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The generation and control of surface acoustic waves (SAWs) in a magnetic material are objects of
an intense research effort focused on magnetoelastic properties, with fruitful ramifications in spin-wave-
based quantum logic and magnonics. We implement a transient grating setup to optically generate SAWs
also seeding coherent spin waves via magnetoelastic coupling in ferromagnetic media. In this work we
report on SAW-driven ferromagnetic resonance (FMR) experiments performed on polycrystalline Ni thin
films in combination with time-resolved Faraday polarimetry, which allows extraction of the value of the
effective magnetization and of the Gilbert damping. The results are in full agreement with measurements
on the very same samples from standard FMR. Higher-order effects due to parametric modulation of the
magnetization dynamics, such as down-conversion, up-conversion, and frequency mixing, are observed,

testifying the high sensitivity of this technique.

DOI: 10.1103/PhysRevApplied.18.044009

I. INTRODUCTION

The use of the spin degree of freedom for memory stor-
age and logic computation is the goal of spintronic and
magnonic research. Nowadays, much effort is devoted to
the exploitation of spin waves (SWs), where the absence
of carriers and scattering ensures no Joule dissipation and
a wide range of working frequencies, in close similar-
ity to photonics [1-3]. Controlling amplitude and phase
of spin excitations is hampered by decoherence phenom-
ena and magnetic damping upon propagation, and efficient
methods for producing SWs in magnetic materials are
needed.

Magnetoelastic coupling proved to be a promising path-
way for the control of magnetic properties of materi-
als and devices [4], and surface acoustic waves (SAWSs)
have been extensively used to investigate magnetoacoustic
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and phonon-magnon coupling in ferromagnetic thin films,
due to the (quasi)degeneracy of SAW and SW disper-
sion in the few GHz and um~! ranges [5-9]. In fact,
SAWs can induce coherent and long-living SWs through
inverse magnetostriction, which translates in a variation
of the magnetization due to lattice deformations. Recently,
interdigitated transducers on piezoelectric substrates [6,10]
have been employed to elastically pump SWs. These
devices have proven to be very effective in achieving all-
elastically driven ferromagnetic resonance (FMR), where
rf SAW-induced elastic deformation replaces the tradi-
tionally applied rf electromagnetic field. However, these
approaches have some limitations, e.g., a restricted flexi-
bility in the explorable frequency range, due to the defined
pattern of the transducers, and their in-contact operation.
Starting from 2015, Tobey and co-workers reported
an all-optical approach for both the excitation of SAWs
and the time-resolved (TR) detection of the magnetiza-
tion of ferromagnetic thin films, thus demonstrating a
contactless and noninvasive tool for studying magnetoa-
coustic effects and SW propagation [11]. They exploited
the transient grating (TG) spectroscopy, a nonlinear optical
pump-probe technique belonging to the class of four-wave
mixing spectroscopy [12-20], scarcely applied to magnetic

Published by the American Physical Society
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study [7,21-24]. TG proves to be efficient in generat-
ing coherent SWs in a ferromagnetic medium, and allows
full tunability of SAW frequency by varying the grating
pitch, placing this technique in the useful frequency win-
dow (few GHz) of SAW-driven magnonics. Furthermore,
it is possible to simultaneously probe acoustic and mag-
netic dynamics with sub-ps time resolution in the same TG
setup.

Expanding on that approach, we implement a versatile
setup to perform a systematic study of TG-SAW-driven
FMR on polycrystalline Ni thin films of various thickness,
that are grown on different substrates, by combining TG
excitation and TR Faraday polarimetry. In this way, we are
sensitive to the out-of-plane (OOP) component of the Ni
magnetization vector, obtaining information on the cou-
pling between the acoustic and the magnetic degrees of
freedom. Our results confirm the observations of Tobey’s
group on similar samples [7,25]; we also quantitatively
estimate the effective magnetization Mg and the Gilbert
damping « for the investigated samples. In the case of
Ni on CaF, substrate (indicated as Ni/CaF,), we fur-
ther compare our SAW-driven FMR results with standard
FMR ones on the very same samples, obtaining fully
consistent results. Finally, the high sensitivity of the TG
technique is confirmed by (i) SAW-FMR results obtained
on Ni/SiO,, where the combination of thermoelastic effi-
ciency and magneto-optical sensitivity gives an overall
figure of merit (F) 4 times smaller than in Ni/CaF, (see
Table I below and discussion thereof) and (ii) fast Fourier
transform (FFT) analysis of the TR-Faraday signals reveal-
ing higher-order parametric resonances (frequency mix-
ing), also in agreement with what has been observed in
Ref. [25,26].

II. EXPERIMENTAL SETUP

The experimental setup is presented in Fig. 1; it is
conceived to easily switch from TG spectroscopy in trans-
mission geometry to Faraday polarimetry.

The laser source is a Yb:KGW fiber-based laser (Pharos,
Light Conversion), available at NFFA-SPRINT laboratory
in Trieste, Italy [27]. The laser source delivers pulses at
1028 nm, 300 fs and approximately 5 nm in bandwidth;
the adjustable repetition rate is set to 50 kHz. The pump
beams are obtained from the fundamental of the laser;
the probe beam (514 nm, 250 fs) is obtained by second-
harmonic generation of the fundamental in a 2-mm-thick
BBO crystal. Energy is set to 30 nJ for each pump and 200
pJ for the probe. The spot size is about 40 um in diam-
eter for the pump and somewhat smaller for the probe,
giving a fluence on the sample 5 mJ/cm? for the pump
and 0.18 mJ/cm? for the probe. The delay between the
pump and probe is controlled by routing the probe towards
a corner cube retroflector mounted on a 500-mm delay line
(maximum time delay approximately equal to 3.3 ns). The
pump and the probe beams, red and green, respectively,
in Fig. 1, lie in a plane normal to the sample surface and
are s polarized. They are overlapped on a dichroic mir-
ror (DM in the sketch) and focused onto a phase mask
[28]. The diffracted orders are focused on the sample by
a pair of achromatic doublets (D1, D2) in confocal con-
figuration. The first diffraction orders of the pump [m =
+1 in Fig. 1(a)] interfere on the sample, generating the
TG. Briefly, the excitation mechanism involves absorption
of the pump photons and subsequent thermal expansion,
which generates a pattern of standing SAWSs, given the
stripy interference pattern.

TABLE I. Thermoelastic efficiency and figure of merit (both normalized to the CaF, value) and relevant parameters [see Egs. (2)

and (3)] for different substrates (mainly transparent). The substrates of our choice are highlighted in bold.

Substrate Qth v Cth ki Mnorm Frorm
(1070 K1) (I/kg K) (W/mK)

CaF,* 18.85 0.26 854 9.7 1 1

AL, O3° 5.8 0.21-0.33 753 41.9 0.31-0.41 0.07-0.09

SrTiO; 9.4¢ 0.24¢ 5184 12¢ 0.79 0.64

MgO*° 9-12 0.35-0.37 880-1030 30-60 0.48-0.79 0.08-0.26

Si0, (Fused silica)’ 0.54-0.57 0.15-0.16 700-750 1.0-1.5 0.03 0.17-0.29

Soda Lime# 9.5 0.24 500 0.7-1.3 0.82 6.15-11.4

Sih 7-8 0.27 668-715 84-100 0.45-0.55 0.04-0.06

’[37]

°[38]

°[39]

9[40]

°[41]

[42]

£[43]

h[44].
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(a) Scheme of the experimental setup. BBO, S-barium borate crystal for second-harmonic generation; DM, dichroic mirror;

D1 and D2, achromatic doublets. (b) Sketch of the TG setup for acoustic measurement. (c) Sketch of the TG setup for magneto-optical

Faraday polarimetry.

A key feature of the TG technique is its wave-vector
selectivity: the optical grating generated by the pumps has
a precise fringe spacing A given by phase mask pitch and
thus selectively excites phonon modes with wave vector ¢,
obtained with the equation

2 477 Sin Oy

= == 1
9= Y (1)

where 0 and A, are, respectively, the half-angle of inci-
dence and the wavelength of the pump beams. For optical
wavelengths, ¢ is in the few um™' range. In a ferromag-
netic medium, a SW of equal wavelength and frequency
is generated by inverse magnetostriction [29,30]. As from
Eq. (1), changing the pumps incidence angle 6., changes A
and thus the wave vector of the excited acoustic and spin
wave.

To perform TG acoustic spectroscopy in transmission
[Fig. 1(b)] we use the m =1 diffraction order of the
probe, which impinges off normal on the sample. It is then
diffracted by the SAW at the Bragg angle and its inten-
sity modulation at selected time delays with respect to the
pumps allows the acquisition of the dynamic information
on the relaxing TG, and consequently on the properties
of the excited acoustic modes. The diffracted probe is
detected with a photoreceiver (Newport Femtowatt 2151)
and fed in a lock-in amplifier (SR860), which is phase
locked to a mechanical rotating chopper (50% duty cycle,
719 Hz) positioned along the pump path.

An external magnetic field (Hey) is needed when per-
forming SAW FMR [Fig. 1(c)]. We use an electromagnet
to generate an in-plane (IP) static magnetic field at an
angle ¢ ~ 15° with respect to the SAW wave vector q,

as required by symmetry of the magnetoelastic interac-
tion [5]. To detect the TR OOP magnetization dynamics
as a function of the applied magnetic field, we perform TR
Faraday polarimetry exploiting the Oth order of diffraction
of the 514-nm beam as a probe [see Fig. 1(a) and (c)]. The
switch from TG acoustic spectroscopy setup to TR Faraday
rotation setup can be easily performed by (i) blocking the
Oth order of the pump using a color filter, (ii) removing the
mirror indicated as Removable mirror in Fig. 1(a), and (iii)
crossing nearly to extinction the polarizer in the detection
branch.

The probe focal spot on the sample is approximately
equal to 40 um in diameter, much larger than the SAW and
SW wavelength. This is required for acoustic detection,
since diffraction from a grating only happens if several
fringes are illuminated; however, it lowers the sensitivity
for the magnetic transient, since it allows measurement of
only the OOP component of the magnetization, averaged
along several wavelengths. Nonetheless, in the TG pump-
ing scheme, the SAW and SW profile is intrinsically entan-
gled to a periodic temperature profile along the q direction,
due to the stripy pump pattern: as shown in Ref. [7], this
ensures that the Faraday rotation signal does not average to
zero when integrated along full SW periods, relying on the
partial demagnetization of Ni in the illuminated fringes;
clearly the Curie temperature of the magnetic thin film is a
key parameter to the magneto-optical sensitivity, as shown
in detailed simulations [7].

We study polycrystalline Ni films of thickness 14 nm
vacuum deposited on (001)-oriented CaF, crystalline sub-
strate, and of 8 and 14 nm on amorphous SiO, substrate.
In all cases, the films are capped with a 10-nm SiO; layer
to prevent oxidation while ensuring high transmission of
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the laser beams. Films and capping layers are deposited
by e-beam evaporation with a base pressure of 10~¢ mbar.
The magnetostatic properties of the samples are character-
ized via longitudinal magneto-optical Kerr effect (MOKE)
at the NFFA facility (MBE-Cluster) in Trieste, Italy [31].
Further sample characterization can be found within the
Supplemental Material [32].

Nickel is often the ferromagnet of choice for magne-
toelastic studies, thanks to its high magnetostrictive coef-
ficient (A; = —38 x 107° for a polycrystal [33]). More-
over, the low Curie temperature (628 K, [34]) ensures
that the temperature gradients along the SAW wave-vector
direction give good contrast in Faraday detection.

The choice of the substrates is guided by Ref. [12]: for
thermally generated SAWs, we can define a thermoelastic
efficiency 7 as

14+v 1
l—vcth’

1= 2
where oy, is the thermal expansion coefficient, v is the
Poisson ratio, and cy, is the heat capacity. n is the rel-
evant parameter in quantifying the SAW amplitude for
given input thermal stress [32]. Besides the thermoelas-
tic efficiency, the amplitude of the magneto-optical signal
is affected by the spatially periodic temperature gradients
and the associated magnetization modulation, as pointed
out above: thus, as demonstrated in Refs. [7,35], a higher
thermal conductivity of the substrate is detrimental for the
experiment, since it brings faster thermalization and thus
reduced magneto-optical signal. One can define a F via
the following relation:

Ui
F=— 3)

ke
and seek a specific substrate to maximize F. Table I
reports results for some commonly used substrates, includ-
ing those of our choice. As from Table I, CaF, gives a

large F; we investigate CaF; as a crystalline, high-F sub-
strate, and SiO, as an amorphous, low-F (about 4 times
smaller) substrate. Finally, the transparency in the visible
region allows work in transmission geometry.

The broadband FMR experiments are carried out using a
homemade setup, where the sample is positioned between
the polar extensions of a Bruker ER-200 electromagnet,
maintaining its surface parallel to Hey in the so-called
“flip-chip” configuration for IP measurements. To induce
the precession of the magnetization vector, the samples are
fixed on a grounded coplanar waveguide, then connected to
an Anritsu rf source. The FMR signal for a fixed frequency
is acquired by measuring the derivative of the absorption
power downstream of the electrical transmission line as a
function of Hey through a lock-in amplifier. For further
details on the FMR setup, see Ref. [36].

All measurements reported are performed in air and at
room temperature.

III. RESULTS AND DISCUSSION

Figure 2 shows MOKE hysteresis loops of the three
samples; the reported angles refer to IP azimuth. In
Fig. 2(a) the Ni/CaF, sample shows a reduction in the
absolute value of the magnetic remanence for 0°, indi-
cating a small IP anisotropy not relevant in this context
[32]. Differently, Figs. 2(b) and 2(c) display a negligible
IP anisotropy and a higher coercive field for the Ni/SiO,
samples, at fixed thickness. This is in accordance with the
amorphous nature of the substrate that favors the growth
of less textured Ni films, thus characterized by an isotropic
magnetic response.

Figure 3 shows the purely acoustic TG signal of
Ni(14 nm)/CaF, obtained in transmission geometry with
a TG pitch of A =2.5 um (¢ = 2.47 um™"), after sub-
traction of exponential background. Raw data and details
on the background removal procedure can be found within
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FIG. 2. Hysteresis loops from longitudinal MOKE measurements. The magnetic field is applied IP; the angles refer to azimuth. (a)
Ni(14 nm)/CaF, sample. The 0° orientation is defined by the IP magnetic field being along the [100] crystallographic direction of the
substrate. (b) Ni(14 nm)/SiO;. (¢) Ni(8 nm)/SiO;. In (b) and (c) the IP angles are measured from an arbitrary edge of the sample.
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FIG. 3. Ni(14 nm)/CaF, acoustic TG signal after subtraction

of exponential background (blue dots). The trace is obtained with
apitch A = 2.5 um. No magnetic field is applied. Time-domain
fit (red solid line) of Eq. (4) gives the frequency of the SSLW
(2.79 GHz) and RSAW (1.26 GHz).

the Supplemental Material [32]. A satisfactory fit of the
observed intensity (/) oscillations requires two sines:

I =A,sin Qafit+ ¢1) + Arsin Crfot + ¢2) + B, (4)

from which we obtain fj = 1.26 £ 0.06 GHz and f, =
2.79 £0.02 GHz, corresponding, respectively, to the
Rayleigh surface acoustic wave (RSAW) and the surface
skimming longitudinal wave (SSLW), in agreement with
previous studies [7]; the phase velocities (¢ = 27 f /q) are
crsaw = 3.2 £0.2 km/s and cssrw = 7.1 £ 0.05 km/s.

The presence of magnetoelastic coupling (magne-
tostriction, piezomagnetism, or higher-order terms) allows
exploitation of time-varying acoustic fields (e.g., SAWs
with A at the micron scale) as an effective rf magnetic
field; in this work we apply this SAW-driven FMR method.
The azimuthal angle ¢ between q and Hey is a critical
parameter for the strength of the magnetoelastic cou-
pling [5,6,10]. The nonuniform tickle magnetoelastic field
produces a nonuniform magnetization precession, i.e., a
finite-wave-vector SW [30].

The dynamics of the magnetization M of a ferromag-
net is generally described with the Landau-Lifshitz-Gilbert
equation [45]

dM M Hoo+ * (M aM 5)
—_— = = X — X —
di 14 ottt I a )’

where 1 is the vacuum magnetic permeability, y is the
gyromagnetic ratio, @ > 0 is the so-called Gilbert-damping
parameter, and Heg is the effective field, which includes
Hey and all other internal fields (e.g., anisotropy, demag-
netizing). The Larmor precession of M about Hgg [first

term at right-hand side of Eq. (5)] has angular frequency
o = y oHeg typically in the GHz range. Dissipation of
energy and of angular momentum towards other degrees
of freedom of the material or to free space (second term)
leads to the alignment of M along the H axis.

The FMR condition is reached by adding a rf magnetic
field at frequency w; to compensate the damping, so that M
can be set in stable precession. No restrictions are imposed
to the nature of the rf field. The analytical dependence of
the FMR frequency f strongly depends on the strength of
the applied magnetic field and on the shape of the sample.
In the case of a thin isotropic ferromagnetic film under IP
magnetic field, / is given by the Kittel formula [46,47]

Koy res res
f = %\/ eff (Heﬁ” +Meff)’ (6)

where HJF is the value of the effective field at reso-
nance condition and M.y is the effective magnetization
of the sample, which is related to the saturation magne-
tization M, via Mgy = My — 2K;/Mdry: here K is the
surface anisotropy constant and dpy is the thickness of the
ferromagnetic thin film [48,49].

Figure 4 reports SAW FMR results obtained on
Ni(14 nm)/CaF, with TG pitch A = 2.5 um, with SAW
wave vector q along the [100] direction of the substrate;
in all these measurements, Hey; is applied IP at angle ¢ ~
15°. Panel (a) shows the intensity of the TR Faraday signal
as a function of the time delay between the pump and probe
at two applied magnetic fields (23.3 and 5.4 mT, blue dots
and red diamonds, respectively). The periodicity of the sig-
nal is highly influenced by the applied field. A systematic
investigation of this effect is shown in (b) where a two-
dimensional (2D) map of the TR Faraday signal is reported
versus time delay and versus magnetic field. The strong
dependence of periodicity and amplitude of the TR Fara-
day signal is indeed due to SAW FMR. Panel (c) reports the
FFT of (b): clear resonances are visible where Hey = Hies,
such that the Kittel frequency matches either the RSAW
or the SSLW frequency. Similar maps are acquired with
TG pitches A = 3 and 4 um. A change of A corresponds
to a change of the RSAW and SSLW frequency, along the
linear dispersion relation of acoustic modes: hence, SAW
FMR resonances can be tuned at the desired frequency and
magnetic field.

We then combine the FFT maps obtained with the three
different TG pitches (A = 2.5, 3, and 4 um) to extract the
SAW FMR parameters, namely the frequency and mag-
netic field in resonance condition. For each TG pitch,
we exploit the symmetry in the applied magnetic field
by folding the FFT maps around the zero field to obtain
better contrast [35]; note that any hysteretic behavior is
averaged out by this procedure. From the three folded
maps, we extract the SAW FMR resonance frequency by
integrating over a suitable range of magnetic field and
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FIG. 4. (a) TR Faraday traces from Ni(14 nm)/CaF, at res-

onance with SSLW (blue dots, woHex¢ = 23.3 mT) and RSAW
(red diamonds, poHex = 5.4 mT), with A = 2.5 um. After sub-
traction of linear background, the traces are vertically offset for
clarity. (b) 2D map of the Faraday signal intensity as a function
of time delay and applied magnetic field. Each trace has been
normalized to its maximum after linear background subtraction.
(c) 2D FFT magnitude map of each trace in (b). The dash-dot
red lines at 1.26 and 2.79 GHz correspond to the frequency,
respectively, of the RSAW and SSLW [Fig. 3(b)], identifying
magnetoelastically enhanced magnetization precession.

fitting the obtained curve with a Gaussian to extract the
peak frequency; similarly, by integrating over a suitable
range of frequencies, we determine the resonance magnetic
field and its linewidth, identified as the peak position and
FWHM of the fitting curve, respectively.

Comparison between standard FMR and SAW FMR is
presented in Fig. 5(a), for the case of IP magnetic field:

Hey is assumed to be uniform for both configurations and,
together with the magnetic shape anisotropy, determines
the equilibrium axis of M. In standard FMR a rf wave is
applied to the sample to have its oscillating magnetic com-
ponent H;; orthogonal to H.g, exciting the precession of
the M vector [panel (a), top] [50,51]. In SAW FMR [panel
(a), bottom], the rf field is generated by an elastic wave
(the red stripes represent the SAW wave fronts).

Panels (b),(c) in Fig. 5 compare results of standard
FMR and SAW FMR from the very same sample of
Ni(14 nm)/CaF,. The resonance frequency obtained with
both techniques as a function of the magnetic field is
reported in (b), together with fits of the Kittel curve
[Eq. (6)]. In the fit of standard FMR data, both y and Mg
are free parameters: the best fit is obtained for y = (2.10 &
0.06) x 10! rad/s T and Mr = 199 + 18 kA/m. Due to
the limited SAW FMR dataset, when fitting it we fix y =
2.10 x 10" rad s T; we obtain My = 195 £+ 16 kA/m, in
perfect agreement with what we find from the FMR data.
The low M.y values with respect to the saturation mag-
netization of Ni at room temperature (Mg, ~ 490 kA/m,
[34]) are attributed to a growth-induced IP anisotropy and
possible impurities introduced during sample deposition.
Indeed, M.y strongly depends also on the ferromagnetic
thickness, even above the ultrathin regime, as reported,
e.g., in Ref. [36] and the Supplemental Material therein.
Furthermore, the fully consistent M. values suggest that
in both techniques the sample can be considered at room
temperature, which indirectly means that the TG-induced
temperature profile does not affect the magnetic properties
of the sample significantly.

We stress that the magnetization precession is uniform
in FMR and nonuniform in SAW FMR: the latter could
be thus thought as a SW resonance technique, and it is in
principle not obvious that a Kittel curve should appear, as
in the small q range the SW dispersion relation can have
huge nonmonotonous dependence due to dipolar fields
(backward volume magnetostatic waves, BVMSWs, see,
e.g., Refs. [52,53]). Nevertheless, for the specific case we
address in this work, it can be shown that the contribu-
tion of BVMSW is negligible and the dispersion relation of
SWs in the wave-vector range of our interest is flat within
10% [32,54]. This means that we can directly compare our
results to FMR, and we can properly call the projected
curve a “Kittel curve.” We do not include any uniax-
ial anisotropy term, which could arise from the thermally
induced static and dynamic surface rippled pattern, which
is in the micron range in our experiment [55]: indeed, this
anisotropy is known to be negligible for ripple wavelength
larger than about 100 nm [56,57].

The linewidth A Hpwym of the resonance acquired with
FMR and SAW FMR is reported in Fig. 5(c). For FMR, the
linewidth is the FWHM in a sweep of H.. To compare
the FMR and SAW FMR linewidths, the FWHM value
extracted from the SAW FMR signal along the magnetic
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(a) Top: geometry and scheme of standard FMR. The magnetization precesses uniformly over the entire sample. Bottom:

geometry and scheme of SAW FMR. The magnetization traces a cone about Heg in a nonuniform mode, following the space and time
modulation of the SAW strain field. (b) SAW FMR (blue dots) and standard FMR (red diamonds) measurements with the applied
magnetic field along the [100] direction. The lines (blue solid for FMR and red dashed for SAW FMR) are the fits with the Kittel
formula [Eq. (6)]. (c) Magnetic field FWHM as a function of the resonance frequency. The lines are linear fits [Eq. (7)]. The error bars

in the FMR data in (b),(c) are smaller than the marker size.

field axis of the magnitude of FFT is divided by +/3: this
factor is needed (as can be derived from Ref. [29]) since
we work with the magnitude of the FFT rather than with
the imaginary part. Following standard analysis from FMR
[48,58], we extract the Gilbert damping « by fitting the
linewidths with the equation

dra

AHpwam = Tf + AHi, (7)

where AHiy, is the so-called homogeneous broadening
term, which is a frequency-independent line broadening
due to magnetostructural disorder [48]. For SAW FMR we
obtain « = (47 +£5) x 1073 and AHjy, = 1.8 £0.5 mT,
again in good agreement with the values obtained from
FMR, namely o = (52+2) x 1073 and AH, =3.9 +
0.4 mT. We attribute the somewhat larger A Hyy, from FMR
to large-scale inhomogeneities that contribute to the FMR
signal, as FMR is an area-integrated technique.

An overview of the SAW FMR approach is given in
Fig. 6, showing the experimental data (black spheres) of
the Ni(14 nm)/CaF; in a three-dimensional (3D) phase
space spanned by the magnetoelastic resonance frequency
f, the SAW wave vector ¢, and the resonance mag-
netic field H,. Three wave vectors ¢ (1.57, 2.05, and
2.47 pum~!) are identified with vertical planes (orange,
light blue, and purple, respectively). Two acoustic modes
are at play, namely RSAW and SSLW. At fixed ¢, the sound
velocity of each SAW determines the two frequencies: thus
the projection onto the (', g) plane (green dots) gives the
linear acoustic dispersion for the two modes (linear fit in
pink). Given the flatness of the SW dispersion in the range
of interest, the projection onto the (f, Hys) plane (blue
dots) can be fitted with a Kittel curve [in red, see Eq. (6)].

From Fig. 4(c), Hex is understood as the driving param-
eter to obtain SAW FMR: indeed, tuning H.,; makes the
SW manifold move in the phase space of Fig. 6, while the
SAW dispersions are not affected; the elastic and magnetic
degrees of freedom couple resonantly when frequency and
wave vector of a SW match those of a SAW. It is worth
noting the great potentiality of SAW FMR to investigate
nonflat SW dispersions, extending the FMR measurement
along the ¢ axis: this will be of interest, e.g., for addressing
specific momentum-dependent damping channels, such as
two-magnon scattering (TMS) phenomena [59—64].
Having ascertained the capabilities and the reference
frame of the TG SAW FMR experiments in comparison
with standard FMR, we now quantify the sensitivity of the

— 735
Acoustic 30
2.5
2.0
1.5
-1.0
0.5

\ Kittel curve, . .
dispersion

Frequency (GHz)

= 20
1.8 10
At 272[4,111 ) L5 g }IQHch K‘ﬂrﬂ

2.7 ~
24 94

FIG. 6. 3D phase space of TG measurements on the 14-
nm Ni/CaF, film. The black spheres are experimental points
corresponding to SAW FMR resonance conditions.
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technique by presenting data from samples with low F,
namely Ni films (14 and 8 nm) on fused silica (see Table I).
In Fig. 7(a)<(c), FFT maps at different A are reported:
compared to Fig. 4(c), additional reference lines highlight
higher-order resonance peaks parametrically excited at a
half multiple or at a combination of the two SAW fre-
quencies [26]. Several parametric resonances are visible
from Ni(14 nm), while from Ni(8 nm) a single paramet-
ric resonance is observed (not shown). The observation of
such higher-order resonances testifies the sensitivity of the
detection scheme and the capability of TG-based acoustic
excitation to drive large amplitude magnetic precession.
Following the same procedure described above, we
extract Mgy and o for the Ni(14 nm)/SiO, and
Ni(8 nm)/SiO, samples. Figure 7(d) reports f* as a func-
tion of His, showing that also the parametric resonances
follow the Kittel curve. The low-frequency cutoff in Ni(14
nm) in Fig. 7(d) (blue squares) resembles what is observed
in high-frequency magnetoimpedance measurements [65],
where the frequency border from quasistatic to resonating
precession is crossed. Such a cutoff is observed in Ni(14
nm) at applied magnetic field close to the opening of the
hysteresis loop [see Fig. 2(b)]: we speculate it to be due
to loss of magnetic saturation and formation of magnetic

Frequency (GHz)
Frequency (GHz)

1H,

ext

(mT)

' (d)

w
T
1

Frequency (GHz)
— o
T T T
1

2 Ni(14 nm)
 Ni(8 nm)
0 L
0 10 20 30
pﬂflres (HlT)

FIG. 7.

pﬂf[ext (mT)

domains, a hypothesis consistent with the absence of such
a cutoff in Ni(8 nm)/SiO, and in Ni(14 nm)/CaF,, whose
hystereses are narrower, thus maintaining the sample in
equilibrium condition. We exclude from the fit unsatu-
rated data, i.e., Ni(14 nm) data (either parametric or not)
with £ <1 GHz and we fix y =1.93 x 10'! rad/s T.
Such a value of y is obtained from FMR measure-
ment on a similar sample. We obtain My =277 + 16
kA/m for Ni(14 nm)/SiO; and Mg = 122 4+ 16 kA/m for
Ni(8 nm)/SiO,. Also in this case, the reduction of the
Ni thickness is accompanied by a reduction of the My
value, in accordance with [36]. The different M. values
observed for the Ni(14 nm)/SiO; and Ni(14 nm)/CaF,
samples are explained in terms of the structural and mor-
phological properties induced by the substrate during the
Ni growth, which promotes a different texturization of the
Ni crystalline grains [32].

Figure 7(e) shows A Hrwuw as a function of /. By fitting
with Eq. (7) we obtain « = 0.11 £0.01 and « = 0.12 £
0.04 for Ni(14 nm) and Ni(8 nm), respectively; AHyy is
compatible with zero for both samples. Again, Ni(14 nm)
and Ni(8 nm) data marked as squares and stars, respec-
tively, are excluded from the fit in order to limit spurious
enhancement of o due to incomplete magnetic saturation.

2
=
SSLW { RSAW g
5
=

SSLW -+ RSAW

Frequency (GHz)

40
30
20 -
10 -

HoHewmy (mT)

0
L 1 L 1 L 1 L 1 L 1

0.0 05 1.0 1.5 2.0 2.5

Frequency (GHz)

(a)Ac) 2D FFT magnitude map of the TR Faraday signals from Ni(14 nm)/SiO, for A = 2.5, 3, and 4 um. The dash-dot

white lines highlight the frequencies of the TG-pumped acoustic modes and the additional parametric frequencies. (d) SAW FMR
results from Ni(14 nm)/SiO, (blue dots) and Ni(8 nm)/SiO; (red diamonds). Data excluded from the fits are plotted as blue squares
and red stars for Ni(14 nm) and Ni(8 nm), respectively. Empty markers denote parametric resonances. Frequency error bars are the
FWHM along the frequency axis of the FFT peaks, while the error on the applied magnetic field is estimated approximately equal to
5%. The solid lines are the fits with the Kittel formula [Eq. (6)]. (¢) Magnetic field FWHM as a function of the resonance frequency.
The marker legenda is the same as in (d). Solid lines are linear fits [Eq. (7)].
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Such large values for o can be due to growth-induced
magnetostructural disorder [36]: as reported in Ref. [66],
the substrate can dramatically affect the FMR response
of an ultrathin ferromagnetic overlayer; intercalation of a
smooth buffer layer improves the film growth as well as the
FMR signal. Measurements on a wider range of ¢ would
definitely help to clarify the role of parametric resonances
in the magnetization dynamics and its damping as well as
to determine AH,y,.

IV. CONCLUSIONS

In summary, we perform SAW FMR on polycrystalline
Ni thin films, combining TG-based excitation of SAWs and
TR Faraday polarimetry on the magnetoelastically induced
magnetic precession. The close comparison of results from
SAW FMR and standard FMR, performed on the very
same sample, establishes the validity of SAW FMR as a
method for magnetic and magnetoelastic characterization.
The high space resolution of our experimental setup, only
limited by the laser focal spot and the SAW wavelength,
allows the study of local magnetization dynamic proper-
ties of magnetic systems, a condition not achievable using
area-integrated techniques (e.g., FMR).

Momentum-dependent time-resolved scattering tech-
niques are needed to investigate complex quantum systems
and devices, with special emphases on the decay chan-
nels of low-energy excitations (phonons, magnons...).
The wave-vector selectivity of the presented technique can
be fruitfully employed in addressing the Gilbert damp-
ing in transition metal and magnetic oxide thin films with
nonmonotonous SW dispersion [60]. In these systems,
TMS is understood as a major dissipation channel, and
its cross section is largely affected by inhomogeneities
of the magnetic landscape and by their typical length
scale. In this respect, a TR and wave-vector-selective tech-
nique provides a direct insight into the decay mechanisms.
Furthermore, Dzyaloshinskii-Moriya interaction (DMI) is
known to have a large impact on the SW dispersion and
on the symmetry of the magnetoelastic coupling (nonre-
ciprocity [67]). The study of transition metal/heavy metal
magnetic multilayers and of chiral magnets where DMI
and/or interfacial DMI are at play can largely benefit from
a TG-based and magnetization-sensitive technique. These
systems possibly host a skyrmion phase: the TG method
combined with a magnetic probe could also be an efficient
way to investigate the optical generation of acoustically
driven skyrmions [68], together with their time-resolved
dynamics.
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