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Using a time-resolved optically pumped scanning-optical-microscopy technique, we demonstrate the
laser-driven excitation and propagation of spin waves in a 20-nm film of a ferromagnetic metallic alloy
Galfenol epitaxially grown on a GaAs substrate. In contrast to previous all-optical studies of spin waves,
we employ laser-induced thermal changes of magnetocrystalline anisotropy as an excitation mechanism. A
tightly focused 70-fs laser pulse excites packets of magnetostatic surface waves with an e~!-propagation
length of 3.4 pm, which is comparable with that of permalloy. As a result, laser-driven magnetostatic
spin waves are clearly detectable at distances in excess of 10 um, which promotes epitaxial Galfenol
films to the limited family of materials suitable for magnonic devices. A pronounced in-plane magne-
tocrystalline anisotropy of the Galfenol film offers an additional degree of freedom for manipulating
the spin waves’ parameters. Reorientation of an in-plane external magnetic field relative to the crys-
tallographic axes of the sample tunes the frequency, amplitude, and propagation length of the excited

waves.

DOI: 10.1103/PhysRevApplied.12.044044

I. INTRODUCTION

In magnonics, coherent spin waves (SWs) are employed
for encoding, transferring, and processing information
[1-3]. The use of SWs enables scaling of magnonic ele-
ments down to the nanometer range owing to short wave-
lengths and the reduction of Joule heating associated with
the charge transfer in conventional electronics. Moreover,
an extended functionality of magnonic devices is provided
by the possibility to manipulate the amplitudes, phases,
and wave vectors of SWs. Progress in the field of magnon-
ics relies on the development of approaches to generate
and transfer SWs in a controllable manner. Efficient con-
version mechanisms between electrical or optical pulses
and collective magnetic excitations are required to couple
magnonic elements to electronic and photonic units [4—6].
For rapid growth of the field of magnonics, it is essential
to extend the range of materials and structures supporting
long-propagation-distance SWs and enabling their control
[7—-11].

Optical radiation allows the magnetic parameters of
materials to be altered reversibly at various timescales
down to femtoseconds [12,13]. This has led to the
emergence of photomagnonics [ 14—-20], where laser pulses
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are employed as a tool for both driving SWs and manipu-
lating their propagation. In particular, it has been demon-
strated that femtosecond laser pulses enable excitation of
SWs with controlled wave vectors and propagation direc-
tions [18,21-23]. However, up to now, the effects of short
laser pulses employed to drive SWs have been limited
to ultrafast optomagnetic phenomena [18,21,22,22-25],
ultrafast demagnetization [17,26-—29], and coherent energy
transfer from elastic waves to the magnon subsystem
[24,30-33]. These mechanisms place constraints on the
properties of the media, the laser pulse parameters, and
the excitation geometries, while the excitation of propa-
gating SWs by other ultrafast magnetic phenomena [13]
remains unexplored. Furthermore, the range of materials
where the optical generation of SWs has been realized is
also very limited and, in fact, coincides with the known
suitable media for magnonics [3].

In this article, we examine the feasibility and advan-
tages of excitation of propagating SWs in an anisotropic
ferromagnetic film by ultrafast laser-induced thermal
changes of the magnetocrystalline anisotropy. Using time-
resolved optically pumped scanning optical microscopy
(TROPSOM) [17], we reveal propagating magnetostatic
surface waves (MSSWs) excited by a femtosecond
laser pulse in a thin film of a ferromagnetic metal-
lic alloy Galfenol Fegg;Gag 9 epitaxially grown on a
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GaAs substrate. We demonstrate that the propagating
MSSW packets are launched via the laser-induced ther-
mal decrease of the magnetic anisotropy occurring on a
picosecond timescale and localized within the excitation
spot. Owing to this excitation mechanism, the MSSWs are
excited in a simple geometry with an in-plane external
magnetic field, and their characteristics can be controlled
by the orientation of the in-plane field with respect to
the magnetocrystalline anisotropy axes of the film. We
show that the 20-nm-thick Galfenol film supports an e~!-
propagation length of MSSWs as large as 3.4 um, com-
parable to that of permalloy — a model metallic material
for magnonics [3]. Our results promote epitaxial Galfenol
to the limited family of materials for magnon spintronics,
reconfigurable magnonics, and ultrafast photomagnonics.
Furthermore, the ultrafast thermal changes of magnetic
anisotropy as a driving mechanism for the excitation of
propagating SWs can be applied to a broad range of materi-
als without specific constraints imposed on their electronic
and magnetic structures [34].

The article is organized as follows. In Sec. II, we
describe the Fe(g1Gag 19/GaAs sample and the details of
the TROPSOM experimental setup. In Sec. III, we first
present the experimental results on laser-induced excita-
tion of the magnetization precession and SWs (Sec. 111 A);
discuss the excitation mechanism (Sec. I1I B) and the main
parameters and features of the MSSW propagation (Sec.
IIT1 C); and reconstruct the MSSW dispersion from exper-
imental data (Sec. III D). This is followed by a theoreti-
cal analysis of the MSSW dispersion relation specific to
the anisotropic Fegg;Gag 19 film, calculations of the main
MSSW parameters, and their comparison to those obtained
experimentally (Sec. III E). In Sec. IV, we summarize our
findings and discuss their possible impact on the field of
magnonics.

II. EXPERIMENTAL DETAILS
A. Sample

For our study, we choose a film of Feyg,Gag 19 with
a thickness d = 20 nm epitaxially grown on a 350-um-
thick GaAs(001) substrate by magnetron sputtering, as
described elsewhere [35]. The Galfenol film is capped
with 3-nm-thick Al and 120-nm-thick SiO, protective
layers. The back side of the substrate is polished to opti-
cal quality. X-ray diffractometry shows that the Galfenol
film has a mosaic structure with grain sizes of approx-
imately 12 nm and their crystallographic axes have a
misorientation of approximately 1.3°. It is well established
that thin films of iron and iron-based alloys epitaxially
grown on GaAs exhibit intrinsic cubic and substrate-
induced in-plane uniaxial magnetic anisotropies [36—39].
In particular, in Galfenol films on GaAs(001) substrates,
the uniaxial anisotropy axis emerges along the [110]
direction [35,40].

B. Experimental setup

Optically excited SWs are studied using the TROPSOM
setup, which enables detection of the spatial-temporal
evolution of the polar magneto-optical Kerr rotation Af
proportional to the transient changes of the out-of-plane
magnetization component M, (Fig. 1). Here, xyz is the lab-
oratory frame with the z axis directed along the sample
normal and the x axis is chosen to be along the direction
of an external dc magnetic field H. Optical pulses with
nominal duration of 70 fs, central wavelength of 1050 nm,
and 70 MHz repetition rate generated by the Yb-doped
solid-state oscillator laser system are split into pump and
probe parts. The central wavelength of the pump pulses is
converted to 525 nm using a 8-BaB, 0y crystal. The ampli-
tude of the pump pulses is periodically modulated at a
frequency of 84 kHz using a photoelastic modulator placed
between two crossed Glan-Taylor prisms. Two microscope
objectives are used to focus the pump and probe pulses
onto the Galfenol film from the cap and the substrate sides,
respectively. The pump and probe radii o, i.e., the half-
width of the beam’s spatial profile at which the intensity
drops by /e, are measured to be 0.8 um using the knife-
edge method. The pump fluence is 3.5 mJ/cm?, and the
probe fluence is approximately 20 times lower. The micro-
objective for the probe pulses is fixed. The micro-objective
for the pump pulses is mounted on the piezoelectric stage,
which moves in the x-y plane and controls the relative spa-
tial displacements Ax, Ay between the pump and probe
pulses. The pump-probe temporal delay ¢ is controlled by
a delay line in the pump pulse optical path. In the experi-
ments, the temporal dependences of the probe polarization
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FIG. 1. Experimental geometry. A dc magnetic field H is
applied along the x axis, while the azimuthal orientation of the
sample ¢ can be varied. The relative pump-probe distance is
changed along either the x or y direction to detect propagation
of backward volume magnetostatic wave (BVMSW) or MSSW
modes, respectively. The blue-red pattern represents SW propa-
gation in the x-y plane schematically. The inset shows the x;x,x3
reference frame linked to the crystallographic axes of the sample,
with the angles ¢,,, ¢, and 1 defining the in-plane orientations of
the magnetization M, external dc magnetic field H, and the SW
wave vector k, respectively.
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A6k (t) are obtained at various pump-probe displacements
Ax, Ay and at various azimuthal orientations of the sample
defined by the angle ¢ between the [100] crystallographic
axis and the x axis. The probe polarization rotation A6 (¢)
is detected using a conventional scheme with a Wollas-
ton prism and a balanced photodetector. The signal from
the photodetector is registered using a lock-in technique
with the reference frequency of the pump amplitude mod-
ulation. Thus, only the probe polarization rotation related
to the pump-induced dynamics is detected. The measure-
ments of the propagating SWs are performed at room
temperature and # = 100 mT.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Laser-induced excitation of propagating spin waves

Figures 2(a) and 2(b) show the spatial-temporal evolu-
tion of Ak obtained by scanning the pump-probe time
delay ¢t when the pump and probe spots are shifted with
respect to each other by 0 < Ay <12 um at Ax =0,
i.e., transversely to H. Experimental data for two orienta-
tions of the sample ¢ = 45° and ¢ = 60° are presented.
The former geometry corresponds to the field applied
along the film’s hard axis [110]. Two types of pump-
induced signal AOx(¢) can be distinguished depending
on whether the pump and probe spots overlap spatially

or not. We show this in more detail in Fig. 2(c), where
the cross sections of the spatial-temporal maps at vari-
ous Ay are presented. When the pump and probe spots
overlap spatially, i.e., at Ay < +/20, decaying oscilla-
tions of Afk () are observed. Examination of the depen-
dence of the oscillation frequency on the external field
strength [Fig.2(e)] confirms that they originate from the
laser-induced precession of the magnetization. Outside
the pump-probe spatial overlap, i.e., at Ay > +/20, well-
defined wavepackets are observed in the A6 (?) signal.
The tilts of the signal maxima reveal a positive phase
shift of the propagating waves. Therefore, these wavepack-
ets can be confidently ascribed to laser-induced MSSWs
propagating transversely to H.

Spatial-temporal Ax-f maps obtained at Ay =0
[Fig. 2(d)] reveal the presence of fast-decaying BVMSWs
with negative phase shifts. Such a difference in the propa-
gation characters of laser-driven MSSWs and BVMSWs
appears to be typical for thin metallic films [26-28].
Below, we focus our discussion on the excitation and
propagation of the MSSWs.

As can be seen in Figs. 2(a) and 2(b), the parame-
ters of the magnetization precession at Ay = 0 and of
the MSSWs at Ay # 0 vary with ¢. To quantify the
azimuthal dependences of the parameters, we fit tempo-
ral signals A6k (f) obtained at different ¢ and Ay with one
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FIG. 2.

(a),(b) Experimental spatial-temporal Ay-f maps of A6k obtained at ¢ = 45° (a) and ¢ = 60° (b) and Ax = 0, i.e., when

the pump-probe distance Ay is scanned transversely to H, corresponding to the MSSW configuration. Arrows are guides to the eye
showing the centers of the propagating MSSW packets. (¢) Experimental (symbols) temporal evolution of Afx at different pump-probe
distances Ay, at ¢ = 45° and Ax = 0. Solid lines denote the fits using Eqgs. (1) and (2). (d) Experimental spatial-temporal Ax-f map
of Af obtained at ¢ = —30° and Ay = 0, i.e., when the pump-probe distance Ax is scanned along H, corresponding to the BVMSW
configuration. (¢) Experimental (symbols) dependence of the precession frequency f; on the strength of the magnetic field H applied
at ¢ = 30° and theoretical dependence (solid line) calculated using Eq. (5). (f) Calculated (symbols) temporal evolution of Afx at
different pump-probe distances Ay, at ¢ = 45° and Ax = 0. Solid lines denote the fits using Egs. (1) and (2).
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of the functions:

Abg(Ay = 0,1) = Ady sinQrfot — do)e™", (D)

Ak (Ay, 1) = Asw (Ay) sinQrfi — e~ —0°/@),
2

Here, A(s),w and Asw (Ay) are amplitudes of the precession
at Ay =0 and Ay > 0, respectively; 7, fy and f, and ¢y
and ¢ are the decay time, frequencies, and initial phases
of the precession, respectively; and w and 7y the width and
center position of the Gaussian packet, respectively. Good
agreement between the experimental data and the fitted
curves is reached [Fig. 2(c)], apart from a small discrep-
ancy at the tails of the precession and wavepackets, which
is addressed below in Sec. 111 E.

B. Mechanism of MSSW excitation

Figures 3(a) and 3(b) show the azimuthal dependences
fo(p) and A(S)W(q)) at Ay = 0. The former has a pronounced
fourfold symmetry with a twofold distortion. It corre-
sponds well to the intrinsic cubic magnetic anisotropy
defined by the anisotropy parameter K; > 0 with easy axes
along [100] and [010] and the substrate-induced in-plane
uniaxial magnetic anisotropy defined by the parameter
K, < 0 with an easy axis along [110] expected for such
films [38].
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FIG. 3. (a),(b) Azimuthal dependences of the frequency f, (a)

and amplitude A(s)w (b) of the precession observed at Ay =
Ax = 0. Symbols show experimental data; solid lines are the
theoretical fits. (c) Normalized amplitude of MSSW packets
Asw(Ay)/Asw(Ay = 0.5 pum) vs distance Ay as obtained for
several angles ¢; lines are the fits using Eq.(3). (d) Propaga-
tion length Ly, of MSSW packets vs ¢ as obtained from the
experimental fits (symbols) and using Eq. (10) (solid line).

A pronounced azimuthal dependence of the amplitude
Agw((p) of the laser-driven precession [Fig. 3(b)] allows
us to identify the excitation mechanism as an ultrafast
laser-induced thermal change of the effective magne-
tocrystalline anisotropy field demonstrated earlier for a
range of Galfenol films of various thicknesses [41,42].
In brief, excitation of the precession stems from a rapid
decrease of the anisotropy parameters K; and K, [43—45]
and of the saturation magnetization M, [46] in response to
the laser-induced increase of electronic and lattice temper-
atures. For the in-plane orientation of external magnetic
field considered here, the amplitude of the excited preces-
sion is a measure of the abrupt reorientation of the total
effective field in the sample plane due to the laser-induced
changes of K;/M, and K,/M;. At the timescale longer
than the electron-phonon thermalization time of approx-
imately 2 ps, the thermodynamic approximation for the
temperature dependence of anisotropy can be applied [47].
Thus, the decrease of the parameters K| and K|, is expected
to be stronger than that of the magnetization M;, and,
therefore, the laser excitation yields an abrupt decrease
of the effective anisotropy field. Experimentally verified
independence of the A6,(¢) signal on the pump pulse’s
polarization supports the thermal nature of the excitation
mechanism.

In the following, we refer to the MSSW excitation
mechanism based on a laser-induced thermal change of
the effective magnetocrystalline anisotropy field governed
by the factors K;/M, and K, /M, as the ultrafast laser-
induced change of the magnetic anisotropy. This is to
distinguish it from the excitation of the MSSWs via ultra-
fast changes of the shape anisotropy solely related to the
demagnetization and demonstrated in Refs. [17,26-29,48].
The latter mechanism is deliberately excluded here by the
chosen experimental geometry with an in-plane external
magnetic field. We can also exclude two other mecha-
nisms of laser-induced MSSW excitation reported earlier.
The ultrafast inverse magneto-optical effects employed
in Refs. [18,21,22,22-25] are proven to be efficient in
dielectric media mostly (for a review, see, e.g., [49]) and
are pump-polarization sensitive, which is not the case in
our experiments. Driving SWs by optically excited elas-
tic waves as shown in Refs. [24,30-33] can, in turn, work
in any material with sufficiently strong magnetoelastic
coupling at any laser-pulse polarization. Furthermore, the
magnetoelastic properties of Galfenol favor such a mech-
anism. However, the excitation of SWs by elastic waves
becomes efficient only near the crossing of their disper-
sion curves [50], which is not realized in the studied film
in the range of the applied magnetic fields used in the
experiments (see details in Sec. III D). Nevertheless, in
the experiments, we detect two acoustic waves seen as
two concentric ripples independently propagating slower
than the SWs, in analogy with the observations reported in
Ref. [17].
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C. MSSW propagation length

The azimuthal dependence of the MSSW amplitude
Asw(p) at Ay = 0.5 um, i.e., close to the edge of the
excitation spot, naturally resembles the one for Agw. At

Ay > /20, the situation changes drastically, as the ampli-
tudes of the MSSW packets outside the excitation spot are
defined not only by the efficiency of excitation in the spe-
cific field direction [Fig. 3(b)], but by the spatial decay
as well. To single out the latter contribution, we plot the
spatial dependence of the normalized amplitudes of the
MSSW packets Asw(Ay)/Asw(Ay = 0.5 um) [Fig. 3(c)].
The spatial decay has minima at ¢ = +45°, i.e. in the so-
called “hard-hard” configuration, where the equilibrium
magnetization and the MSSW wave vector are oriented
along the two orthogonal hard axes. Thus, the MSSW
packets propagate larger distances along the hard axes,
despite small initial amplitudes defined by the excitation
mechanism. In contrast, no propagating MSSW packets
are observed if H is directed close to the easy axes (¢ =
0°,£90°) and the small amplitude precession is excited.
The experimental dependences Asw(Ay) can be well
fitted by a single exponential decay function [Fig. 3(c)]:

Asw(Ay) ~ e~ 8 Eorop, 3)

with Ly, being the propagation length. This is an impor-
tant parameter of SWs, which, in particular, determines
whether Galfenol is a suitable material for magnonic appli-
cations. As can be seen in Fig. 3(d), Ly, demonstrates a
pronounced azimuthal dependence with two maxima cor-
responding to the geometries with H applied along the hard
axes. The largest Ly, = 3.4 um is observed when H is
aligned along the hardest anisotropy axis [110]. Impor-
tantly, this value is very close to the propagation length
found for optically excited MSSWs in a 20-nm-thick
permalloy film [26].

D. Reconstruction of MSSW dispersion

The Ay —t maps presented in Figs. 2(a) and 2(b)
allow us to reconstruct the dispersion relation f(k,) for
the excited MSSWs using a two-dimensional fast Fourier
transform (2D FFT) of the data outside the pump spot
[24,27,32]. Figure 4(a) shows the 2D FFT result for ¢ =
45°, at which the MSSWs possess large Ly, (see Sec.
[II C). The 2D FFT gives an expected near-linear disper-
sion and shows that the wave numbers k, of the MSSWs
detected in the experiment reach about 3.5 rad/um. As dis-
cussed in Ref. [27], the wave numbers of the SWs detected
in the optical pump-probe experiment are limited by both
the pump and probe spot sizes, which yields k, = 1/o for
the wave numbers at the 1/./e level (see the Appendix for
details). Given the spot size o used in the experiment, the
corresponding value is k, = 1.3 rad/um, and the exper-
imentally found largest value 3.5 rad/um corresponds
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FIG. 4. (a) Dispersion of MSSWs reconstructed via 2D FFT

(real part) at ¢ = 45°. (b),(c) FFT spectra at different pump-probe
shifts Ay at ¢ = 45° and 30°. (d),(e) Schematic representation of
the frequency changes in the heated area when H is along a hard
(HA) and easy (EA) anisotropy axis, respectively. Solid lines
denote dependences of f(H) for a nonheated film and dashed
lines f’(H) for a heated film. Vertical dashed lines represent the
magnitude of H in the experiments.

approximately to 3k,. The value also confirms that the
observed MSSWs are not driven by propagating surface
acoustic waves (SAWSs) in the GaAs substrate. Indeed, the
SAW velocity in a GaAs(001) substrate is 2.7 km/s [51],
which gives a maximum SAW frequency of 1.5 GHz at a
wave number of 3.5 rad/um. The value is well below the
frequencies of the excited MSSWs.

It is important to note that the laser-induced heating and
the changes of magnetization and anisotropy are expected
to alter the precession frequency f within the pump spot.
These changes, indeed, can be clearly seen in f — Ay
maps, where f is obtained as the FFT of 0k (¢) at a specific
position Ay [Figs. 4(b) and 4(c)]. For H applied along the
hard axis (¢ = 45°), f experiences an increase inside the
heated area. If H is not aligned with the hard axis (e.g.,
at ¢ = 30°), the situation is opposite, and f is decreased
inside the pump spot. Both observations are in agree-
ment with the scenario of the magnetic anisotropy being
decreased abruptly within the laser-excited spot. Indeed,
in the hard-hard configuration, the laser-induced ultrafast
heating partly suppresses the effective anisotropy field H,,
resulting in an increase of f at H > H,, as schematically
illustrated in Fig. 4(d). The opposite situation is expected
in the “easy-easy” configuration [see Fig. 4(e)].

It should be noted that the laser-induced local decrease
of the eigenfrequency f; can lead to the formation of a
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potential well for MSSWs, with eigenfrequencies below
the spectrum of MSSWs outside this well, as demonstrated
in Ref. [52]. Then the escape of the MSSWs from this
well would be strongly suppressed. We do not observe the
formation of such traps as they are formed when the diam-
eter of the hot spot is several times larger than the MSSW
wavelength. In our pump-probe experiments, the shortest
excited MSSW wavelength is comparable to the pump spot
size. In other words, when the pump spot size becomes
comparable to the length scale defined by the ratio of the
group velocity of a MSSW to fj, the precession of the mag-
netization propagates as MSSWs from the pump spot to the
nonexcited area [27].

E. Theoretical analysis

1. Dispersion of magnetostatic waves
in an anisotropic film

In order to obtain the expression for the spin wave
dispersion f(k), we utilize the approach developed in
Ref. [53] and adapt it to the particular anisotropy of the

J

studied film. The basic expression for the film’s free-
energy density used in our calculations has the form

AF = K\ (m3m5 + m?m3 + mim3)

+ Kumlm2 - MOMS‘ﬁl : Ha (4)

where m is the unit vector in the magnetization direc-
tion, and m; is its projection on the crystallographic axis
x; (see inset in Fig. 1). The form of the in-plane anisotropy
term K,,mm, is chosen after Ref. [38] to accommodate our
system of an iron-based alloy grown on a GaAs(001) sub-
strate. Note that Eq. (4) does not contain the magnetostatic
energy term. In the derivation of the dispersion relation, the
demagnetizing field is accounted for separately by solving
the Maxwell equations. Applying the procedures described
in Ref. [53] to the free-energy density given by Eq. (4),
we obtain a transcendental equation connecting f and K,
which can be simplified and written in a closed form in
the limit kd < 1 relevant in our case [54], yielding the
dispersion relation for magnetostatic waves to be

oK) = 21f (k) ~ y/ [Ba + 1oM, (1 - k—d)} (Bﬂ + qus%d sin’ w), (5)

with B, and By defined as

2

2K

K, . 1 .
By = ot cos(p — ¢p) — = sin(2gn) + = [1 -3 sm2(2<pm)} ,

M;

2K, . 2K,
Bg = poH cos(¢ — @n) — A sin(2g,,) + A cos(4@m), (6)

s

where 1 is the angle between the equilibrium mag-
netization and k (see inset in Fig. 1), y =1.76 x
10" rads~! T~! is the electron’s gyromagnetic ratio, and
¢m 1s the angle between the magnetization and the [100]
axis obtained from the equilibrium condition

122 11 Sin (] @, — —— SIn 4@ COS 2@ 0
0 " 2]‘43 " M "

The discrepancy between the solution of the exact tran-
scendental equation for f(k) and its approximation (5) is
negligible at £ < 5 rad/um and d = 20 nm. We note that
at k=0, i.e., in the case of a homogeneous magnetiza-
tion precession, Eq. (5) gives exactly the same dependence
fo(e) as the analytical formula for ferromagnetic resonance
frequency in a thin anisotropic film [55].

Having obtained the explicit dispersion relation,
we derive the expression for the precession

N

(

ellipticity:

€

1AM, \/ Ba + moM (1 —kd/D|_ o

O IAM:] VB + oM, (kd/2) sin |

where AM,, and AM. are the changes of in-plane and
out-of-plane magnetization components caused by the pre-
cession, respectively. The damping factor as a function of
¢ and k can be found using the relation [56]

o= a2 9)

a(,()[-]

where « is the Gilbert damping of the Larmor precession
with the frequency wy = y uoH in the external field H at
k = 0 without accounting for demagnetization effects and
anisotropy. It is interesting to note that Eq. (9) leads to an
anisotropic damping with higher and lower values when
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the magnetization is aligned along the hard and easy axes,
respectively.

Once the Gilbert damping parameter is known, the for-
mula for the propagation length L, can be written in a
straightforward way as

1 Jdw(k)
aw(k) ok

(10)

Lorop = TVg =

where 7 is the relaxation time and vy, is the group velocity
of the MSSW.

2. Analysis of the magnetization precession within the
excitation spot

In order to apply the expressions derived above for a
description of the experimentally observed magnetization
dynamics, one needs to account for the timescales of the
laser-induced changes of magnetic anisotropy and mag-
netization. In metals, a few picoseconds after excitation,
both magnetization and magnetic anisotropy possess slow
relaxations that can be neglected on the timescales where
the precession is observed. Thus, the temporal profile of
the effective magnetocrystalline anisotropy field governed
by the factors K| /M, and K,,/M; is described below by the
Heaviside function.

By analyzing the experimental dependences fy(¢) and
Ay, () within the pump spot, we extract the anisotropy
parameters K; and K, and saturation magnetization M, of
the excited and equilibrium film using the following proce-
dure. First, the frequency fy within the pump spot is defined
by modified parameters K, K,,, and M; of the laser-exited
material. Fitting the experimental dependence fy(¢) by
Eq. (5) with £ = 0 [solid line in Fig. 3(a)], we get oM, =
1.56 T,K; =2.8 x 10* J/m?, and K, = —1 x 10* J/m’.

Having determined the parameters of the film within the
laser-excited area, we now can extract the laser-induced
changes of the anisotropy parameters K; and K, with
respect to their room temperature (RT) values by analyzing
the azimuthal dependence Agw (¢) of the laser-excited pre-
cession [Fig. 3(b)]. Indeed, two sets of the parameters, the
initial Ky, K,, and M at RT and the modified K}, K, and
M; of the laser-excited film, yield the difference between
the effective field orientations at equilibrium and upon the
excitation. This difference defines the amplitude of the in-
plane component AM)?y of the precession. The amplitude
of the out-of-plane component AM? can then be found
by taking into account the precession ellipticity defined by
Eq. (8). The fitting of A%y, (¢) ~ AM? then gives the ratios
K, /A;IS and K, /MS. Using the experimental value of the RT
saturation magnetization woM, = 1.7 T [57,58], we obtain
the RT anisotropy parameters K; = 3.33 x 10* J/m? and
K, = —1.03 x 10* J/m?, which are in a very good agree-
ment with the anisotropy parameters found earlier for a
22-nm Fe(g1Gag 19 film on a GaAs(001) substrate [58].

We note that the laser-induced change AK,/K; ~ —16%
shows rather good agreement with the one reported earlier
for a 100-nm Galfenol film [41], while AM,/M, ~ —8%
agrees with the magnitude of the ultrafast demagnetization
observed in a thinner Galfenol film [42].

3. Analysis of the laser-driven spin wave propagation

In order to explain the observed azimuthal dependence
Lprop(9), we use Eq. (10). The fitting procedure at k =
1 rad/um gives the Gilbert damping parameter oy =
0.017. As can be seen in Fig. 3(d), Egs. (9) and (10)
correctly predict the azimuthal dependence of the MSSW
propagation. In particular, the theory confirms that the dif-
ferent propagation lengths for different angles between H
and the MSSW wave vector are dictated by the anisotropy
of the film. We note that the observed anisotropy of the
propagation of the laser-driven MSSW packets is in agree-
ment with the one demonstrated in cubic iron films recently
[59]. In both cases, the largest propagation length is
observed in the hard-hard configuration. In contrast to the
experiments with antennae [59], where the MSSW prop-
agation is one dimensional, laser-induced MSSW packets
propagating along the y axis are spreading slightly along
the x axis as well. Our results show that this spreading does
not change the main features of the propagation of MSSW
packets.

Theoretically obtained MSSW group velocities v, are
in the range of 59 km/s, which is in agreement with the
experimental values of 4.5—13 km/s. These values of group
velocities are typical for MSSWs in thin metallic films [3].

Finally, having obtained the MSSW parameters, includ-
ing the anisotropic damping «, we calculate spatial-
temporal Ay-t maps at different ¢ following the
procedure described in Refs. [18,21,24,27]. In this
approach, the dispersion relation (5) for MSSWs is used.
Within the area corresponding to the excitation spot, the
additional effective field with the Heaviside temporal and
Gaussian spatial profiles is introduced to account for the
localized change of magnetic anisotropy triggering the
precession (see the Appendix for details). Figure 2(f)
shows exemplary cross sections of the calculated Ay-t
maps demonstrating good agreement with the experimen-
tal data. The calculations show good agreement with the
experimentally obtained precession and MSSW packets
[Figs. 2(c) and 2(f)]. Importantly, the calculations reveal
the same deviation of the MSSW packet shapes from
the Gaussian ones as the experimentally observed signals
Abk (1), evident in Figs. 2(c) and 2(f). The most promi-
nent deviation is observed at large time delays ¢, i.e., at
the tails of the wave packets, as noted by other groups as
well [26,27,60]. Our calculations based on the MSSW dis-
persion relation show that this deviation originates from
the dispersion of SWs generated by a sudden change of
effective field.
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IV. CONCLUSION

In conclusion, we demonstrate laser-induced excitation
and propagation of magnetostatic spin waves in a
20-nm-thick epitaxial Galfenol film on a GaAs sub-
strate characterized by pronounced in-plane magnetic
anisotropy. We show that ultrafast thermal magnetic
anisotropy changes induced by tightly focused femtosec-
ond laser pulses excite propagating MSSWs. The strong
in-plane anisotropy (order of magnitude of 10* J/m?®) of
the film enables the laser-induced excitation of MSSWs
in a simple geometry with an in-plane external magnetic
field. The anisotropy of the film provides the possibility to
tune the frequency, amplitude, and propagation length of
the excited waves by changing the in-plane field orienta-
tion. We find that the propagation length of the MSSWs in
the studied film reaches 3.4 pum, which, along with other
recent results on spin dynamics in Galfenol films [40,42,
61], confidently promotes epitaxial Galfenol to the limited
family of metallic materials for magnonics. Furthermore,
epitaxial Galfenol is also known for having a large magne-
toelastic constant and saturation magnetostriction [58] and
so offers the prospect of controlling the SW propagation
via a voltage-induced strain when, for example, coupled
to a piezoelectric substrate, as realized earlier in yttrium
iron garnet [11]. It is important to note that the laser-
induced thermal magnetocrystalline anisotropy change can
be applied to a broad range of materials without limita-
tions on their electronic and magnetic structures. Finally,
we note that introducing laser-induced ultrafast thermal

changes of magnetic anisotropy as a tool to generate SWs
can have an even broader impact on magnonics. Since
abrupt and local changes of the magnetic anisotropy by
laser pulses yield strong local modifications of the SW dis-
persion relation, they can be seen as a pathway to realize
an ultrafast optically reconfigurable magnonic medium for
efficient steering and conversion of SWs [15,16,62,63].
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APPENDIX: CALCULATION OF
SPATIAL-TEMPORAL MAPS OF LASER-DRIVEN
SPIN WAVES

To calculate the spatial-temporal dependences of
Abk (r, 1) corresponding to the experimental Ay-¢ maps,

(a) p=-15°,t=0.3ns (b) p=-15°,t=0.Tns (c) p=-15°,t=1.0ns
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FIG. 5. Calculated SW signals in the x-y plane at different time delays ¢ after the excitation, 0.3 ns (a),(d), 0.7 ns (b),(e), and 1 ns

(c),(f) for the angles ¢ of —15° (a)~(c) and —45° (d)().
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we use the procedure described in Refs. [18,21,24,27].
The probe pulses are reflected normally, so the change of
their polarization is a measure of the transient changes of
the out-of-plane component M,. The normal component
is given by an integration over all excited wave vectors
k = (ke k) [27]:

M.(r, 1) ~ / dk(1/€)h(k, ) sin[k - r — 0 (K){]

x exp[—aw (K)1], (A1)

where h(K, w) is the Fourier transform of A(r, f), an effec-
tive field describing the effect of the laser pulse excitation
of the sample; € is the ellipticity (8); and « is the damping
parameter (9).

We consider the case of thermal changes of anisotropy,
which are approximated by the laser-induced effec-
tive field introduced as the difference between the
total effective field in the equilibrium and laser-
excited states  uoh(r,t) = —8AF(1€1,15u,MS)/8M +
0AF (K (r,1),K,(r,t), My(r,1))/0M [45]. It is assumed
that, a few picoseconds after excitation, both the magne-
tization and magnetic anisotropy possess slow relaxation
that can be neglected on the timescales of the magneti-
zation precession. Thus, the field 4(r, f) may be rewritten
as h(r,t) ~ h(r)®(f), where ©(f) is a Heaviside func-
tion. Hence, the Fourier transform A(k,w) at w # 0 is
weighted by i/w [24]. Next, the pump beam in our
experiments has a spatial profile close to the Gaussian
one, i.e., h(r) ~ exp[—r?/(202)]. Therefore, h(k, w) ~
exp(—k*02/2). Thus, £, = V2/o gives a wave number
for the excited SW component whose amplitude is at a
level 1/4/e of the component with the highest amplitude.
It is also important to take into account that the probe
spot radius in our experiment is o as well. As a result,
the measured wave numbers are defined by an effective
width of ~/2¢ [27], and the corresponding wave number
sk =1/0.

Using the procedure described above, the maps of
M., (r,t) are calculated in the time interval 0—1.5 ns for dif-
ferent ¢. Calculations are performed for k. and k, with
an upper limit of 5.3 rad/um, which exceeds the value
3k, . Calculated Ay-f maps are in good agreement with the
experiment.

Figure 5 shows the calculated z component of the mag-
netization as a function of Ax and Ay at different time
delays t = 0.3, 0.7, and 1ns (see also the Supplemental
Material [64]). Excited SWs are mainly propagating in the
y direction with a pronounced X-shaped pattern. Similar
two-dimensional maps for a permalloy film are discussed
in the Supplemental Material of Ref. [26]. Slight spreading
of the SWs in the x direction is clearly seen.
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