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Phonons and magnons are prospective information carriers to substitute the transfer of charge in nanoscale
communication devices. Our ability to manipulate them at the nanoscale and with ultimate speed is examined by
ultrafast acoustics and femtosecond optomagnetism, which use ultrashort laser pulses for generation and
detection of the corresponding coherent excitations. Ultrafast magnetoacoustics merges these research directions
and focuses on the interaction of optically generated coherent phonons and magnons. In this review, we present
ultrafast magnetoacoustic experiments with nanostructures based on the alloy (Fe,Ga) known as Galfenol. We
demonstrate how broad we can manipulate the magnetic response on an optical excitation by controlling the
spectrum of generated coherent phonons and their interaction with magnons. Resonant phonon pumping of
magnons, formation of magnon polarons, driving of a magnetization wave by a guided phonon wavepacket are
demonstrated. The presented experimental results have great application potential in emerging areas of modern

nanoelectronics.

1. Introduction

The high demand of modern nanoelectronics in energy-effective
solutions stimulates the search for new information carriers, where
coherent phonons and magnons are promising charge-free alternatives.
Magnon-phonon interaction enables sharing their main advantages:
collective excitation with the robustness of phonons and tunability of
magnons operated up to THz frequencies could be a game-changer. This
is the focus of ultrafast magnetoacoustics, which exploits ultrafast op-
tical excitation of a magnetic material to generate and detect coherent
phonons and magnons. It can be considered a combination of two in-
dependent research fields exploiting ultrashort laser pulses: picosecond
ultrasonics [1] and ultrafast (i.e. femtosecond) optomagnetism [2,3].
The first field was started in 1984 by Humphrey Maris et al. [4] with an
experiment on generating coherent acoustic (phonon) wavepackets in
thin films of a-AsyTes. It has been quickly extended to a wide range of
materials, including ferromagnetic metals, e.g. Nickel [5,6]. Nickel is
one of three natural metallic ferromagnets (along with Iron and Cobalt),
but the laser-induced modulation of magnetic properties was not studied
in the first ultrafast acoustic experiments. It was addressed only ten
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years later by Jean-Yves Bigot in the first experiment on ultrafast
laser-induced demagnetization of Ni [7]. This breakthrough study
launched ultrafast optomagnetism. In 2002, van Kampen et al. showed
that ultrafast modulation of the net magnetization of a Ni film generates
a wavepacket of coherent magnons, i.e., spin waves [8].

The wavelength of phonons and magnons generated by the laser
pulse is set by the spatial profile of the light field in the excited material.
In the direction normal to the excited surface, it is governed by the
penetration depth of light, i.e., about 10 nm in metals. Along the plane
surface it is set by the size of the focused laser spot, which is limited by
the optical excitation wavelength and can be as small as on the order of
100 nm. From the diagram shown in Fig. 1a, one can see that for this
range of wavelengths, the characteristic frequencies of phonons and
magnons overlap. Thus, the condition of magnon-phonon resonance [9,
10], namely matching both their wavevectors and frequencies, are
naturally fulfilled. However, despite this coincidence and the same
material used in the first experiments, ultrafast acoustics and opto-
magnetism had been remaining “uncoupled” for quite a long time.

The two research fields have merged in 2010 in experiments with the
ferromagnetic semiconductor (Ga,Mn)As [11]. In this study, an optically
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generated coherent phonon wavepacket injected into a GaggsMng gsAs
film from the substrate excited precession of the magnetization, i.e., a
coherent superposition of the magnon modes [12]. The amplitude of
precession was large enough for its time-resolved optical detection.
Subsequent experiments with Ni films demonstrated the excitation of
coherent magnons by coherent phonons generated directly in a ferro-
magnetic material [13]. This work defined a new research field, which
was developed experimentally [14-25] and theoretically [26-35] over
the next decade.

A number of magnetoacoustic effects, such as resonant excitation of
coherent magnons by phonons and vice versa, propagation and atten-
uation of elastic waves in magnetized media, formation of hybridized
magnetoelastic waves, were theoretically predicted in the 50ies of the
20th century [9,10]. These effects were experimentally observed in bulk
ferrimagnetic garnets [36,37], where extremely low phonon and mag-
non decay rates made the strong magnon-phonon coupling detectable by
the experimental techniques that were available at that time. However,
in the case of higher magnon frequencies and much faster decay rates,
the magnon-phonon interaction is hardly trackable for conventional
experimental methods based on piezoelectric generation and detection
of acoustic waves. Ultrafast magnetoacoustics considerably pushes the
research borders: ultrafast optical excitation and direct time-resolved
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detection of the phonon and magnon transients made the effects gov-
erned by magnon-phonon interaction detectable at sub-THz frequencies
and at spatial scales down to several atomic layers, to provide new in-
sights into magnon-phonon interaction.

Besides the apparent research interest, a growing number of ultrafast
magnetoacoustic experiments has been stimulated by several applica-
tion areas, which are looking for new approaches to overcome their
specific problems. First, magnetic recording, which remains the most
reliable and cheapest way to store information, has reached a speed limit
[38] and requires new ultrafast tools to control magnetic order. In the
last ten years, phonon-induced and phonon-assisted magnetization
switching has made gigantic steps from theoretical models [27,32,39] to
breakthrough experiments [40]. Second, information technologies have
encountered the problem of rapidly increasing power consumption for
the rapidly growing amounts of processed information. This has stim-
ulated the active search for data carriers that do not involve charge
transport [41,42]. Both magnons and phonons are among the considered
alternatives [43-45], and their interaction with the formation of a hy-
bridized state (i.e., a magnon polaron) is the way to combine their main
advantages and minimize their drawbacks [46]. Magnon-phonon hy-
bridization is also attractive for quantum communications for manipu-
lating excitations at the quantum level [47,48].
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Fig. 1. Excitation and detection of coherent magnons and phonons in a metallic ferromagnet. (a) Frequencies and wavelengths of phonons and magnons in
ferromagnetic metals. The dashed frame shows the typical range of frequencies and wavelengths excited by a femtosecond laser pulse in a ferromagnetic metal. (b)-
(d) Used coordinate system and excitation of the magnetization precession: (b) equilibrium state with the magnetization, M, along the effective field, B¢, defined by
the balance of the external magnetic field, B, and the anisotropy field, which defines the easy axes of magnetization; (c) ultrafast tilt of Begr due to the rapid decrease
of the anisotropy field, induced by the femtosecond laser pulse, followed by precession of M; (d) phonon-induced precession by a quasi-harmonic modulation of Begf
via dynamical strain. (e) Experimental scheme, in which a metallic ferromagnetic film is excited from the backside through the transparent substrate. The transient
Kerr rotation and reflectivity signals, y/(t) and AI(t), given by the z-projection of the precessing magnetization and the dynamical strain, respectively, as illustrated in
(f). The signals are measured by a balanced photoreceiver as the difference [y/(t)] and the sum [AI(t) ] of the intensities of the pulses of orthogonal polarizations, split

from the linearly polarized probe pulse by a Wollaston prism.
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The range of materials studied by ultrafast magnetoacoustic experi-
ments is not so wide. It includes the well-studied Ni [13,16-18,25],
Yttrium-Iron Garnets (YIG) [19-21], alloys like (Ga,Mn)As [10,11] and
Terfenol-D [23], and multilayer structures [22]. The present review
focuses on ultrafast magnetoacoustic experiments with epitaxial films of
the metallic ferromagnetic alloy of Iron and Gallium known as Galfenol
[49]. Among other magnetic materials, Galfenol stands out due to the
beneficial combination of its properties. It is characterized by an
Iron-like large saturation magnetization and a high Curie temperature, a
narrow magnon resonances, and an enhanced magnetoelastic coupling.
Moreover, this material is technology-friendly: thin Galfenol films can
be epitaxially grown on semiconductor substrates and patterned by
post-growth lithography with preserved cubic crystal structure and the
corresponding magnetic anisotropy [50,51]. It allows fine-tuning of the
magnon modes‘ dispersion, their response to optical excitation, and their
interaction with coherent phonons. The present review illustrates
manifestations of this unique combination in several ultrafast magne-
toacoustic experiments.

The review is structured as follows. First, in Section 2 we present the
basics of the ultrafast magnetoacoustics experiment. In Section 3, we
show the magnon response on the ultrafast optical excitation in Galfenol
films of varied thicknesses to illustrate its essential characteristics. In
Section 4, we demonstrate the coherent driving of magnons by phonons
localized in a plane phononic Fabry-Perot nanoresonator. Section 5
presents the direct observation of the strong magnon-phonon coupling
in a patterned Galfenol film. The formation of the hybridized excitation
known as magnon polaron is revealed. In Section 6, we show the driving
of magnons by a guided multimode phonon wavepacket. Prospective
directions of further research are discussed in the conclusion.

2. Ultrafast magnetoacoustic experiments with Galfenol films
2.1. Qualitative consideration

In the experiments presented in this review the studied sample
consists of a thin plain or patterned film of Galfenol deposited on a
nonmagnetic substrate. The film is excited by femtosecond laser pulses,
which generate coherent phonons and magnons simultaneously. The
generation of coherent acoustic phonons is the result of ultrafast thermal
expansion [5]. The generated coherent phonon wavepacket spectrum
contains frequencies up to about 100 GHz and depends on the thickness
of the film.

The generation of coherent magnons is based on two mechanisms:
the optically-induced modulation of the magnetic anisotropy [8,52] and
phonon-induced strain through inverse magnetostriction [14,51]. Both
mechanisms can be described by the Landau-Lifshitz-Gilbert equation
for the magnetization, M, precessing around the time-dependent effec-
tive magnetic field, Beg [53]:

dm

o y[m x (Be () + DV*m)] +a{m x d—m}. (€))

dt

Here m = M/M, is the normalized magnetization vector (Myis the
saturation magnetization), y is the gyromagnetic ratio, D is the exchange
spin stiffness, and « is the Gilbert damping coefficient. The effective field
Bt (t) = — VuFn, where F,, is the normalized free energy density. For
the case of a thin plain film, F,, can be written as:

F,(m,t) = —mB + Bl,mf + By (m*m?* + mfmf + m?mz) + B,m.m,

+b] Zé',’,’m? + bZZEzjmimj + 2b4Ze,-,-mj?m]2 + ., (2)
i i

il

where i,j,1 = x,y, 2, and the coordinate axes correspond to the main
crystallographic directions (z is parallel to the film normal). The first
term in Eq. (2) describes the interaction of the magnetization with the
external magnetic field, B; the second term sets the shape anisotropy,
which in the case of a plain film is given by the demagnetizing field By
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= oMo /2 (i, is the permeability) holding the magnetization in the film
plane; the third and fourth terms represent the cubic and uniaxial
anisotropy fields, B; and B,, which determine the in-plane direction of
the easy axes of magnetization. The uniaxial anisotropy deviates the
easy magnetization axes from the main crystallographic directions to-
ward the [110]-direction and makes the hard magnetization axes [110]
and [110] non-equivalent. The three following terms describe the
interaction of the magnetization with the phonon-induced dynamical
strain, & (i,j = X,y,%), which efficiency is determined by the magne-
toelastic coefficients, by, bz, bs. (the coefficients of higher orders are
omitted).

Fig. 1b —d illustrate the generation of coherent magnons through the
modulation of the effective field showing also the coordinate system
used below. At equilibrium, M || Be, and this direction corresponds to
the minimum of the free energy set by the balance of the external
magnetic field and the anisotropy fields. The femtosecond optical exci-
tation instantly decreases the anisotropy fields due to ultrafast demag-
netization and lattice heating [8,52]. The tilt of B toward B launches
the precession of M as shown in Fig. 1c, and its following decay is
defined by the Gilbert coefficient, a. The excitation of magnons by
coherent phonons also occurs through the modulation of B.s. The effect
of a picosecond strain pulse, which duration is much shorter than the
period of precession, may also be considered as a quick tilt of By
launching the precessional response of M [13,26]. The localized phonon
modes induce a periodic modulation of B at the corresponding fre-
quencies with a decay rate set by the phonon mode lifetime (Fig. 1d).
The precessional response of M is a superposition of the Eigen magnon
modes of the ferromagnetic nanostructure [8,12]. Their spatial profiles
and spectral positions are defined by the structural design, which de-
termines the spatial profile of the demagnetizing field, the boundary
conditions and the spin stiffness. The amplitude of a specific magnon
mode in the coherent magnon wavepacket is determined by its spatial
overlap with the spectral component of the corresponding excitation (at
the frequency of the magnon mode) and its spectral amplitude [12].
Since the direction of M, the special profiles, and spectral positions of
the magnon modes can be tuned by the external magnetic field, it be-
comes possible to realize a specific excitation mechanism or to couple
selected magnon and phonon modes of the studied structure [12]. This
selectivity will be demonstrated in the experiments presented in Sec-
tions 3-5.

It is worth to mention that the energy transfer from magnons to
phonons, i.e., the generation of coherent phonons by the precessing
magnetization through direct magnetostriction is possible. This mech-
anism of excitation was shown in a number of microwave experiments
[36,37]. However, in the case of direct ultrafast optical excitation of a
ferromagnetic metal, the energy pumped directly to coherent phonons is
significantly larger than the energy flow mediated by coherent magnons.
Thus, in most wultrafast magnetoacoustic experiments, the
magnon-phonon interaction is studied by monitoring the magnon
response. Under certain conditions, such as magnon-phonon resonance,
the contribution from coherent phonons dominates over direct optical
excitation in the coherent magnon response.

2.2. Experimental setup

The experiments presented in the present review were carried out
using the pump-probe technique schematically shown in Fig. le and f.
The femtosecond pump pulses of about 100 fs duration excite the Gal-
fenol film at its frontside or at the backside transmitted through the
substrate, which is transparent at the wavelength of the pump pulses
(the scheme shows the latter case). The typical pump fluence applied is
between 0.1 and 10 mJ/cm? The linearly polarized probe pulses
focused on the front surface serves for time-resolved detection of the
transient phonon and magnon signals. The phonon signal is measured by
monitoring the modulation of the reflected probe pulse intensity, Al
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governed by the photoelastic effect [4]. The magnon response is
measured by monitoring the rotation of the probe polarization plane, v,
caused by the polar magneto-optical Kerr rotation (KR) and proportional
to the normal projection of the macroscopic magnetization, M, [54]. The
signals are measured in a differential scheme using a balanced photo-
detector with sub-ps time resolution provided by a variable time delay
between the probe and pump pulses. Two schemes based on two alter-
native laser systems were used for the measurements. In the first scheme,
the pump and probe pulses are split from the pulses generated by a
regenerative amplifier (RegA) with a 100-kHz repetition rate. In this
scheme, the variable delay was provided by a 1-m mechanical delay line.
The modulation of the pump pulses by a chopper at the frequency of
~1 kHz with synchronous detection of the transient signals by a lock-in
amplifier was used to eliminate broadband noise and achieve the desired
signal-to-noise ratio. In the second scheme, we use a technique known as
asynchronous optical sampling (ASOPS) [55] based on two mode-locked
Erbium-doped ring-fiber laser oscillators (TOPTICA FemtoFiber Ultra
1050 and FemtoFiber Ultra 780) with a repetition rate of 80 MHz. The
variable delay was realized using an 800-Hz offset of the oscillators’
repetition rates. In contrast to the scheme with a mechanical delay line,
in the ASOPS scheme the desired signal-to-noise ratio was achieved by
accumulating and averaging of the transient signals in the full time
window without modulation of the pump or probe pulses.

All the experiments in this review were carried out with Feg g1Gag 19
films epitaxially grown on (100)-GaAs substrates and covered by a
protective Aluminium or Cromium layer of 2 nm. The lateral patterning
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of the films was made using focused Ga-ion beam (FIB) milling (Raith
VELION FIB-SEM). The main parameters of the films obtained from the
literature [49,56-58] and by fits of the experimental signals are the
following: My = 1.6 — 1.8T, B; = 20 - 30 mT, B,= 4 - 10
mT,by =by =—7T,bs =1 T, a =0.006 — 0.008. The external magnetic
field was always applied in the film plane. Before every measurement,
the films were magnetized into single domain state. The main mea-
surements were done for ambient conditions at room temperature.

3. Optical excitation of magnon modes in Galfenol nanolayers

First, we consider the experiment [59] in which the optical excitation
of magnetization precession is dominant and the contribution of
coherent phonons is negligible. The structures studied in this experiment
are Fepg1Gag 19 films with thicknesses, h, between 4 and 120 nm. The
experiment was carried out using the ASOPS scheme in the experimental
geometry shown in Fig. 2a. For in-plane orientation of M (m, = 0), the
demagnetization and the corresponding decrease of By do not contribute
to the modulation of By, and the optically induced modulation of M
occurs through the temperature-dependence of the cubic and uniaxial
anisotropy fields. The pump spot diameter (10 um in the present
experiment) is significantly larger than the penetration depth of the laser
pulse and the generated picosecond strain pulse is purely longitudinal,
so that the only strain component &,, is excited. Its contribution to the
modulation of B,y through the second-order term [the last term in Eq.
(2)] is significantly weaker than the optically-induced modulation of B;
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Fig. 2. Optical excitation of multi- and single -mode precession in thin Feq g;Gag 19 films [59]. (a) Experimental scheme. (b),(c) Transient Kerr rotation (KR)
signals measured in films of 120-nm (b) and 4-nm (c) thickness (left panels) and their FFTs (right panels). The inset in the left panel of (b) shows the zoomed section
of the signal with the monochromatic contribution of the fundamental magnon mode (n = 0). The sole contribution of the fundamental modes is confirmed by the
FFT calculated in the time window between 1 and 8 ns and shown by the red curve in the right panel, in comparison with the FFT calculated in the whole measured
time range. (d) The waveform of the quantized exchange magnon modes in a film of thickness h for pinned boundary conditions. The red rectangles schematically
illustrate the distribution of the optical excitation along the film depth in the 4-nm (lower rectangle) and 120-nm samples (upper rectangle). (e), (f) Dependences of
the frequency, fo, amplitude, Ay, and decay rate, y,, of the KR signal measured in the 4-nm film on direction (e) and strength (f) of the external magnetic field, B.
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and B, and may be neglected [52].

Fig. 2b and ¢ show the KR signal, y/(t), measured in the 120-nm and
4-nm films at B = 200 mT applied at the azimuthal angle g = — 22°.
The signal measured in the thick film is characterized by a fast decay,
and its fast Fourier transform (FFT) shown in the right panel has a broad
spectrum in which several spectral lines are resolved. These spectral
peaks correspond to the exchange magnon modes quantized along the
film normal, which spatial profiles for the pinned boundary conditions
[60] are shown in Fig. 2d. The spectral splitting between the modes has a
quadratic dependence on the mode number: f;, — fo %Dnz, where n is

the mode number (n = 0,1,2...). The value D = 1.5 x 10-7 Tm? ob-
tained from the fit of the experimental data agrees well with the values
measured in ferromagnetic resonance (FMR) experiments [61]. The fast
decay of y/(t),which is typical for metallic ferromagnets like Co or Ni, is
due to the rapid damping of the high-order modes. The lifetime of the
fundamental magnon (FM) mode (n = 0), 7o, exceeds 1 ns and the FM
mode solely contributes to y(t) at t > 1ns. The FFT calculated for the
time window between 1 < t < 10 ns (shown by the dashed red curve in
the right panel) contains a single spectral line. It is slightly shifted to
higher frequencies due to lower temperature of the Galfenol film rela-
tively to the earlier time interval. Its decay rate of y, = 1/2779 = 170
MGz corresponds to the Gilbert damping a = 0.006, which agrees with
the damping rate obtained in FMR experiments [51,61]. The KR signal
measured in the thinnest film of 4-nm thickness for the same experi-
mental conditions is shown in Fig. 2c. It shows harmonic oscillations
with single frequency, and its power spectrum has a single line of Lor-
entzian shape. The frequency and decay rate correspond to the FM
mode. KR signals characterized by single precession frequencies were
also measured in films with h = 5, 10 and 20 nm thickness.

The presence of the high-order magnon modes in the film with h =
120 nm and their absence in the films with h < 20 nm are explained by
the spatial profile of the optically-induced modulation of B.s along the z-
axis. The modulation of the effective field occurs on the time scale of
about 1 ps set by the thermalization of hot electrons generated by the
laser pulse. This excitation has a broad spectrum with frequencies up to
1 THz and covers the frequency range for high-order modes for the films
with all studied thicknesses. However the relative spatial distribution of
B.r across the film, which is set by the penetration depth of the pump
pulse 7 &~ 20 nm as illustrated in Fig. 2d, depends on h. The efficiency of
magnon mode excitation depends on the spatial overlap between Beg
and magnon modes. In 120-nm film, the excitation is strongly nonuni-
form, resulting in quite efficient excitation of high-energy magnon
modes [8]. The excitation efficiency decreases with the increase of n, as
clearly observed in Fig. 2c: the spectral amplitude of the magnon spec-
tral line decreases by more than one order of magnitude with n
increasing from O to 4, while their spectral splitting is significantly
smaller than the excitation spectrum. In 4-nm film, where the boundary
conditions for the magnon modes become free-like [62], the pump
excitation is uniform and its overlap with the high-order modes (both
even and odd ones) is negligibly small. Thus, only the fundamental
magnon mode (n = 0) is excited.

The sole contribution of the FM-mode to the KR signal in thin films
allows careful measurements of the dependence of its main character-
istics on the external magnetic field. Fig. 2e and f show the dependences
of the frequency, fo, spectral amplitude, Ao, and the decay rate, y,, on
the direction and strength of B. The measured dependences correspond
to cubic anisotropy with a small uniaxial distortion. The highest fre-
quency is measured with B applied along the easy axes, which are
slightly inclined from the [100] and [010] crystallographic directions.
The signals measured at B along the [110] and [110] directions, which are
the hard (but non-equivalent) axes, possess the smallest decay rates of y,
= 100 MHz, which corresponds to the lifetime 7o = 1.6 ns. The depen-
dence fy(B) is almost linear and reaches sub-THz frequencies.

The demonstrated results are the most important magnon properties
of Galfenol. The magneto-crystalline anisotropy enables selection of the
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mechanism responsible for the excitation of coherent magnons by
choosing direction and strength of the external magnetic field and al-
lows tuning of the magnon frequencies across a wide range. This
tunability is combined with small magnon decay rates, which make the
spectrally close magnon modes well resolvable in the spectrum of the
optically generated magnetization precession. The following experi-
ments illustrate the advantages of this combination for ultrafast
magnetoacoustics.

4. Resonant phonon driving of the magnetization precession

In a conventional FMR experiment, the precessional motion of the
magnetization is driven by an ac- magnetic field generated by a micro-
wave source. An alternative way of driving is harmonic modulation of
the effective field by the phonon-induced strain as discussed in Section 2
and illustrated in Fig. 1d. If a ferromagnetic nanostructure hosts a long-
living phonon mode, which can be excited by a femtosecond laser pulse,
the magnon response to the optical excitation will be mediated by
monochromatic coherent phonons through the phonon-induced har-
monic strain. The experiment presented in this section illustrates this
effect [63].

The structure studied in the next experiment is shown in Fig. 3a. In
comparison with the previous study, the difference is the presence of
two superlattices (SLs) deposited between the GaAs substrate and the
Feo.81Gag.19 film of 69-nm thickness. Both SLs contain 10 pairs of GaAs/
AlAs bilayers with the thicknesses 59/72 nm (SL1) and 42/49 nm (SL2),
respectively. The SLs do not change the magnetic properties of the
Galfenol film, neither the anisotropy nor the boundary conditions for the
magnon modes, but play the role of Bragg mirrors for the LA phonons
[64,65]. Their non-overlapping stop bands are centred at 20 and
28.5 GHz, respectively, at the edge of the folded Brillouin zone. The SLs
form two phononic cavities with different lengths between the corre-
sponding SL and the open surface [66-68]. The FFT spectrum of the
calculated coherent elastic response of the studied structure on the
femtosecond optical excitation is shown in Fig. 3b. It includes a narrow

spectral line at fll,h = 20.0 GHz and two spectrally close lines at f;h =

28.3 GHz and gh = 29.2 GHz. The lowest spectral line corresponds to
the phonon mode localized in the Fepg1Gagi9 layer. The
higher-frequency pair corresponds to phonon modes localized between
the open surface and the SL2. The idea of the experiment is to tune the
frequency of the FM mode into resonance with the localized phonon
mode by the external magnetic field. The field is applied in the film
plane along the [100] crystallographic direction, and, like in the pre-
vious experiments (Section 3), the phonon-induced modulation of B is
given by the second-order magnetoelastic coefficient, bs. Nevertheless,
the magnon response to the ultrafast optical excitation drastically
changes at the magnon-phonon resonance.

Fig. 3¢ — e illustrate the main experimental results. Fig. 3c shows the
KR signal measured at B =100 mT which corresponds to the magnon
frequency being out of the phonon resonance in the film. The lifetime of
the oscillation and the corresponding spectral width of the spectral line
of 1.3 GHz in the FFT power spectrum agrees with the signal measured
in the 120-nm film in a sample without SLs (here, the higher-order
magnon modes are not resolved due to the shorter time window, in
which y(t) could be measured). The signal shown in Fig. 3d is signifi-
cantly different at B =190 mT at which f, = f;h. The magnetization
demonstrates long-living oscillations with the single frequency f,. The
field dependence of the spectral amplitude, A;h, atf = f;h isshown in the
inset in the right panel of Fig. 3d. The line at the frequency of the phonon
mode is detectable in the whole range of external magnetic field, but
achieves maximum amplitude at the resonant conditions, when the
phonon driving dominates in the magnons response to the optical
excitation.

The KR signal measured at B = 400 mT, when the magnon spectrum
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Fig. 3. Resonant phonon pumping of magnons in Fep g1Gag .19 phononic cavity [63]. (a) Scheme of the experiment, in which a 69-nm Fe( g1Gag 19 film deposited on
two superlattices (SL1 and SL2) plays the role of a phononic cavity hosting several phonon resonances. (b) Calculated spectrum of coherent phonons generated by the
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magnetic field which tunes the fundamental magnon mode frequency: (c) out of resonance with the phonon modes; (d) in resonance with the first phonon mode; (e)

in resonance with the second and third phonon modes. The inset in the right panel of (d) shows the magnetic field dependence of the spectral amplitude, A;,,

frequency of the first phonon mode in the transient KR signal.

overlaps with the second and third phonon modes is shown in Fig. 3e.
The signal demonstrates a pronounced beating, and two spectral lines
dominate in its FFT. Similar to the resonance with the SL1 phonon mode,
the coherent magnon is purely “phononic” and the magnetization pre-
cession is determined by resonant phonon driving rather than by direct
broadband optical excitation.

Phonon driving of the magnetization precession can be realized in
various experimental geometries and using different structural designs,
which support the formation of high-Q phonon modes: free standing
films [69,70], lateral nanogratings [71,72], array of nanomagnets [16],
and single nanomagnets embedded into a non-magnetic phononic
resonator [73,74]. It has been realized in plain films excited by spatially
modulated optical excitation (i.e., using the technique of transient
gratings), which generates a standing surface acoustic wave [17,18].
The resonance phonon driving can be strong enough for observation of
nonlinear effects, such as parametric frequency mixing of the magnon
and phonon modes [75]. However, in most of ultrafast magnetoacoustic
experiments the magnon-phonon interaction remains in the weak
coupling regime and magnons and phonons remain unhybridized. Below
we discuss the factors, which limit the formation of a hybridized
magnon-phonon excitation, and present an approach which allows us to
overcome these limitations.

5. Strong magnon-phonon coupling in Galfenol nanogratings

A direct manifestation of strong coupling of two excitations is the
spectral splitting of the hybridized state at their resonance when the
frequencies of the two interacting excitations coincide. It can be
observed as avoided crossing of the dispersions at the intersection, when
varying their detuning, or, in the transient signal, as beating pattern
instead of independent, monochromatic oscillations at resonance con-
dition, corresponding to the splitting of the FFT spectrum. The value of
spectral splitting, A, is determined by the rate of the energy exchange, «,
between the two excitations: A = 2«. The splitting becomes observable,

L, at the

when the energy exchange occurs faster than the energy relaxation (or

dephasing) for the interacting subsystems. This condition may be
412

nra’
characteristic decay rates of the separate excitations that are brought

into resonance [39]. If C > 1, the coupling is strong and the hybridized
state forms.

Strong magnon-phonon coupling was theoretically predicted for
ferromagnetic metals [8,9], but was first confirmed, although indirectly,
in low-frequency magnetoacoustic experiments with ferrimagnetic gar-
nets [36,37]. These materials possess a relatively weak magnon-phonon
interaction, but extremely low decay rates for both phonons and mag-
nons provide a high coupling cooperativity. Moreover, in experiments
with bulk waves in bulk materials, acoustic and spin waves with the
same wavevectors perfectly match in space. Such favorable combination
enables accumulation of the measurement signal over large propagation
distances and/or long acquisition times, which makes indirect mani-
festations of strong coupling, e.g., altering the phonon polarization as
predicted for the hybridized wave [76], well detectable.

In ultrafast magnetoacoustic experiments with metallic ferromag-
netic nanostructures the magnon and phonon coherent responses to the
ultrafast optical excitation enable the direct detection of the spectral
splitting for the resonant conditions of the interacting phonon and
magnon modes. However, both excitations in ferromagnetic metals
possess much shorter lifetimes than in insulating garnets. The different
boundary conditions for phonons and magnons and the mismatch of the
magnetic and elastic anisotropies prevent the modes‘ spatial matching
[77]. Moreover, the significant inequality in the energy flows between
the optically excited coherent phonons and magnons, which results in
phonon driving of the precession, can mask a small spectral splitting.
The combination of these factors jeopardizes strong magnon-phonon
coupling, whose observation in an ultrafast magnetoacoustic experi-
ment until very recently [78-80] remained desirable but elusive.

We have demonstrated an approach to overcome these limitations in
experiment [79] with Galfenol nanogratings illustrated in Fig. 4. The

expressed through the cooperativity C = where y; and y, are the
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Fig. 4. Strong magnon-phonon coupling in a Fep g1Gag.19 nanograting [79]. (a) Scheme of the experiment with a Feg g1Gag 19 nanograting, which dimensions are
shown in (b). (c) Scanning electron micrograph of the nanograting. (d) Transient reflectivity signal (left panel) and its FFT (right panel) obtained after subtraction of
the slow decaying thermal background. The inset shows a zoomed section of the signal. (e) Transient KR signals measured at nonresonant (B = 30 mT) and resonant
(B = 110 mT) magnetic fields (left panel) and their FFTs (right panel). The contribution of the Sezawa mode is filtered by a band block (14-16 GHz) Fourier filter. (f)
Color map of the spectral density of the measured KR signal as a function of the external magnetic field. (g) Schematic illustration of the interaction of the R1 and
R1 * phonon modes and the FM mode, determined by the spatial matching of the magnon mode with the uniaxial, &y, and shear, &,,,strain components.

nanograting with the lateral size of 25 x 25pum? and the period
d = 200 nm was formed by grooves of 100-nm width and 7-nm depth
milled by a focused Ga-ion beam into a 105-nm Fej g1Gag 1ofilm. In a
pump-probe experiment carried out in the ASOPS scheme, the ferro-
magnetic layer is excited through the GaAs substrate by 1050-nm pump
pulses focused to a spot of 5-um diameter. The transient reflectivity and
KR signals are measured using 780-nm probe pulses focused to a
1-um-diameter spot at the front site, exactly opposite to the pump spot.
An external magnetic field is applied in the sample plane at 45° to the
groove’s direction.

In the nanograting, in addition to the broad wavepacket of bulk
longitudinal phonons, the pump laser pulse excites a number of surface
phonon modes [81]. The strongest are the first- and second-order Ray-
leigh-like standing waves (the second-order mode is often referred to as
Sezawa-wave). Both modes have the in-plane wave vector g = ZF set by
the nanograting period and are characterized by three strain compo-
NeNts: xy,&zz,and éx;. Due to the mode symmetries, the first-order mode,
which is further referred to as R1-mode, dominantly contributes to the
transient reflectivity signal shown in Fig. 4d. The oscillations sitting on
the slowly decaying thermal background has the frequency fr; = 13.1
GHz in agreement with the calculated value of the R-mode eigenfre-
quency. The mode lifetime of 5.3 ns corresponds to the decay rate yz; =
30 MHz and the Q-factor Qr; ~ 430.

Because of the small depth of the grooves, which is much smaller
than the Galfenol film thickness, the magnon spectrum of the nano-
grating is close to the spectrum of an un-patterned film [69,70]
described in Section 3. It contains a set of discreet magnon modes
quantized along the z-axis, which are additionally modulated along the
x-axis [82,83]. The lowest quasi-uniform FM-mode remains dominating
in the magnon spectrum and possesses the longest lifetime with the

unaffected decay rate y, = 170 MHz [69]. The interaction of magnons
with both phonon modes of the nanograting was in the focus of the
performed study. Here we present only the results related to the lowest
R-mode, since they explicitly demonstrate a way to achieve strong
magnon-phonon coupling.

Fig. 4e shows the transient KR signals, y/(t),and their FFT transforms
in the spectral vicinity of the R-mode for two magnetic field strengths. At
B = 30 mT, fy<fr1 and the R1-mode contributes to the magnon kinetics
through driving of higher-order magnon modes: the spectral line at the
frequency of the R1-mode is well seen in the FFT spectra. At B = 110 mT,
fo = fr1, and the conditions of the magnon-phonon resonance are ful-
filled. Here we detect a spectral line splitting around the R1-mode‘s
spectral position with A = 400 MHz, which exceeds both yg; and y,. The
splitting of the magnon spectrum is also explicitly seen in the field
dependence of the spectral density amplitude, shown as color map in
Fig. 4f. There is a clear avoided crossing at the intersection of the field
dependent FM-mode (highlighted by the white dashed line) and the R1-
mode (highlighted by the red dashed line). This experimental manifes-
tation directly indicates strong magnon-phonon coupling and hybridi-
zation of the FM- and R1-modes with the cooperativity C ~ 32 [84].
However here we do not observe an increase of the spectral amplitude at
the frequency of the R1-mode for the condition of the magnon-phonon
resonance.

To explain the formation of a hybridized state without energy
transfer from coherent phonons to magnons (i.e. without phonon
driving), we must consider the spatial matching of the interacting modes
illustrated in Fig. 4g. Due to the spatial periodicity, the R1 mode has an
antisymmetric counterpart, referred to as R1 * . The R1 and R1 * modes
are spectrally degenerate. The symmetric R1 mode is excited by the laser
pulse and contributes to the transient reflectivity signal, but the poor
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match of all its strain components with the FM mode makes their
interaction negligibly weak. The antisymmetric R1 * mode is “dark”, i.
e., not excited by the laser pulse. However, its shear () strain
component perfectly matches the FM-mode. The interaction provided by
the large first-order magnetoelastic coefficients (in contrast to the case
of the plain film described in Section 4) results in the modes’ strong
coupling and hybridization.

A detailed numerical analysis of the modes‘ spatial matching and
coupling strengths as well as a simplified model of the interacting har-
monic oscillators, which explains the main experimental observations,
may be found in Ref. [79].

6. Driving magnons by a propagating multimode phonon
wavepacket

In Sections 4 and 5, we have considered the interaction of non-
propagating phonon and magnon modes, examined for precise spatial
overlap of the pump and probe pulses. Now we present the effect of
magnon-phonon interaction for propagating excitations. Conventional
experiments with electrically generated surface acoustic waves (SAWs)
with frequencies up to several GHz have demonstrated two application-
promising effects: strong and nonreciprocal attenuation of SAWSs
[85-88] and millimeter-distance driving of a “magnetization wave” by
SAWs when the attenuation is minimized [89]. In the present section, we
present the first experiments on driving of magnons by an optically
generated propagating phonon wavepacket. Phonons with frequencies
of about 10 GHz protected from scattering preserve their coherence and
drive magnons at distances up to 100 um, which corresponds to several
hundreds of phonon wavelengths.

The studied structure and experimental scheme are shown in Fig. 5a.
The Galfenol film of 105-nm thickness is grown on a 10-period GaAs
(59 nm)/AlAs (72 nm) superlattice deposited on the GaAs substrate. The
film surface is patterned by FIB-milling to a nanograting with the period
d =200 nm. The grooves‘ width and depth are 100 and 25 nm,
respectively. In this experiment, the superlattice plays the role of a
phononic waveguide. It has a higher acoustic impedance than both the
GaAs substrate and Galfenol film and hosts Lamb-like phonon modes
localized between the substrate and the Galfenol film [90]. In the
experiment, coherent phonons are excited by the pump pulse focused to
a spot of the diameter 6 = 1 pm (at the 1/ /e level of the Gaussian
intensity distribution) on the backside of the Galfenol film. The
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spectrum of generated coherent phonons shown in Fig. 5b includes two
types of phonon modes which propagate parallel to the surface:
Rayleigh-like modes (R1 and R2 discussed in Section 5); and a wave-
packet of 22 Lamb-like phonon modes (W-modes) localized in the SL,
which frequencies are in the range between 16 and 18 GHz. The
Gaussian distribution of the wavevectors in these modes is centred at
¢ = % and has a width of 1/c (also at the 1/,/e level). The R1-, R2-,
and W- phonon wavepackets consisting of coherent phonons with spe-
cific polarizations propagate along the reciprocal wavevector of the
nanograting with velocities set by the modes‘ dispersions. The R1 and R2
modes decay on distances of about 10 ym due to scattering on the
patterned surface [91]. The wavepacket of W modes guided by the SL
underneath the surface propagates on significantly larger distances. The
mode dispersions, spatial profiles, and details of their excitation and
detection may be found in Ref. [90].

In a nanograting of large depth, the magnon spectrum is enriched
and broadened by magnetostatic modes modulated along the x-axis due
to the strong periodic modulation of the demagnetizing field [82,83].
The spectrally close magnetostatic and exchange modes form a
quasi-continuous magnon spectrum with the lowest frequency corre-
sponding to the quasi-uniform FM mode. As a result, the interaction
between the propagating multimode phonon wavepacket and the mag-
non modes of the nanograting is non-selective, neither spectrally nor
spatially, and the propagating coherent phonons drive the broadband
“magnetization wave” along the surface.

Several KR signals and their FFTs measured at varied distances, L,
between the pump and probe spots are shown in Fig. 5c. The signals are
measured at B =100 mT, at which f; = 10 GHz, and all the phonon
modes fall into the magnon spectrum of the nanograting. At small
propagation distances, y/(t) consists of the leading W mode wavepacket
and the following tail of the surface modes, which propagate with lower
velocity. The FFTs of the signals measured at L = 6 and 10 um contain
the spectral lines at their corresponding spectral positions. The red and
blue curves in the inset of the signal spectrum panel measured at L = 10
um are the FFTs calculated for the two separate time windows shown by
the dashed frames of the same colour in the signal panel. The compar-
ison of spectral amplitudes of the R and W modes emphasizes their time
distribution in the magnon response. The phonon-driven “magnetization
wave” remains detectable for distances up to 80 um (limited by the
nanograting length), but starting from 20-um distance it is driven solely
by the W mode wavepacket. Despite the broad spectra of both
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Fig. 5. Driving magnons by a guided multimode phonon wavepacket. (a) Scheme of the experiment with a Feyg;Gag. 19 nanograting deposited on a multimode
phonon waveguide formed by a GaAs/AlAs superlattice. (b) FFT spectrum of the transient reflectivity signal. The dashed rectangle shows the spectral band of the
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excitations, the spatial-temporal profile and spectral content of w(t)
measured at L =20 pym demonstrate a strong dependence on the
external magnetic filed. The variation of y(t) with B increasing from
160 to 190 mT is clearly seen in Fig. 5d. This volatility is due to the
superposition of many spectrally close phonon and magnon modes at the
detection point. The change of magnetic field changes the spectral
overlap of the interacting modes and thus the spectral content of the
signal. This behaviour drastically differs from the case of a mono-
chromatic surface acoustic wave, when only the amplitude of phase of
the magnon transient depends on L and B [89].

7. Conclusions

We have reviewed a number of ultrafast magnetoacoustic experi-
ments with Galfenol-based nanostructures, in which magnon-phonon
interaction plays a crucial role in the coherent magnon response to the
ultrafast optical excitation. The demonstrated effects are of fundamental
nature, but their strong manifestation is largely determined by the
unique properties of Galfenol. The pronounced magnetocrystalline
anisotropy makes possible to turn on and off the contribution of the
magnon-phonon interaction to the magnon kinetics. In the exploited
high-symmetry films, this opportunity is minimally utilized. However,
in Galfenol films grown on low-symmetry substrates, in which the
magnetocrystalline and shape anisotropy are not coplanar, the possi-
bilities of controlling the contribution of coherent phonons are much
wider [52]. The small decay rates significantly increase the efficiency of
the resonant magnon-phonon interaction up to the formation of a hy-
bridized state in the strong coupling regime. The technological friend-
liness of Galfenol enables one to control the spectrum of phonon and
magnon modes through the structural design and, consequently, vary
the magnon response to optical excitation. We have shown how multi-
mode precession characterized by fast dephasing can be transformed
into monochromatic oscillations of long lifetime by resonant phonon
driving. On the contrary, the mode composition of a coherent magnon
wavepacket can be significantly broadened by the interaction with a
multimode phonon wavepacket. The resulting collective excitation,
delivered to a distance unattainable for pure spin waves [92], exhibits
ultimate spectral variability.

The demonstrated effects have broad application perspectives. The
narrow band phonon driving of the magnetization precession enables
generation of pure spin currents (without transfer of charge) [93]. This
approach, if realized in nanolayers with high-frequency phonon reso-
nances, will extend the available frequencies up to the Terahertz range.
The same approach realized in nonplanar structures makes possible the
generation of microwave magnetic fields of high amplitudes (thanks to
the Galfenol large saturation magnetization) and nanoscale localization
[71]. This solution is a powerful alternative to spin-torque nano--
oscillators driven by high-density electric currents. In the applications
considered above, laser sources with a high pulse repetition rate have
excellent prospects. Resonant excitation of coherent magnons with
phase and wavevector locking has been demonstrated using solid-state
lasers with repetition rates of 1 and 10 GHz [94,95]. In turn, excita-
tion of coherent phonons has been realized by means of a miniature
semiconductor mode-locked laser with a repetition rate of 16 GHz [96].
Combining these approaches paves the way for constructing miniature
phonon-driven generators of spin currents and ac- magnetic fields for
applications outside a the research lab containing bulky equipment such
as optical tables etc.

Our results have potential for quantum operations and neuromorphic
computing. The hybridized magnon-phonon excitation, which possesses
tunability of magnons and robustness of phonons, may enable fine op-
erations at the quantum level [47,48]. Here it is especially attractive to
realize the transport of hybridized excitations between spatially sepa-
rated “write in” and “read out” ports. The variability and extreme
volatility of multimode magnon-phonon wavepackets suggests using
them as information carriers in neural networks [97]. These directions

Photoacoustics 34 (2023) 100565

require and stimulate further concerted research efforts.
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