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Nonlinear magnetization dynamics are of great interest, being, for instance, leveraged for neuromorphic
computing in spin-transfer torque nano-oscillators. Here, we demonstrate how to implement magnetoacoustics
to reach this regime, using monochromatic (fs,y = 450 MHz) surface acoustic waves traveling on a thin
layer of (Ga,Mn)As. By careful tuning of the precession frequency to both fi,, and 2f;,, using the magnetic
field and temperature, we evidence clear signatures of a nonlinear magnetoacoustic response of the magnetic
dynamics using the time- and space-resolved Kerr effect: (i) frequency and wave-vector doubling in time and
space, respectively, (ii) quadratic (sublinear) evolution of the precession amplitude at 2 f,,, (fsaw) With acoustic
amplitude, and (iii) resonance field shift. While (i) can be well reproduced by a parametric resonance model
where nonlinearities arise solely from the SAW, we show that features (ii) and (iii) also involve intrinsic magnetic
nonlinearities. Understanding the conditions leading to these nonlinearities will mean better control of the
acoustic-wave-driven magnetization dynamics, in order to implement optimally the wave properties enabled

by this approach.

DOI: 10.1103/PhysRevB.101.144425

I. INTRODUCTION

The nonlinearity of the Landau-Lifshitz-Gilbert (LLG)
equation governing magnetization dynamics makes it rela-
tively easy to evidence nonlinear behavior in magnetic sys-
tems, such as frequency mixing or parametric pumping, i.e.,
the appearance of multiples or fractions of the eigenfrequency
Qwo, 3wy, wo/2, ...) [1-3]. These effects are of great techno-
logical interest, as they are involved in precessional switching
[4,5], the response of spin-transfer torque nano-oscillators [6],
magnetic nanostructure-based neuromorphic computing [7,8],
and exciting prototype devices of magnon-based logic [9]
such as the magnon transistor [10], or magnonic directional
coupler [11].

Magnons (spin waves) are generated inductively by
current-driven radio-frequency (rf) magnetic fields but also
very efficiently by rf bulk or surface acoustic waves (SAWs).
Magnetoelasticity can indeed induce an effective rf field and
there have been recent reports of the magnetization dynam-
ics [12—15] and ferromagnetic resonance [16,17] that ensue.
Paralleling what has been observed under inductive excitation
[18,19], the acoustic parametric pumping of spin waves has
been studied, and monitored by the absorption of the acoustic
wave [3,20-24]. Looking at the magnetization dynamics, the
appearance of 2f,, following the excitation of precession
by a monochromatic SAW at fi,y (frequency doubling) was
recently evidenced [12]. However, owing to the hitherto lack
of combined space and time resolution in the probing of
magnetoacoustic dynamics, open questions remain pertaining
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to, e.g., the dependence of the spin-wave amplitude and eigen-
frequency on the SAW amplitude, or the spatial frequencies
and wavefront shape of the dynamics.

Using electrically excited SAWs traveling on a layer of
ferromagnetic (Ga,Mn)As and combining space- and time-
resolved detection of both the magnetization dynamics and
the SAW amplitude, we evidence three different features of
nonlinear behavior in a coupled magnetization/strain system:
(1) frequency and wave-vector doubling in the magnetization
dynamics but not in the SAW, (ii) nonlinearity of the preces-
sion amplitude, and (iii) a resonance field shift. Whereas at
low SAW amplitudes these results are quantitatively very well
accounted for in a perturbative scheme using a parametric
oscillator model [12], we show that a full LLG solution is
necessary out of this regime. These results validate SAWs,
weakly attenuated strain excitations, as a relevant tool to
perform remote and agile nonlinear spin-wave manipulation,
something up to now forbidden by the local and short-lived
spin waves excited inductively [25].

II. EXPERIMENTAL DETAILS

Whereas most magnetoacoustics reports use room-
temperature ferro- or ferrimagnets such as iron [26], nickel
[12,16], cobalt [27], or YIG [28], we are using the dilute
magnetic semiconductor (Ga,Mn)As. It offers a different set
of magnetic parameters at all temperatures up to the Curie
temperature 7., and a convenient tuning of magnetoelastic
constants by growth [29]. In particular, the frequency of the
uniform spin-wave mode can easily be tuned to the acoustic
frequency by varying the temperature, in addition to applying
a bias magnetic field. Moreover, the magnetoelasticity of

©2020 American Physical Society
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FIG. 1. Schematics of the experimental setup (not to scale). The
delay line between the two transducers is 2 mm. Angle and axis
definitions: The SAW wave vector kg, is along [-110], and the static
magnetization and incoming probe polarization are indicated by the
angles ¢y and B with respect to K. AT is an electronic delay
between the firing of the rf bursts and the probe laser pulses. Their
arrival time 7 is controlled by an optical delay line.

(Ga,Mn)As can readily be addressed by the exx, €7z, and
€xz strain components of Rayleigh surface acoustic waves
[14,30,31], with X parallel to kq,y, the SAW wave vector, and
Z denoting the normal to the sample plane (Fig. 1).

Here, the 45-nm-thick (Ga,Mn)As layer is grown by
molecular beam epitaxy and annealed for 16 h at 200 °C, at
which point the 7, reached 120 K, before being processed for
the piezoelectric SAW excitation. For this, a2 x 2 mm? mesa
is wet-etched down to the insulating (001) GaAs substrate
in order to evaporate two pairs of interdigitated aluminum
transducers (IDTs, 42 nm thick, 1 mm aperture, and 300 um
width). These consist of 25 pairs of split 5:2 electrodes [32],
which supplied with an rf voltage burst emit monochromatic
151, 301, 452, or 602 MHz SAWs traveling along the [-110]
direction (Fig. 1). The sample exhibits competing biaxial
and uniaxial magnetic anisotropies, the latter arising from
magnetoelasticity (B;, B, constants, see Appendix A). The
resulting easy axis is along [-110] at low temperature. In
the following, the field is thus applied along the hard [110]
axis to lower the precession frequency up to H, at which the
magnetization aligns with the field. This sample was used in
Ref. [14] to evidence the concomitant acoustic and magnetic
resonance at these four frequencies. In the present work, we
focus on the nonlinear behavior of the system, and reveal the
spatial dependency of the magnetization dynamics.

Two types of data are acquired. In SAW ferromagnetic
resonance (SAW-FMR) experiments, the SAW is picked up
piezoelectrically by the opposite IDT after traveling across the
mesa [Fig. 2(a)], and the amplitude of the detected acoustic
echo is monitored with respect to the field amplitude. This is
readily illustrated by the T =42 Kand T = 75 K SAW-FMR
curves of Figs. 3(a) and 3(b). The former one exhibits a
single resonant absorption peak at 26 mT, a field at which the
precession frequency fj lies closest to the SAW frequency,
whereas the latter one exhibits two peaks at 0.5 and 9 mT
since the fy(B) curve crosses fiw twice [Figs. 3(g) and 3(h)].

In time-resolved Kerr effect (TR-MOKE) experiments,
200-fs linearly polarized laser pulses are synchronized to
the rf bursts and focused onto the sample using a microscope
objective after passing through an optical delay line. The
polarization makes an angle 8 with the [-110] axis of the
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FIG. 2. (a) Acoustic echo recorded electrically on the detection
transducer (triggered off the electromagnetic radiation). The ampli-
tude is used for SAW-FMR analysis displayed in Fig. 3. (b) Time
scans taken on (Ga,Mn)As at either 9 mT (7' = 42 K) or 0.9 mT (T =
75 K), polarization angle 8 = 0°. (c) Time scans taken on GaAs, on
the 15-um gap between the exciting IDT and the (Ga,Mn)As mesa,
B = 45°. For all time scans shown here, fi,, = 452 MHz and At is
chosen to probe the center of the acoustic burst.

sample (Fig. 1). The polarization rotation 68 is monitored
using a balanced optical detection bridge. A careful analysis
of the dependence of § 8 on the incoming polarization g yields
the out-of-plane §6 and in-plane §¢ magnetization dynamics
components (Fig. 1), as well as the strain dynamics, via the
photoelastic effect (PE). §0 is independent of §, whereas the
PE varies as exx(X, t)sin28. Setting the incoming polariza-
tion parallel to (45° from) K,y will thus cancel (maximize)
the PE. Finally, time scans (spatial scans) are obtained by
scanning the optical delay line (the piezoelectric stage holding
the objective). Please refer to Ref. [14] for a more extensive
description of the setup and data analysis procedure.

The A = 721 nm wavelength and 0.4 numerical aperture
objective used yield a spot size of 1.5 um full width at half
maximum (FWHM) so that larger SAW wavelengths will
be much better spatially resolved: 151 MHz (and the fre-
quency doubled 302 MHz) corresponds to an 18 um (9 um)
SAW wavelength while 602 MHz (and the frequency doubled
1.2 GHz) to A =4.6 um (2.3 um). Yet higher frequencies
will yield a larger signal since the magnetoacoustic resonant
absorption increases with fiw [31]. A comfortable compro-
mise for this study has been to use fy = 452 MHz. SAWs
were thus excited using 400-ns-long, +28-dBm, 452-MHz
bursts at a 252 kHz repetition rate (unless specified). Note
that this rate in combination with a 10% duty cycle leads to
a substantial stationary heating (see details in Appendix B),
so that all the temperatures mentioned in this paper are not
effective sample temperatures, but rather the temperature at
which the cryostat was regulated. These were the conditions
used for the 42 and 75 K SAW-FMR curves described above
[Figs. 3(a) and 3(b)].

144425-2



TIME- AND SPACE-RESOLVED NONLINEAR MAGNETOACOUSTIC ...

PHYSICAL REVIEW B 101, 144425 (2020)

T=42K T=75K
R O.GQ 1|0 29 3|0 49 q . ? ‘ 1|0 _15
I C) ' (b}
= i 1 & —1.0
£ 03 H 4 |- ]
z % H 0.5
< H 0
@ OOj L L T‘l-lt 0.0
ES) 100
§- 30 iC) J—h - fsaw
T—“/ r - \ "'"_Zfsaw
€ 150 ’J ] -50
2 /.\o
£ [ i t&\ 5
Q 0, 0 -
£ 0P
—~ (e) h [—rIlLLG
g 10k " |l """ "perturbation
ha \
£ g approach /
s 5L Il \ J
2]
O 1 T T T T
0 10 20 30 40
B (mT)
o fo o0 4
Fo B |
9 1*-f-2fsaw_ N e - = ?
w® glfsawi === f T
luoH 4

FIG. 3. At two temperatures (T = 42 and 75 K): (a), (b) SAW-
FMR absorption curve; (c), (d) Kerr signal proportional to the out-
of-plane magnetization precession component Xy = K§6; and (e),
(f) calculated amplitudes of the out-of-plane component §6 at f,,
(black) and 2 f;,, (red). Calculations were done using either a full
numerical approach (solid lines) or a perturbative approach (dashed
lines) (see text and Appendix A for details). (g), (h) Field depen-
dence of the precession frequency estimated from FMR-determined
magnetic anisotropy constants [31] (see Appendix A). At uoH,, the
magnetization aligns with the field.

III. EVIDENCE OF NONLINEARITIES

A. Frequency doubling

We now turn to the TR-MOKE data. Placing the laser
spot on the (Ga,Mn)As about 30 um from the last tooth of
the exciting IDT, and scanning the optical delay line, we see
periodic oscillations of the polarization rotation [Fig. 2(b)],
i.e., of the magnetization dynamics, since the polarization
is aligned with kg, (B = 0°). For some fields/temperature
the sole frequency content is fy,, while for others there is
a clear coexistence of f,, and 2fg,,. This is illustrated by
comparing the two time scans shown in Fig. 2(b), taken at
B=9 mT, T =42 K, and B=0.9 mT, T =75 K. Note
that the typical voltage levels arriving on the detection bridge
were less than 1 V, and well within the linearity range of the
photodiodes. Finally, in conditions of optimized focusing and
high acoustic powers, we could also pick up a small but finite
3 fsaw contribution to the time-domain signal.

Keeping the delay line position fixed, one can then raster
the objective spatially. The resulting maps displayed in
Fig. 4 show a spatially oscillating magnetic signal on the
(Ga,Mn)As, and much fainter oscillations on the GaAs/IDT
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FIG. 4. Spatial scans of the MOKE signal taken close to the
exciting IDT over an area overlapping GaAs and (Ga,Mn)As with
B = 0° and At chosen to probe the magnetization dynamics at the
center of the acoustic burst. Associated two-dimensional (2D) fast
Fourier transform (FFT) of the (Ga,Mn)As part. (a) Under B = 9 mT,
T =42K.(b) Under B=09mT, T =75K.

part since the photoelastic effect is very weak for g = 0°.
Under B=9 mT, T =42 K, a single spatial frequency is
observed, corresponding to Agw = 6.1 um [Fig. 4(a)]. The
wavefront is very straight, as expected since the IDT excites a
quasi plane wave, and the laser spot is sufficiently far from
the edges of the IDT to avoid diffraction. Detecting at the
opposite IDT, 2 mm away, evidenced an identically straight
magnetic wavefront (not shown) [33]. Under B = 0.9 mT,
T =75 K [Fig. 4(b)], two wavelengths are observed: Ay
and Ay /2 corresponding to K,y and 2Kg,,. The wavefront
is now very slightly corrugated, with minute variations of
the relative proportion of Agy and Ag,y /2 signal amplitudes
along the Y axis. This may result from the dispersion of
magnetic anisotropy parameters, revealed by the nonlinear
magnetization precession. A similar observation had been
made when simulating SAW-driven precessional switching,
in which nonlinearities are even more pronounced [see Fig.
8(b) of Ref. [31], for instance]. As a first conclusion, clear
frequency and wave-vector doubling can be observed in the
magnetization dynamics. An analysis of the complete field
dependence of the precession amplitudes will be shown in
Sec. III C.

B. Quadratic amplitude behavior

To study the dependency of the signal amplitude versus
drive (SAW) amplitude, we use to our advantage the fairly
long rise time of the acoustic burst [Fig. 2(a)], which is
directly related to the width of the transducer (300 wm). For
this we record numerous time scans, varying the electronic
delay between rf bursts and laser pulses (A1) to vary the
amplitude of the strain arriving under the spot. The laser
is first positioned on the (Ga,Mn)As, choosing conditions
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FIG. 5. Study of f,, and 2 f,,,, precession amplitudes vs acoustic
drive. (a) Experimental amplitude of the polarization rotation on
(Ga,Mn)As (A; and A, at fi,, and 2 f;,, respectively) and on GaAs
(AGaas at faw), at T = 75 K, and B = 0.8 mT. The laser polarization
is B = 0° on (Ga,Mn)As and B = 45° on GaAs. (b) A;, A, ampli-
tudes plotted vs Agaas Which is proportional to the SAW amplitude.
Lines are linear or quadratic fits to the data. (c) Calculation of
out-of-plane dynamic magnetization components §6,, at f,w, and 66,
at 2fw, using either a fully numerical nonapproximated approach
(solid lines), or the small-angle perturbation approach (dotted lines)
(B =0.2mT).

yielding frequency doubling (T = 75 K, B = 0.8 mT), then
15 um closer to the IDT, on the GaAs [see the correspond-
ing positions in Figs. 2(b) and 2(c)]. On (Ga,Mn)As, the
PE contribution is again minimized by taking 8 = 0°, so
that the polarization rotation mainly reflects the in-plane
8¢ and out-of-plane 66 magnetization dynamics. The PE
contribution is maximized on GaAs by taking B8 = 45°, so
that §8(¢) is then essentially proportional to the SAW am-
plitude (exx component). The resulting time scans are fit-
ted by a function of the form Ay + A; cos27m feaw? + ¢1) +
Aj cos(4m fiawt + ¢2), where we rely on the fact that the scan-
ning window is much shorter than the 200-ns rise time of the
burst.

Only one component at fiw (Agaas) Was necessary to fit
the GaAs data, showing that any nonlinearities arising are
of magnetic—not acoustic—origin. The A}, A, Agaas ampli-
tudes are represented versus electronic delay in Fig. 5(a). The
overall shape perfectly reflects the envelope of the acoustic
echo shape shown in Fig. 2(a). We then plot the A, A,
amplitudes of the rising/falling edges of the burst versus
the Agaas corresponding to the same At delay—legitimate
since the (Ga,Mn)As and GaAs data were taken 15 um apart,
equivalent to a mere 5 ns lag of the SAW.

The final curves [Fig. 5(b)] show several very interesting
features: The 2 f;,w component has a clear quadratic behavior
with the SAW amplitude. Importantly, there seems to be
no threshold for the appearance of this double frequency,
contrary to the case of parametric pumping [7,34]. The fiw

(2]
o

——A

SN
o

6

AO

N
o

Offset (urad)

o

0 10 20 30 40
B (mT)

FIG. 6. Offsets of the out-of-plane (Ag) and in-plane (Aﬁ) mag-
netization dynamics components, 7 = 42 K.

component initially varies linearly with the SAW amplitude,
as expected. It then progressively becomes sublinear. This
deflation of the (fuw,Ksw) mode is a clear signature of
nonlinear interactions with higher-order spin-wave modes as
will be discussed further on. Note that this was also observed
for magnetization dynamics triggered more traditionally by
an external rf field [18,19], but without reaching the sub-
linear regime for the first mode. We thus conclude on a
second important feature of this coupled system: the quadratic
amplitude variation of the frequency-doubled precessing
component.

C. Magnetoacoustic resonance

We then study more systematically the field dependence
of the fyw and 2f,, precession amplitudes, choosing the
electronic delay At to probe the stationary part of the acoustic
burst. For each field, time scans are recorded for six dif-
ferent incoming polarizations (8 = 0°, 30°, 60°, 90°, 120°,
and 150°), in order to isolate the B-independent Kerr and
cos 28-dependent Voigt amplitudes, varying respectively as
Ko = K30(B, 1), Vg =2V5p(B,t)cos2¢(B), as explained
in detail in Ref. [14]. Note that ¢y(B) is the static magneti-
zation position, counted with respect to Kg,, (see schematics
in Fig. 1). Finally, Ky and V; are fitted as above with Ag’¢ +
A%? cos (271 frawt + ¢50) + AD? cos (471 frawt + ¢5°0).

The resulting field dependence of Ky is represented in
Figs. 3(c) and 3(d) for T =42 and 75 K. The Gaussian
beam averaging of the signal has been deconvolved, with the
experimental ;" multiplied by 1.08 (1.33) to yield Ky at
Sfsaw (2fsaw)- While smaller than the amplitude level at f;,y, the
double frequency is still reasonably well excited, particularly
at 75 K. A similar 2 f;,, / fsaw amplitude ratio was observed in
the V, component (not shown). A single (double) resonance
was observed at T = 42 K (T = 75 K), with resonance fields
very similar to those of SAW-FMR [Figs. 3(a) and 3(b)].
Note that the position and respective amplitudes of the fiy
and 2f,, depended acutely on the SAW power and precise
temperature.

Using the same set of data, we can also plot the offset
components of the K86, V, terms: Ag and Ag. This is shown in
Fig. 6 for T = 42 K (T = 75 K data available upon request).
Both Aj) and Ag are negligibly small except close to the res-
onance, peaking at respectively 5 and 57 urad. These offsets
can be written as Ag = K686y(B) and Ag =2V cos 2¢p5¢(B).
Their existence implies that the position around which the
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magnetization precesses undergoes a slight shift away from
its SAW-free equilibrium position. Since the Voigt coefficient
V is typically five to ten times smaller than the Kerr one K
[35], and cos2¢y < 1, we can safely state that at resonance
d¢po > 66y. No offset was observed at temperatures for which
only one precession frequency was observed. These offsets are
not expected in a linear FMR regime and are a clear marker
of nonlinearities. They can be found in a parametric oscillator
model (see the next section and Appendix A) since a pertur-
bation at wg,, not only provides oscillations at wg,y + @Wgw =
2wq,y but also a constant signal at the difference frequency
(Wsaw — wsaw = 0). Offsets also appear concomitantly with
the large precession amplitudes that announce the onset of
SAW-driven precessional switching [30].

D. Resonance field shift

Since the precession frequency depends on the mean mag-
netization position, the 8¢ shift should also induce a shift
of the resonance field when increasing the driving force, as
observed in Refs. [36-38] under rf field excitation. Having
convinced ourselves of the equivalence of acoustic and mag-
netic resonance curves (Fig. 3), and since the former are much
quicker to obtain, we check for this resonance field shift by
measuring SAW-FMR curves at increasing input rf powers
(SAW amplitudes). For this we decrease the rf repetition rate
to 7.3 kHz, to be certain that the effective sample temperature
remains constant as the input 1f power is varied (see Appendix
B). The temperature set point is raised to 87 K so that the
effective sample temperature lies close to that of the 75 K
experiments taken at 252 kHz (Figs. 3-5). Figure 7 shows
SAW-FMR curves taken for input powers varying between
+10 and +32 dBm. The resonance field remains invariant up
to +18 dBm, at which point it starts to downshift, as expected
from the above-described nonlinearities. Note that such non-
linear acoustic behavior had already been observed [5,39], but
the time-domain nonlinear behavior of the magnetic dynamics
had not been simultaneously probed.

IV. MODEL AND DISCUSSION

We now discuss the origins of these nonlinearities. In a
first approach we describe analytically the system as a forced
parametric oscillator [12,36]. We then compare it to a full
numerical solution of the Landau-Lifshitz-Gilbert equation in
the presence of SAW. In both cases we use the free-energy
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FIG. 7. SAW-FMR vs input rf power, repetition rate 7.3 kHz.
The temperature set point is raised to 87 K so that the effective
sample temperature lies close to that of the 75 K experiments taken
at 252 kHz (Figs. 3-5).

form for (Ga,Mn)As [30] and the standard magnetoelastic
energy of a cubic system as given in Appendix A.

The LLG equation is first linearized with respect to the
magnetization oscillating components (56, 5¢), thus ignoring
intrinsic magnetic nonlinearities but keeping those arising
from the SAW driving. This leads to a linear parametric
equations system [Egs. (1) and (2)],

80 +2 (To + Texx)80 + 80(K2 + Qiexx) + Coéxx¢
ey

R
= Flogwgy,€xx,

8¢ +2(To + Tiexx) 8¢ + 8¢ (] + Qfexx) + Cpéxxdl
2)

where 'y and €2( are the damping and angular frequency of
the free (66, §¢) oscillators, respectively. For the sake of clar-
ity only exx = €xxo Sin (Wsaw? — ksawX ) is kept here. Its con-
tribution is anyway found to be dominant. The linear regime
results from the driving forces linear in exx (Fip and Fig
terms). Nonlinearities arise from the products exxd86, exx5¢
in the parametric damping (I";), frequency (£2;), and coupling
(Cp, Cy) terms and from the Fpye%y driving term. These non-
linear terms depend on B; and B, magnetoelastic constants,
and on the static magnetization position (see Appendix A).
In a perturbative approach the solutions are obtained as the
sum of two terms, oscillating at fow = Wsw /27 and 2 few
and a SAW-dependent offset (constant term), as obtained
experimentally (Figs. 3, 5, and 6). The 66 amplitudes at fy,y
and 2 f;,y are given by Egs. (3) and (4) (the other amplitudes
can be found in Appendix A),

= Flgexx + F2¢6>2<X,

86r,., (B, t,X) = exxo

(@3 = 02,)? + 4302,

|Q%F19 + CawsawF1¢|

Sin [wgawt — ksawX + Y1 (B)], 3)

8621, (B, 1, X) = €y

sin [2wsaw[ - 2ksan + WZ(B)]a (4)

2\/(93 - wszaw)z + 4F(%wszaw\/(93

where (1 2)(B) are the phase shifts with respect to the SAW.
The two important contributions to 86, are the parametric
frequency (£2;) and coupling (Cy) terms that are found to have
similar weights.

— 42

S?].W)2 + 16F3w52aw

A linearized form of LLG with parametric coupling is
thus enough to generate frequency doubling (both in time and
in space) without invoking magnetic nonlinear interactions,
as already highlighted in Ref. [12]. Since the driving forces
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Fig and Fjy are proportional to B, sin2¢y, both 60, and
865y, amplitudes cancel out for the magnetization parallel or
perpendicular to Kg,y (99 = 0 or %). The fi,w term resonates
when Q0(B) = wg,w. One moreover sees that it is the B,
magnetoelastic component that drives the precession. The
2 faaw term resonates at fields such that 2¢(B) = ws,w and
2w,y - In our case, these two resonance fields are always close
enough for the two resonances to merge into a broad one
(the damping will of course encourage this as well). These
resonances are well observed experimentally, at either T = 42
or 75 K (Fig. 3). What ensures efficient concomitant f and 2 f
excitation is the coexistence of their resonance conditions for
close enough fields. This is made possible by a Q((B) curve
exhibiting a sufficiently steep slope. As appears in Figs. 3(g)
and 3(h), in our system this happens close to saturation indeed
(T = 42 and 75 K), or far from it (unlike the case of Ref. [18]),
at very low field in the case of competing uniaxial and biaxial
anisotropies (T = 75 K only).

We now discuss the evolution of the precession ampli-
tude with the drive field. In the perturbative approach, the
amplitude of the fw (2fsw) term is expected to be linear
(quadratic) with SAW amplitude, without any thresholding
effect for the appearance of 2f,w [Eqs. (3) and (4)]. This
is indeed what we observe, up to a certain SAW ampli-
tude (corresponding to Agaas & 7 urad in Fig. 5). At the
maximum SAW amplitude (plateau of the acoustic pulse,
At = 3.52 pus), the amplitude of 2 f;,y still follows a smooth
quadratic evolution while the evolution of the f, term tails
off, a clear indication of sublinear magnetic susceptibility,
which requires genuine nonlinear interaction terms in the LLG
equation. The sublinear evolution of the f,, amplitude cannot
be rendered within a perturbation approach. It can, however,
easily be reproduced when doing a full numerical resolution
of the magnetoacoustic dynamics as shown in Fig. 5(c).
Comparing the two approaches highlights that, contrary to
what is commonly accepted, a linearized description of the
dynamics ceases to be valid even for quite small precession
amplitudes, e.g., a few mrad (=0.1°) for 66.

The 66 and 8¢ precession amplitudes at fiow and 2 fsw
were calculated as a function of the applied magnetic field,
using either the analytical solutions from the parametric os-
cillator model or the full LLG numerical solutions [Figs. 3(e)
and 3(f)]. 80 and é¢ differ in amplitude but have a similar
field dependence, therefore we show only the §6 curves. The
experimental results showing one broad field resonance at
42 K and two resonances at 75 K are well reproduced using
the parametric oscillator model. It is worth noting that the
calculated 60 amplitudes are reasonably consistent with the
experimental Kerr signal K86 since the Kerr coefficient /C
is of the order of 5-10 mrad in (Ga,Mn)As [35]. These §0
amplitudes are obtained using a SAW strain amplitude exxo =
2 x 1073, fully consistent with the experimental determina-
tion of the SAW strain for similar rf powers [40]. However,
the perturbative approach overestimates the precession ampli-
tudes, all the more as the SAW amplitude increases, as seen in
Fig. 5(c).

The 56 amplitudes obtained using the full LLG equations
are very close to the ones from the parametric oscillator model
at 75 K [Fig. 3(f)]. At 42 K [Fig. 3(e)] they differ in two
ways: (i) The peak of the f,, component slightly shifts to

a lower field, and (ii) a dip appears in the 2 f,, amplitude.
These changes can be traced to the contribution of quadratic
terms 862, 8¢?, and 608¢. For a given SAW amplitude the
importance of these intrinsic nonlinearities depends on tem-
perature via the magnetization, and the cubic and uniaxial
in-plane magnetic anisotropy constants.

We conclude that, while the parametric oscillator model,
including only SAW-induced nonlinearities, accounts for the
time and space frequency doubling of the magnetization dy-
namics, the full LLG model, including also magnetic nonlin-
ear terms, is necessary to capture the dependence of magne-
tization dynamics on the SAW amplitude and the shift of the
resonance.

V. CONCLUSION

Clear frequency and wave-vector doubling have been
observed under surface-acoustic-wave-driven magnetization
precession. Several other features of nonlinear magnetic dy-
namics have been evidenced, such as the downshift of the
resonance field and the quadratic evolution of the double-
frequency term. This approach has the advantage of not
requiring any power threshold for the appearance of extra
frequencies, contrary to parametric pumping which relies on
Suhl instabilities. The efficient cogeneration of both f;,, and
2 fsaw terms mainly depends on the shape of the fpc(B) curve
and the proximity of f and 2f resonance fields. While the
demonstration of this effect was made particularly easy in
(Ga,Mn)As with its temperature-variable fp. curve and large
magneto-optical coefficients, it should be possible to obtain
similar results in room-temperature ferromagnets. Numerous
applications can be imagined for this effect, such as the
implementation of SAWs in neuromorphic computing [41],
for which nonlinearities are a prerequisite, or the design of
nonreciprocal magnonic crystals.
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APPENDIX A: PARAMETRIC OSCILLATOR

In order to obtain the parametric oscillator equations,
we start from the Landau-Lifschitz-Gilbert (LLG) in the
linearized form for a system with magnetization M in a
macrospin approach (exchange neglected [33]),

80 + a8 + (wpg + Wiy )80 + w80 + Wi =0,
8¢ — 080 — (weo + wiy")80 — Wiy 8¢ — W™ =0,

where 66 and 8¢ are the small deviations of the magnetiza-
tion unit vector from the equilibrium position given by the
polar angle 8y = 7w /2 and the azimuthal angle ¢y and the
dot denotes the time derivative. « is the Gilbert damping.
We define w;; = y%, where (i, j) refer to the 6 and ¢
variables and MF = E,, is the magnetic energy including the
Zeeman energy, the shape magnetic anisotropy energy, and
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the magnetocrystalline anisotropy energy, which contains the
magnetoelastic part arising from epitaxial strain [30].

2 S22 T
E, = —K>| cos“ 6 — Ky sin” 0 sin (q)— Z>

4II

— (3 + cos4e) sin* 0 — —L coste
- @M 2sin? 6.
2
Similarly we define " =y ;3:?, o™ =y ';ilw, where

MF}E is the part of the magnetoelastic energy related to
the dynamic strain imposed by the SAW. Since the epitaxial
tetragonal strain is very weak, we use the usual expression for
cubic symmetry for F,

B
2 2 2
Firel = M(mxexx + my €y, + m; €::)

B>
+ ZM(mxmyexy + mymze,, + mymzey;), (Al)
where (x, y, z) are the coordinates related to the (100) cubic
axes. Parameters B and B, are obtained from the magnetic
anisotropy constants in Eq. (A1) and the static epitaxial strain
B, = —K”—K’”/z, By = 2L \where the €. are the static epi-

60 (v)v*z’ex,\ 2e 0 ’

taxial strain components and €2, = 1074 is the effective shear
strain necessary to account for the in-plane unixial magnetic
anisotropy (Ky) [42,43].

From the equations above we obtain the system of two
coupled parametric oscillators where we only keep terms that
will give oscillations of the magnetization vector at f;,, and
2 fsaw in the forced regime,

30 +2 (Do + ') 80 + 80(Q25 + QF, + Q1) + Cread9b
= Fleo + Faeo, (A2)

8¢ +2(To+ 1) 8¢ + 8 (R + Qf, + Qi) + Crepd0

= Fle¢ + F2€¢7 (A3)
where [y = % and Q3 = {ress are the damping and

angular eigenfrequency of the free oscillators, respectively.
The damping (I"), frequency (£2), coupling parameter (C), and
driving force (F') with index € depend on the SAW strain
tensor components. They are expressed as

o
Fie = 5 (5" +033). (A4)
Qf, = wppwpy’ + Wiy | (A5)
D = alf + 0y, Dy =adgy — 0. (A6)

Cioo = O + oy, Ciep = -0 +aaly, (AT

Fo = —(@0f™ + 03" + 0 0gg),  (A8)
Faeg = O3 05 — 00, (A9)

Fiep = 3™ aa)f/,aw a);awa)gg, (A10)
Facyp = 0y 0™ — 0F™ wpy”. (A11)

Note that since ¢ < 1 in (Ga,Mn)As, the approximation
(1 + a?) ~ 1 has been used in the calculations.

A SAW propagating along [-110] has strain components
€xx, €zz, and exz. Since the latter two are found to give a
negligible contribution to the magnetization dynamics in our
sample, we will neglect them hereafter. The equations of the
coupled parametric oscillators then read

89 +2 (F() + Fléxx)89 + 60 (Qz + Qléxx) + Cgéxx5¢

= Flowg, éxx, (A12)

3¢ + 2(To + Diexx)8¢ + 8¢ (2 + Qexx) + Cpéxx o

= Figexx + Pyexx (A13)

where exx stands for exxg sin (wsaw? — ksawX ). The strain
amplitude exxo is taken at Z = 0 since the thickness of the
magnetic layer (45 nm) is much smaller than the SAW pene-
tration depth (a few um). In the damping, frequency, coupling
parameters, and driving forces, we have kept only the leading
terms in powers of «. Note that the coupling terms Cy, Cy
contribute only to the amplitudes at 2f,,. The parameters
read

T, = —%(wl + 3w, c0s 260), (A14)

QF = —w) €08 200 (2wgg + wpg) — W wpg,  (A15)
Co = —2w, cos 2¢, (A16)

Cp = (w1 + wy cos 2¢y), (A17)

Flg = gy sin 2y, (A18)

Fiy = wywpg sin 26y, (A19)

Fp = —wa(w1 + wy cos 2¢) sin 2¢y, (A20)

where w; = yB1/M, wy, = yB,/M, with y the gyromagnetic
factor, and wgg, wyy depend on ¢y.

Let us note that the driving forces are proportional to
sin(2¢) and hence vanish when the magnetization is aligned
with the [-110] direction (at zero field) or perpendicular to it
(at fields larger than H,).
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Solving perturbatively Egs. (A12) and (A13), the 660 and §¢ amplitudes at frequencies fg,y and 2 f;,y are

80f,, = €xxo ol ’ (A21)
. \/(902 - a)gaw)2 + 4Fga)z'dw
8. = €xx0 Lit] ; (A22)
\/(QO2 - wszaw)z + 41—‘(%wszaw
5 o |Q%F19 + CewsawFl¢| (A23)
2faw = €XX0 '
2/(907 — 02,)? + T30,/ (9§ — 402,)? + 167302,
|Q1Fip — CoosawFio — Fap (R — 2| (A24)

821 = €xx0
2/(

2
Q" — wgaw

For 66,y , it is found numerically that the parametric
frequency (£21) and coupling (Cy) terms give equal contribu-
tions. For 8¢, the dominant contribution is the parametric
frequency term Q%Fld,. Similarly to the driving forces, the
precession amplitudes are proportional to w; sin 2¢y.

A perturbation at wg,y not only provides a signal at wgay +
Wsaw = 2Wsaw but also at (wgaw — Wsaw = 0), i.e., frequency-
independent offsets 6y and §¢y. They are both proportional
to the square of the SAW amplitude and have a significant
amplitude only close to 2y = wgw. 80y is proportional to
the damping «, hence much smaller than ¢y, as observed
experimentally (Fig. 6). It is worth noting that these con-
stant terms are missed when working with complex ampli-
tudes instead of real ones as in Ref. [12], as well as the
factor 2 in the amplitudes 66,7 and 8¢,r, . [Eqs. (A23)
and (A24)].

When keeping all the SAW strain components, the driving
forces in Egs. (A2) and (A3) become

Fieo = wa(sin(2¢pp )éxx + 20 cos(¢po )éxz

+ 2 cos(¢o)wge ($o0)exz)s (A25)
Frep = —dw3 cos(¢o ) exxexz, (A26)
Fiep = wy(a sin(2¢h9)éxx — 2 cos(Po )éxzwog (Po)
X sin(2¢o)exx ), (A27)
Py = —w; sin(2¢) (@1 (exx — 2€zz2)
+ w3 cos(2¢p)exx Jexx + 2ma€x;).  (A28)

When sin 2¢y becomes zero (magnetization aligned along
Kqw or along a saturating field parallel to the [110] direction),
the driving forces arise solely from the (weak) exy strain
component owing to the cos(¢o) factor, which is nonzero only
if the magnetization is aligned with Ky (¢ = 0). The €7z
strain component is seen to appear via the B; magnetoelastic
coefficient, and only in the double-frequency term. €77 at the
surface is smaller than exx: From the solutions of the Rayleigh
wave propagation equations we obtain e€zz9 = —0.34exxo.

The parameters used for the numerical calculations are
as follows. For the T =42 K data, K,, = —5.9kIm™3,

)2+ 4T3, /() — 402, ) + 167302

saw saw saw

(

KZH =04 kJm*3, K4|| =Ky =90 Jm*3, M =39 kA mfl,
5 =407 T, 2 =53 T. For the T =75 K data, K, =
—3.65kJ m_3, K2|| =45 Jm_3, K4|| =Ky =43 Jm_3, M =
20kAm~!, 8 =477 T, 2 = 11.2 T. For all simulations,
the field was misaligned by 0.5° from the [110] direction to
render more realistic resonance curves, ¢ = 0.05 and exxy =
2.5 x 1073,

APPENDIX B: rf EXCITATION-INDUCED
TEMPERATURE RISE

The combination of a high instantaneous rf power (+28
dBm and above), 10% duty cycle, and a poor impedance
match between the IDTs and the rf source results in a sizable
stationary temperature rise. Since the magnetic parameters, in
particular, the resonance frequency, resonance fields, and re-
sulting precession amplitude, are very sensitive to temperature
in (Ga,Mn)As, one must take this into account when studying
the effect of SAW amplitude. With this in mind, two strategies
were therefore adopted in this work: (i) working at a high
repetition rate (252 kHz) and constant rf input power, and
exploiting the varying SAW amplitude during the rise time
of the acoustic burst by playing on the delay between the rf
burst and laser pulses (Fig. 5), and (ii) working at a much
lower repetition rate (7.3 kHz instead of 252 kHz) and varying
the rf input power (Fig. 7). This was implemented when only
electrical data were needed, since the signal-to-noise ratio of
the optical time-domain data becomes prohibitively bad for
laser repetition rates below 100 kHz.

The stationary temperature rise induced by the pulsed rf
excitation was nevertheless estimated as follows, using the
Rayleigh-wave velocity as a sensitive probe of the relative
temperature changes. Acoustic velocity variations dV/V were
measured electrically following the procedure described in
Refs. [5,26], after two different modifications of the effective
sample temperature: (i) Working at a constant 2.5 kHz laser
repetition rate and Py = +21 dBm, the cryostat temperature
set point was changed abruptly from Ty = 77 K to Ty + 6T .
This resulted in a gradual change of the acoustic phase, and
the final dV/V was measured once the stationary regime was
reached. 87 was varied between 1 and 20 K. (ii) Working
at a constant 7y = 77 K, and abruptly changing the laser
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repetition rate from 2.5 to 252 kHz. This was done for
P ranging from +5 to +31 dBm. We then compared the
measured phase (velocity) changes when varying either §T
or Py and obtained an experimental 87 (Py) abacus. The
stationary temperature rise in the experimental conditions
of Figs. 3-5 was thus estimated to around 12 +2 K. It is

naturally intimately related to the rf burst duration and peri-
odicity, and equivalent electrical circuit, so this value should
not be taken out of the context of this experiment. It was
shown to depend very weakly on the rf frequency, however,
confirming that the heating is not primarily of thermoelastic
origin.
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