SAWs) with frequencies in the gigahertz
regime have wavelengths on the micrometer scale. They, thus, enable
the miniaturization of microwave components and are ubiquitous in
everyday devices.' ® SAW devices are further used, for instance, for
probing material properties,’ rf signal processing,”® or sensors.”
Interdigital transducers (IDTs) thereby enable coherent and energy-
efficient excitation and detection of SAWs on piezoelectric substrates
with sufficiently small insertion losses for quantum applications.” If
SAWs propagate in magnetically ordered materials, the coupling of
acoustic and magnetic excitations opens up a wide branch of possibili-
ties.”'" The magnetoacoustic control enables, for instance, magnetic
switching,'"' the creation and control of skyrmions,'*'* the genera-
tion of Terahertz radiation,'” magnetic field controlled phase-shifting
of acoustic waves,' acoustically driven linear and nonlinear spin wave
resonance,’ " and acoustic spin-charge conversion.”"** The coupling
of SAWs and spin waves (SWs) breaks time-reversal symmetry, and
the concomitant nonreciprocal SAW transmission™’ ** may find appli-
cations for nonreciprocal miniaturized microwave devices.” **

Commonly, the interaction between SAWs and SW's devices is stud-
ied using electrical measurement techniques by determining the magnetic

field-dependent SAW transmission from IDT to IDT as detailed, e.g., in
Refs. 18 and 24. Measuring the SAW transmission allows for studying the
SW dispersion and the symmetry of the magnetoacoustic interaction.””
However, this electrical measurement technique does not offer spatial res-
olution. Previous studies used imaging techniques to resolve SAW propa-
gation in magnetic media™ ** and established separate detection of SAW
and SW signals.”” While the widely used model for SAW-SW interac-
tion'” implicitly assumes coherent SAW-SW interaction as the mecha-
nism causing the detected SAW absorption, experimental proof for the
coherency is missing. Particularly, Brillouin light scattering proved to be a
versatile investigation technique to investigate magnetoacoustic resonan-
ces with spatial resolution.”*”” In contrast to previous studies, which uti-
lized time-resolved detection techniques to identify coherent magnon-
polarons excited by optical pumping,”® ™ we employ excitation of SAWs
by microwaves via IDTs, as commonly used in rf devices.! However, these
works could not demonstrate the spatial dependency of the SAW-SW
conversion, and the coherency of the SAW and SW remains an additional
important open question as identified in Ref. 31.

Here, we use micro-focused Brillouin light scattering (uBLS) to
study the magnetoacoustic interaction of SAWs with SWs on a
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LiNbO5/CoyoFe 0B,0(10 nm)-structure with frequency and spatial reso-
lution. By taking advantage of the tunable sensitivity of uBLS to both
phonons and magnons,””’ we are able to separately investigate the
absorption of phonons and the excitation of magnons in the system.
We observe clear experimental evidence for the coherence of annihi-
lated phonons and generated magnons by interference of the two cor-
responding signals, which leads to a distortion of the typical Lorentzian
line shape. This results in a Fano-resonance-like line shape’*' as pre-
dicted for magnetoacoustic waves by Latcham et al.** We further reveal
the spatial dependency of the phonon-magnon conversion process
within the 10 nm thick Co,oFe40B,o (CoFeB) film. A schematic depic-
tion of the used uBLS-setup is shown in Fig. 1(a). A more detailed
description of the setup is given in the supplementary material.

In the first part of our investigation, we characterized the
phonon-spectra excited by the IDT by varying the applied rf-
frequency fyw in the range of 2-8 GHz. The obtained BLS-spectra
were integrated in BLS-frequency for each rf-frequency. The resulting
phonon excitation spectrum of the IDT is shown in Fig. 1(b).
Excitation peaks arise periodically at frequencies f,,, fulfilling the condi-
tion of constructive interference,

C:
fo :% xn~500MHz x n, ne{1,3,5..}, (1)

where d denotes the periodicity of the IDT. In Fig. 1(b), the lowest fre-
quency peak corresponds to the fifth harmonic order of the IDT at
248 GHz. The SAW excitation efficiency decreases with frequency.

ARTICLE pubs.aip.org/aip/apl

This can be understood by considering that the excitation spectrum is
proportional to the Fourier-transform of the electrical field generated
by the IDTs.">**

To investigate the magnetic field-dependent coupling of phonons
and magnons, the laser spot is positioned about 100 um into the ferro-
magnetic layer at “ROI 1,” as indicated in Fig. 1(a). We make use of
the rotatable 4/2— plate, which allows for tuning the relative sensitiv-
ity of our BLS setup to magnons or phonons.”* We excited the SAW at
an rf-frequency of 5.45GHz (11th order) and a microwave output
power of +18 dBm. The sample was oriented so that the angle between
the propagation direction of the SAW given by ksayw and the external
magnetic field pyHey was about ¢ ~ 33°. We integrated the BLS-
spectra in the range of —5.25 to —5.925 GHz for both the phonon and
the magnon polarization of the 2/2— plate. The resulting intensities as
a function of the external magnetic field are given in Fig. 2 for (a) the
phonon- and (b) the magnon signal.

First, we discuss in panel (a) the phonon signal. Here, dips in the
BLS signal are observed at a positive magnetic field of ftyHexy = 13 mT
and a negative field of yyHex = —11.5 mT. The concomitant reduc-
tion in phonon number is attributed to resonant magnon-phonon
coupling at the triple crosspoint [see the inset in Fig. 2(b)] between the
linear SAW dispersion relation fsaw = csawk/27 (green), the SW
dispersion relation (red), and the excitation frequency (gray). The
magnon dispersion relation is calculated using the Kalinikos-Slavin-
equation:””
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FIG. 1. (a) Schematic depiction of the used sample and the measurement configuration. On a LiNbO; piezoelectric substrate, a 10 nm thick and 400 um wide CosoFe4oByo layer is
deposited between two sets of IDTs with a finger periodicity of 6.8 um and 30 finger pairs (not all shown in the figure). The external magnetic field 1y He is oriented along ¢ ~ 32.6°
relative to the propagation direction of the SAW ksaw. We used micro-focused BLS for phonon and magnon spectroscopy, while a microscope camera allows for measuring with space
resolution (not shown). The position of the laser spot during the measurements is indicated by the red dot (fixed position) and the red dashed line (linescan). The ROI 2 starts at the
beginning of the feromagnetic layer. (b) The excitation spectra of the employed set of IDTs are determined by the integration of the detected BLS intensity, measured around 10 um
behind the IDT on the LINbO;. The excitation peaks arise if the condition of constructive interference for emitted SAWSs between the IDT fingers is fulfilled.
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FIG. 2. (a) The integrated BLS-intensity at ROl 1 measured on phonon-polarization as a function of the external magnetic field 1Hext. Two dips form at the positive and nega-
tive resonant magnetic field (gray lines) with different magnitudes, indicating a variation in the coupling effi ciency caused by the helicity mismatch effect. Squares denote the

experimental data and solid curves the fit, in panel (a) according to Eq. (4) and in panel (b) according to Eq. (9

). In (b), the resulting BLS-intensity close to pure magnon-

polarization is shown. The phase shift between generated magnons and annihilated phonons affects the detectlon via uBLS and leads to dip-peak-like behavior. The inset in
(b) shows the triple crosspoint between the excitation frequency fz,c = 5.45 GHz and the dispersion relations of the SAW and the SWs at zoH = 11 mT. In (c) and (d), the
phase shift ¢ between the phonons and the magnons as a function of the external magnetic field is shown.

We used broadband ferromagnetic resonance spectroscopy (see the
supplementary material) to determine the g-factor g = 2.11(8),
Gilbert damping parameter o = 0.006(7), saturation magnetization
UoMs = 1.287 T, and anisotropy field jyHumi = —1.46 mT of our
CoFeB film. The small field shift between the positive and negative res-
onance magnetic field is attributed to an offset of the Hall probe rather
than any SW nonreciprocity. The different dip intensities for positive
and negative magnetic fields are attributed to the helicity mismatch
effect.””* When changing directions of the magnetic field, the helicity
of the spin wave is inverted, while the helicity of the SAW remains the
same, as it is determined by the SAWSs propagation direction. The hel-
icity mismatch effect gives rise to different coupling efficiencies on
whether the helicities match (pos. field) or mismatch (neg. field), thus
leading to different dip magnitudes."’

We model the obtained phonon signal as follows. Following Ref.
46, we assume that the obtained phonon BLS intensity is proportional
to the out-of-plane displacement 12,

kmax T

Ion (x, H) o J Jug(x, ¢, H)dtdk. 3)

0 0

The displacement after a certain propagation distance x becomes mag-
netic field dependent due to the absorption of SAW phonons by SW
generation. We derive the absorption of SAW power by following the
approach of Kiiff et al.”* and make use of the correlation between the
SAW power and the displacement Psayw o u2. Thus, the expected BLS
intensity can be written as

Ipn(x, H) = Iy - exp (—CiIm(y, (H))x), (4)

where I, is the BLS intensity obtained from the SAW at the launching
IDT, C, is a constant that quantifies the SAW-SW conversion effi-
ciency, and y,; (H) is the diagonal component of the magnetic suscep-
tibility tensor y. In this simple model, the SAW-SW helicity mismatch
effect is phenomenologically taken into account by using different C;
for pigHex < 0 and ptgHexe > 0. The helicity mismatch effect leads to

different magnitudes of the SAW-SW-resonance in Fig. 2(a), which, in
turn, characterizes the nonreciprocal coupling.”””" We derive 5 by
solving the Landau-Lifshitz-Gilbert-equation (see the supplementary
material) and fit Eq. (4) to the data in Fig. 2(a), with fitting parameters
I, and C;. Generally, the coupling parameters C; and C, depend on
the direction ¢ of the applied external magnetic field, as the compo-
nents of the magnetoacoustic driving field depend on the propagation
direction of the SAW. As can be seen in Fig. 2(a), good agreement
between the BLS-intensity and the fitting model can be obtained.

Next, we consider the obtained BLS signal measured at optimized
magnon detection efficiency by rotating the 1/2— plate correspond-
ingly. Since the number of phonons is always significantly higher than
the number of newly excited magnons, the fraction of the unfiltered
phonon signal cannot be neglected and has to be taken into account.
We observe a peak-dip-like behavior, as can be seen in Fig. 2(b), which
we explain as follows: on resonance, phonons are annihilated, and
magnons are generated. Because of the coherency of this process, the
photons inelastically scattering off these magnons, and phonons can
interfere with each other. When sweeping through the resonance field,
the phase relation between magnons and phonons changes, as detailed
later, so that the interference is destructive/constructive depending on
the magnetic field. This leads to a Fano-resonance-like line shape.*’ To
describe the obtained signal, we start by writing the BLS intensity as

ax

Konax T
Ivia(x, H) o J cpntiz (x, 8, H) + emam (x, £, H) )Zdtdk7 (5)
0

0

with cpy, and ¢, representing the detection efficiency of the phononic
and the magnonic signal at the given position of the 1/2—plate, m, the
dynamic out-of-plane magnetization component of the SW, and u, the
displacement due to the SAW. For the dynamic magnetization compo-
nent m, and the displacement u,, we make the generalized wave-like
Ansatz

uy(x,t, H) = uz9(x, H) X exp (i(wt — kx)), (6)
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my(x,t, H) = m_o(x, H) X exp (i(wt — kx) — ¢(H))), (7)

where u,(x, H) and m,o(x, H) are the magnetic field and spatially
dependent amplitudes of the displacement and the dynamic magneti-
zation, respectively. We also include the phase shift ¢(H) between the
SAW driven dynamic magnetization and the SAW itself, similar to the
classical driven harmonic oscillator, where a phase shift of ¢ = 90° is
expected at resonance. The displacement u, can be derived as previ-
ously from the SAW power in Eq. (4).

The magnetic component m, is derived by the locally absorbed
SAW power as due to the high Gilbert damping in the system, only
the locally excited magnons contribute to the BLS signal, as will be dis-
cussed in more detail later on. By assuming that the SW power is pro-
portional to the dynamic out-of-plane magnetization component
Pgyw o< m2 and the locally absorbed SAW power Py 1o flows into the
spin wave system, we obtain

ml(x7 H) X vV Im(xu)hdr(xv H)a (8)

with the driving field g4 generated by the SAW. As the amplitude of
the SAW decreases with increasing propagation length, so does the
driving field. In turn, the driving field hy, can again be derived using
the displacement u, by hg, o< u,. Thus, we obtain for the expected BLS
intensity by only taking the real part of Eq. (5) and neglecting higher
order terms that are not linear in cpy,

hva(x, H) = ClzvlaCZIm(Xu) exp(—CiIm(y;)x)
+ 2cphema v/ Im(yy1) exp(—CsIm(jyy; )x) cos(¢p).  (9)

Here, C, and C; are again constant prefactors included for simplifica-
tion and to combine other constant prefactors. We use Eq. (9) to fit
the data in Fig. 2(b). As can be seen, we achieve good agreement
between the obtained experimental data and our model. In Figs. 2(c)
and 2(d), the resulting phase shift between the SAW and the SW is
shown, becoming —90° at the resonant coupling field in agreement
with the expectation for a driven harmonic oscillator. We note that
describing the obtained BLS-signals in Fig. 2(b) by a simple superposi-
tion of the phononic and the magnonic signals is not sufficient. By

a) lphonon (@rb.u.)

10° 10*
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taking the interfering BLS-signals of the two quasi-particles into
account, we obtain a suitable description of the measured data. We,
thus, conclude that a coherent phonon-to-magnon conversion is pre-
sent in our experiment. Hence, our experimental data provide evidence
for a well-defined phase relation and consequently coherency between
the annihilated phonons and generated magnons.

Next, we map the magnetoelastic coupling as a function of the
external magnetic field and the propagation distance of the SAW. For
this, we use an excitation frequency of 2.48 GHz at an excitation power
of +18 dBm and exploit the second-order harmonic generation™>*"**
of the tenth order IDT resonance at 5GHz to investigate the space-
dependent coupling. The magnetic field was aligned as before
(¢ = 32.6°); however, now a linescan measurement was performed, as
indicated by the red dashed line labeled “ROI 2” in Fig. 1(a). Again, we
measured using both phonon and magnon polarization and integrated
the resulting BLS-spectra in BLS-frequency. The results are presented
in Fig. 3, in panel (a), for the obtained phonon signal and in (b), the
magnon signal, as a function of the applied magnetic field poHex and
the propagation length x. Here, the scaled intensity on phonon-
polarization at 30mT is subtracted in order to remove the unfiltered
phononic signal.

First, we discuss the obtained phonon signal. Here, two dips of
different magnitudes start to form with increasing propagation length
x over the ferromagnetic layer. The magnetic fields at which the dips
occur again correspond to the triple crosspoint between the excitation
frequency and the dispersion relations of the SAW and the SW, as dis-
cussed before. The magnetic field dependence of the phonon signal
becomes more pronounced with increased SAW propagation because
of the progressive SAW absorption during its propagation in the
CoFeB film. This finding supports the previously observed dependence
of the electrically detected magnetoelastic interaction on the length of
the magnetic film.”

We now turn to the magnon signal shown in Fig. 3(b), where the
highest excitation of magnons is found at the beginning of the ferro-
magnetic layer. Due to the considerably large Gilbert damping o in the
CoFeB film, magnons have a very low lifetime, leading to a short decay
length gy of only about &gy ~ 1.81 um at f=5GHz and pyH = 10

5b) Iviagnon (arb.u.) 10° 10°

L 1 1 1
3050 50 100 150 200 250 300
Propagation length x (um)

1 1 1 1 1
150 200 250 300

1 "
0 50 100
Propagation length x (um)

FIG. 3. Integrated BLS-intensity of the linescan measurement indicated by ROI 2 in Fig. 1(a), as a function of the external magnetic field and the propagation length of the
SAW. We evaluated the excitation of the tenth harmonic order at a frequency of 5 GHz, which is excited by nonlinear phonon processes in the LiNbOs. In (a), the measured
intensity on phonon-polarization is shown, where it can be seen that with increasing propagation length, two dips form at the resonant magnetic field. (b) The obtained intensity
on magnon polarization (the scaled intensity on phonon-polarization at 30 mT is subtracted). The highest increase in magnon population occurs at the start of the ferromagnetic

layer at resonant magnetic field and decreases with vanishing phonon amplitude.
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mT in Damon-Eshbach geometry (see the supplementary material),
thus vanishing almost instantly. Consequently, the magnon population
does not build up with increasing propagation length, and only locally
excited SWs by the SAW are detected. Since the phonon density is
highest at the start of the ferromagnetic layer, the highest excitation of
magnons is found here, while fewer magnons are exited with increas-
ing propagation length. The coupling of the phonon to the magnon
system opens a loss channel for the propagating SAW phonons. From
the previously obtained data, we now determine the magnetic field
dependency of the SAW amplitude decay rate. We obtain an exponen-
tial decrease in SAW amplitude with propagation distance, which is
characterized by the effective damping parameter #.(H), which we
derive from the BLS-intensity by fitting

IPhonon(x’ H) = IO,Phonon X €xp (727]eff(H)x)' (10)

The factor 2 results from the fact that the BLS intensity is proportional
to the SAW intensity, which is again proportional to the squared SAW
amplitude. We determine the effective damping by plotting the BLS-
intensity as a function of the propagation length x for each magnetic
field in logarithmic representation as illustrated in Fig. 4. The obtained
effective damping rates 1. are shown in Fig. 5. The decay rate
increases at the resonant coupling field with different magnitudes,
indicating a nonreciprocal SAW-SW coupling,'’ by 74% at +11mT
and 41% at —9 mT in comparison to off-resonant fields.

In summary, we demonstrated spatially resolved coherent inter-
action between phonons and magnons by micro-focused Brillouin
light scattering experiments. By exploiting the shift in polarization of
light scattered by magnons, we selectively detected the excitation of
magnons and the absorption of phonons as a function of the applied
magnetic field We found that magnonic and phononic BLS-
signals interfere, which demonstrates the coherence in the phonon-to-
magnon conversion process. By taking the coherent phase relation
between SAW and SW into consideration, we formulated a phenome-
nological model for the expected BLS intensity, which we used to fit
our data. Phonon excitation via IDTs revealed coherency of the pho-
non-to-magnon conversion even in the absence of an identification of
the avoided crossing of the dispersion relation of the two quasi-
particles. Our spatially resolved data show that the SAW-SW
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FIG. 4. Decrease of the SAW amplitude with propagation length, shown for different
magnetic fields at a SAW frequency of 5 GHz. At 11 mT (resonant magnetic cou-
pling field), the decrease in SAW amplitude is enhanced compared to off-resonant
magnetic fields.
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FIG. 5. Increase of the phonon decay rate due to the magnetoelastic coupling with
SW at 5 GHz as a function of the external magnetic field. The different magnitudes
in peaks are denoted to the helicity mismatch effect that results in a nonreciprocal
SAW transmission.

interaction does not result in increased SW propagation length.”" This
finding and the interference of phonons and magnons need to be con-
sidered for potential applications that rely on magnetoacoustically gen-
erated magnons or magnon-controlled phonon propagation.

See the supplementary material for details regarding the phenom-
enological modeling of the magnetoacoustic interaction, the used
uBLS-setup by the sample fabrication, and the characterization of
magnetic properties using broadband ferromagnetic resonance
spectroscopy.
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