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ABSTRACT

The coupling of lattice and magnetization dynamics is a topic of growing interest, with significant implications for novel solid-state technolo-
gies. In this work, we investigate arrays of ferromagnetic Fe/Permalloy nanostripes. A time-resolved optical approach enables the study of
magnonic and phononic excitations, as well as their coupling at mode crossings. The field-dependent frequencies were also measured using
Brillouin light scattering spectroscopy and corroborated by micromagnetic simulations for different in-plane directions of an external mag-
netic field. We find that the acoustic and magnonic excitations can be tuned in frequency and magnetic field by adjusting the array periodic-
ity, filling ratio, as well as the orientation of the nanostripes relative to the external field. Additionally, we discuss the presence of features in
the signal intensity at the magnon–phonon crossings, introduced by dynamical phase effects due to the impulsive coherent excitation.

VC 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/10.1063/5.0278334

Magnonics, namely the application-oriented study of magnons,
emerged as a relevant research direction in the quest for low-
consumption fast technologies for next-generation electronics and
information processing.1,2 Magnons can propagate without Joule loss,
potentially enabling high-rate and energy-efficient information trans-
mission. Moreover, they naturally couple to spin-based memory and
logic units, suggesting the design of all-spin-based platforms.3 A limita-
tion in this approach is the low excitation efficiency employing induc-
tive electromagnetic sources and the short decay length. Both issues
can be addressed by hybridizing magnons with other quasi-particles,
an approach that gave birth to hybrid magnonics.4 A relevant
approach is the hybridization of magnons with acoustic phonons in
magnetic thin films5,6 and nanostructures,7,8 leading to the formation
of quasi-particles known as magnon–phonon polarons. The magnon–
phonon coupling, always present in systems with sizeable magneto-
elastic constants, is boosted if frequency and wavevector degeneracy is

reached, i.e., when the quasi-particle dispersion relations intersect; this
is typically the case for magnons and phonons in the gigahertz and
sub-micron range.

Artificial crystals offer attractive possibilities for engineering
hybrid magneto-acoustic excitations.7,9,10 Systems gathering an artificial
periodicity for both the magnonic and phononic subsystems are some-
times dubbed magnonic–phononic crystals (MPCs).11 In these systems,
by shaping the geometry, material, and anisotropy of the periodic con-
stituents, it is possible to obtain enhanced sensitivity to the environ-
ment, chiral or unidirectional propagation,12 or again to investigate
under appropriate conditions strong coupling and dissipative cou-
pling,8 opening perspectives for efficient sensors and transductors.
Overall, the periodic modulation of magnetostatic and elastic properties
shapes the magnon and phonon band structure, respectively, as well as
the wavefunctions, making MPCs ideal platforms for advancing the
understanding of magneto-elastic coupling and related applications.13
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Here, we report on magnonic and phononic excitations in MPCs.
Via time-resolved optical magnetometry, we impulsively excite mag-
nons and phonons, and we track the ensuing dynamics as a function
of external magnetic field and time. We show that by engineering the
periodicity and filling ratio of the MPC, the magnon–phonon polaron
can be tuned in both frequency and magnetic field. Moreover, as we
reported elsewhere,8 the employed time-resolved approach enables the
quantification of the coupling even when the condition of strong cou-
pling is not met, i.e., when, in frequency domain, the avoided crossing
collapses within the mode linewidth. We discuss here how specific fea-
tures appear in frequency domain for impulsively excited magnon–
phonon polarons, and how they can be due to balance of moderate
coupling strength and dynamical phase of the involved modes.

We investigate one-dimensional MPCs in the form of bilayered
thin ferromagnetic nanostripes (NSs) consisting of a Fe layer deposited
in direct contact on a Permalloy (Py, Ni80Fe20) layer. The samples
were fabricated by deep ultraviolet lithography and liftoff process;14

with this technique, highly ordered arrays of NSs can be fabricated
over a large area [Figs. 1(a) and 1(b)]. Two samples are investigated,
dubbed A and B. The layer thickness is tFe ¼ 10 nm and tPy ¼ 10 nm;
for both samples, the NSs are deposited on Si ð0 0 1Þ, with the NS long
axis aligned along the [100] substrate direction. The NSs have rectan-
gular cross section [see Figs. 1(a) and 1(b)], with width wA ¼ 340 nm
and wB ¼ 310 nm; for both samples, the NSs extend in length for
l ¼ 4mm. The inter-NS spacing is dA ¼ 70 nm and dB ¼ 300 nm; the
overall real-space periodicity is DA ¼ 410 nm and DB ¼ 610 nm.
Thus, the main difference between the two samples is the NS separa-
tion and the resulting filling ratio (rA ¼ 0:83 and rB ¼ 0:51). Note
that, to first order, a bilayered NS can be modeled as composed of an
effective ferromagnetic material with properties corresponding to the
volume average of the layer materials.15

Via dipolar magnetic interaction, the NSs form a magnonic crys-
tal, with tailored magnon bands for in-plane propagation; moreover,
the NSs periodically load the substrate altering its boundary conditions
at the surface, resulting in modulation of the surface acoustic proper-
ties, making the sample a surface phononic crystal. The correspon-
dence between the acoustic and magnetic periodicity results in efficient

hybridization between the two excitations, as the wavevector matching
is always met. The magnonic band structure for these samples was pre-
viously measured in the magnetostatic surface-wave configuration by
Brillouin Light Scattering (BLS).15 Analogous reciprocal-space period-
icity is reported for the surface-phonon bands in similar samples.11,16

Hybrid magnon–phonon dynamics was investigated via time-
resolved Magneto-Optical Kerr Effect (tr-MOKE) employing near
infrared (NIR) pump (kpump ¼ 1028 nm) and visible probe pulses
(kprobe ¼ 514 nm). The optical end-station is sketched in Fig. 1(c); fur-
ther details are reported in the supplementary material and are pub-
lished elsewhere.17 The sample lies in the vertical ðx; yÞ plane. The
external magnetic field Bext is applied in-plane (IP). The azimuthal
angle u between Bext and the NS long axis, which is also the magnetic
easy axis (EA) of the sample, can be varied in the full 2p range: u ¼ 0�

corresponds to Bext k EA, u ¼ 90� corresponds to Bext? EA.
In the adopted tr-MOKE scheme, the NIR pump pulse is mostly

absorbed by the metallic NSs. The resulting spatially periodic heating
of the sample impulsively excites phonons and magnons compatible
with their band structure and the spatial distribution of deposited
energy. Details on the excitation mechanisms are reported in the sup-
plementary material. This approach has close similarity with Transient
Grating spectroscopy, which indeed is routinely employed to probe
phonon dispersion and heat diffusion,18 and has been recently used for
excitation of coherent magnons.19 From the tr-MOKE experiment we
obtain time-domain maps where the recorded intensity oscillates in
time as due to the magnonic and phononic dynamics; in Fig. 2, we
report the Fast Fourier Transform (FFT) magnitude of such maps, as a
function of frequency and Bext strength; we refer to the supplementary
material for exemplary time-domain maps. The results are reported
for four values of u. The spectral resolution of the FFT maps is given
by the total observation window of 3.3 ns in time domain, resulting in
a frequency-domain resolution no better than 600MHz in FWHM.

In each map, two horizontal bands are observed: such field-
independent flat modes are associated to phonons excited by the
impulsive inhomogeneous heating of the sample. As reported in the lit-
erature,7,20 the lower mode is a pseudo-Rayleigh wave, while the higher
mode is mostly a localized width-breathing of the NSs. Consistently,

FIG. 1. (a) and (b) Top: SEM images of the surface of sample A (a) and sample B (b). Bottom: cross-sectional sketch of the samples (not to scale). (c) Sketch of the tr-MOKE
end-station. Pump and probe pulses are s-polarized and impinge on the sample surface at small angles from the surface normal (<12�). The reflected beam exhibits a MOKE-
rotated polarization, which is selected via a polarizer on the detection branch. The sample lies in the vertical ðx; yÞ plane between the poles of an electromagnet producing a
static magnetic field Bext. (d) Sketch of the BLS setup. The input beam is polarized via the polarizer P1, reflected by the mirror M, and focused normal to the sample surface via
the objective lens OL. The scattered light within a finite solid angle is collected by OL, analyzed in polarization via the polarizer P2, and sent to a Fabry–P�erot interferometer
(FPI). For both tr-MOKE and BLS, the sample can rotate around the z axis, with tunable azimuthal angle u.
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sample B exhibits lower Rayleigh-wave frequency and higher
breathing-mode frequency, as due to the longer periodicity and slightly
narrower NS width. The frequency of such acoustic modes scales
almost linearly with the geometrical parameters of the samples: for the
Rayleigh wave, the frequency scales with the overall MPC periodicity
(DA=DB � 0:7), while for the breathing mode it scales with the NS
width (wB=wA � 0:9).

The maps in Fig. 2 also display non-flat modes associated with
the uniform magnetization precession in the MPCs. Generation of
magnetization precessional motion (namely, magnons) via pulsed laser
pumping is largely reported in the literature for similar systems.7,21 We
further confirmed such assignment via BLS and micromagnetic
simulations.

Spectra from thermally excited magnons were measured via
BLS;22 a sketch of the experimental setup is presented in Fig. 1(d). The

spectra were recorded in air, at room temperature, in the backscatter-
ing configuration employing visible probe laser (kBLS ¼ 532 nm) at
normal incidence. Micromagnetic simulations were conducted using
mumax3. We refer the readers to the supplementary material for fur-
ther details.

In Fig. 3, we report comparison of the magnon field-dependence
obtained from tr-MOKE, BLS, andmicromagnetic simulations. In gen-
eral, good agreement is obtained, confirming the assignment to the
uniform magnon precession. For both samples, the magnon band red-
shifts in frequency for larger u: this results from the increasing contri-
bution of demagnetizing fields to the overall free energy when Bext?
EA. The same phenomenology is reported in the literature.20

Moreover, the magnon bands are quite similar in the two samples for
u � 60�, while a major discrepancy arises at u ¼ 90�, especially in the
field position of the frequency minima. This is consistent with the fact

FIG. 2. Maps of the FFT magnitude computed from the time-domain tr-MOKE traces for sample A (left) and sample B (right) at four values of u. In all maps, Bext is swept from
positive to negative values; each map is normalized to its maximum. Two flat non-dispersive modes are observed, at frequency approximately 8.9 and 10.7 GHz for sample A,
and 6.8 and 11.1 GHz for sample B; such modes are associated with phonons. For u > 0� also a dispersive mode is observed, associated with a magnon.

FIG. 3. Comparison of the magnon mode dispersion obtained via tr-MOKE (blue circles), BLS (orange circles), and micromagnetic simulations (black line). The vertical shaded
bars highlight regions where extraction of magnon frequency from tr-MOKE data was not possible due to crossing to a phonon mode or to zero amplitude.
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that the NS cross section is similar in the two samples, the major differ-
ence being the filling ratio and periodicity. Indeed, when the sample
magnetization has a large projection along EA, its dynamics is mostly
determined by the NS geometry and aspect ratios; in contrast, for
Bext? EA strong demagnetizing fields arise from the edge of each NS
and their influence on the magnetization dynamics strongly depends
on the inter-NS distance. A major discrepancy between experiments
and simulations is observed for u ¼ 0� and 30� in the field position
for the frequency minima; this is related to the coercivity of the NS
array, which depends on several factors, including the size distribution
of the NSs, defects, edge roughness, and finite temperature. None of
these aspects are accounted for in the simulation.

From Figs. 2 and 3, we see that in tr-MOKE measurements the
magnon mode is not observed (i.e., displays zero spectral weight) for
weak Bext at any u, and for u ¼ 0� at any Bext. As reported in the liter-
ature, pump-induced coherent magnetization precession results from
impulsive heating and reduction of the magnetization anisotropy.21

Referring to Fig. 4, two different scenarios are identified. For u ¼ 90�

[panel (a)], at Dt < 0 the magnetization M is directed along an equi-
librium axis u, which is determined by the vectorial sum of Bext and
the shape anisotropy field; in this case, the anisotropy field is directed
along EA, so u lies IP at an intermediate angle between Bext and EA.
When the sample is heated by the pump (Dt ¼ 0), the anisotropy field
changes in strength, and the new equilibrium axis u0 lies at a different
azimuth; M starts to precess about u0. After heat transport sets in [in
ferromagnetic metals typically after about 10 ps (Ref. 21)], the equilib-
rium axis goes back to u; however, M is out of equilibrium and keeps
precessing, now about u, in a free induction decay fashion until its nat-
ural damping. For u ¼ 0� [panel (b)], for Dt < 0 Bext, EA and u are
collinear. In this scenario, the reduction of anisotropy field induced by
the pump does not set a different direction for the equilibrium axis, so
the only effect observed is magnetization quenching and recovering.
Thus, only in the first scenario the pump induces coherent magnetiza-
tion precession, justifying the absence of the coherent magnon mode
from the tr-MOKE data for u ¼ 0�. Similarly, for vanishing Bext no
coherent precession is triggered, as M remains parallel to the equilib-
rium anisotropy axis at any time delay.

We now discuss the features observed via tr-MOKE at the mag-
non–phonon crossing points. Referring to the signal intensity in Fig. 2,

the most evident feature is that the spectral weight can display
enhancement or depletion, depending on the experimental configura-
tion. This cannot be immediately interpreted as a variation of the cou-
pling strength as a function of u, nor as a dependence on the strain
components involved; even the modification of coherent into dissipa-
tive magnon–phonon coupling cannot be assumed as a straightfor-
ward explanation.

Focusing on sample B for u ¼ 90�, we report in Fig. 5 the FFT
magnitude together with the spectral phase; as highlighted by the ellip-
ses [panel (a)], the spectral weight of the FFT magnitude is either
enhanced or depleted depending on the field being positive or negative,
respectively. Looking at the spectral phase [panel (b)], the only differ-
ence between the two crossings is the magnon mode swapping the
dynamical phase by p upon passing beyond the axis Bext ¼ 0mT. We
conclude that the enhancement/depletion feature is a coarse structure

FIG. 4. Sketch of the effect of the pump on magnetization and shape anisotropy at
four pump–probe delays. For non-collinear Bext and EA [u ¼ 90�, panel (a)], the
rotation of the equilibrium axis from u to u0 determines coherent magnetization pre-
cession. For Bext k EA [u ¼ 0�, panel (b)], only magnetization quenching and
recovery are observed.

FIG. 5. FFT magnitude (a) and spectral phase (b) of tr-MOKE for sample B at
u ¼ 90�. The white ellipses in (a) highlight the different behavior (enhancement or
depletion of the spectral weight) at the magnon–phonon crossing; the spectral
phase in panel (b) shows a p-flip of the magnon dynamical phase. (c) and (d)
Numerical simulations of FFT magnitude and spectral phase for coherent coupling
of two modes in the proximity of degeneracy, for three values of coupling strength g.
In panel (c), the modes are assumed with the same dynamical phase (D/ ¼ 0);
opposite dynamical phase (D/ ¼ p) is assumed in panel (d). The computed fre-
quency for the coupled modes is reported as black solid lines.
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in the mode crossing, which mainly relates to the dynamical phases of
the interacting modes.

To substantiate this picture, following the literature,23 we per-
formed systematic computations of the spectra for two quasi-
degenerate modes, as a function of their frequency detuning. The spec-
tra are computed as FFT of simulated time-domain maps, in analogy
to the experimental data acquired via tr-MOKE; details are reported in
the supplementary material. Three values for the coupling strength g
and two values for the relative dynamical phase D/ were considered.
The two-dimensional maps for the calculated FFT magnitude and
spectral phase are reported in Figs. 5(c) and 5(d); the calculated theo-
retical eigenvalues are shown as black solid lines in each panel. In order
to allow a direct comparison to the experimental data, the simulated
time-window was fixed to 3ns, resulting in smearing of the FFT peaks
along the frequency axis by about 600MHz in FWHM; the intrinsic
damping of the modes was assumed negligible in order to highlight the
merely instrumental contribution.

For g ¼ 0 rad/ns (no coupling), the FFT magnitude at the cross-
ing strongly depends on the relative phase of the modes: coherent
superposition of independent modes with same or opposite dynamical
phase results in enhancement or depletion of the spectral weight,
respectively. For g ¼ 1 rad/ns (weak coupling), the modes start to
hybridize and experience frequency repulsion (see the black solid
lines), but the frequency gap is smaller than the spectral resolution.
Partial spectral superposition determines again enhancement and
depletion in the spectral weight, depending on the relative phase. For
g ¼ 2 rad/ns (strong coupling), the two hybridized branches are well
separated and no artifact appears in the FFT magnitude. Thus, inspec-
tion of only the magnitude does not allow to disentangle coupling and
dynamical phase effects in the case of zero and weak coupling.
Combined analysis of the spectral phase could help in this job.

The results we reported show that one-dimensional MPCs
exhibit tunability in the magnonic and phononic excitations. Even
relying on simple NS geometry (regular spacing and rectangular
cross section), the phononic modes can be shifted in the few-
gigahertz range changing their aspect ratio, periodicity, and filling
ratio (see the flatband modes in Fig. 2). The magnonic mode displays
strong dependence on Bext as well as on u. This allows to envision
tunable magnonic–phononic devices, where employing advanced
lithographic processes (e-beam or transient grating-based24) it could
be possible to push the dynamics toward the 100-GHz regime, possi-
bly in addition to antiferromagnets with high-frequency magnonic
precession.

Moreover, via the optical time-resolved approach, we
highlighted crossing of magnon and phonon modes, a condition in
which the excitations potentially display efficient hybridization. We
evidenced how for poorly resolved FFT, i.e., when the spectral resolu-
tion is coarser or comparable to the frequency separation of the cou-
pled modes, the magnitude can display features not related to the
physics driving the mode coupling, but only due to trivial dynamical
phase effects. The spectral phase, on the other hand, seems more reli-
able in the assessment of the coupling: proper modeling of the spec-
tral phase dependence could be a viable road for the investigation of
weakly coupled systems. We conclude highlighting that the
frequency-domain features are a result of the time-resolved approach
we employ. The impulsive excitation generates a phase-coherent pop-
ulation of the hybridizing magnon and phonon modes. Quantitative

comparison to frequency-domain techniques leveraging incoherent
(e.g., thermally activated) modes could be relevant in understanding
the role played by coherence in the hybridization process.

See the supplementary material for details on the experimental
methods, computational methods, and data analysis.
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