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Field-free magnetization switching by an acoustic wave
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Surface acoustic waves (SAW) propagating on magneto-strictive ferromagnets can induce mag-
netization reversal: their weak damping and mature technology make them ideal for remote wave
control of magnetic bits. Experimental demonstrations of this spectacular coupling have so far
required the simultaneous application of a static magnetic field. We show here SAW-driven all-
acoustical switching (AAS) over millimetric distances. It relies on the triggering of magnetization
precession of a uniaxial in-plane magnetized film by acoustic ferromagnetic resonance at zero field.
Moreover, the absence of biasing field enables toggling between the two equilibrium magnetic states
for over twenty consecutive acoustic pulses. This proof-of-concept opens an alternative path to

magnetic bit manipulation.

I. INTRODUCTION

Switching magnetic bits without the requirement for
magnetic fields has been a constant quest in the spin-
tronics and nanomagnetism communities, as it would en-
able a denser packing and easier addressing of magnetic
bits in logic and memory devices, with limited cross-
talk. This search has been rewarded by the discovery
of all-optical[1], electric field- and current-induced mag-
netization switching. For the latter two however[2-7], the
necessity for biasing fields remains ubiquitous, whether
spin-transfer, spin-orbit torques, or electric-field modu-
lations of the anisotropy are at play. A recently de-
veloped alternative for magnetization switching is the
use of acoustic waves [8-15]. The effective field gener-
ated by Rayleigh waves through inverse magnetostriction
can switch magnetization efficiently in magnetostrictive
thin films of both in-plane and out-of-plane anisotropies
[14, 15]. In these references, the mechanism was as-
cribed to resonant switching [8, 9]: the SAW triggers
a highly non-linear, large amplitude magnetization ro-
tation around a bias (resonance) field chosen to match
the magnetic precession with the acoustic frequencies -
typically 0.1-1 GHz. One way to eliminate the need for
this field is to engineer a system where the precession
frequency matches the acoustic frequency at zero field.
This is the key ingredient of our results: the thermal
dependence of magnetic parameters in (Ga,Mn)As, a di-
lute magnetic semiconductor used as a demonstrator to
achieve zero-magnetic field SAW switching at a well cho-
sen temperature. Moreover, we demonstrate toggling be-
tween the two equilibrium magnetic states by over twenty
consecutive acoustic pulses, opening the way to a field-
free wave-control of magnetization.

II. SAMPLE

The experiments are performed on a 45-nm-thick
layer of (Gag.gs5,Mng.o5)As grown by molecular beam
epitaxy on a non-intentionally doped GaAs (001) sub-
strate. The Curie temperature T¢ reaches 120 K after a
16h/200°C anneal. The layer has a strong in-plane uni-
axial anisotropy along [110] up to T (1 mT coercive field
at T' = 100 K). Please refer to Ref. 15 for more details on
this sample. A 2x2 mm? magnetic mesa is defined by wet
etching [Fig. 1(a)]. To excite and detect surface acoustic
Rayleigh waves, 60 nm-thick Al interdigitated transduc-
ers (IDTs) are deposited on either side of the mesa by
lift-off. The ”split-44” transducer design [16] was used:
15 pairs of 4 equi-potential and equi-spaced digits that
can be excited by a radio-frequency (rf) voltage. With
a nominal base periodicity of A = 20um, SAWs could be
excited along the easy [110] axis at four frequencies nfo,
with n =1, 3,5, 7 and fo = V,./\ = 141 MHz where V,.
is the Rayleigh wave velocity. Here we will only present
work at 7fy = 990 MHz, as it was shown to be the one
maximizing the switching efficiency [15].

III. ZERO-FIELD SAW-DRIVEN SWITCHING

To evaluate the effect of a single SAW burst on the
layer magnetization we performed longitudinal Kerr mi-
croscopy (632-nm LED illumination, NA=0.4 objective).
The sample magnetization was initialized as +Mjy||[110]
with a permanent magnet, and a reference image ac-
quired close to the emitting transducer (dashed contour
in Fig. 1(a)). A single 250-ns-long rf pulse (990 MHz) was
then applied to the IDT using a Keysight N5172B gener-
ator, an image taken and divided by the reference one in
order to show in normalized contrast the switched areas.
A field-regulated CAYLAR coil ensured that the external
field was B = 0+ 0.1 mT at the sample location. Since
we expect the resonance fields to decrease with increasing
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FIG. 1. (a) Schematics of the set-up. For the switching exper-
iments, Kerr microscopy images are taken over the area de-
limited by the dashed contour. For SAW-FMR experiments
(Fig. 3), 7-long pulses are applied to the right transducer.
The field is applied along the hard axis [110] and the opposite
transducer detects the acoustic echo. (b,c) Kerr microscopy
differential images (306x410 pm?) after a single 250 ns-long
SAW burst at T=100 K (B=0 mT, P,y=31 dBm), and oppo-
site initializations. The black and white arrows indicate the
magnetization direction.

temperature, the temperature was set to T=100 K, suffi-
ciently close to the Curie temperature to expect low-field
resonance with the SAW, as will be shown in Sec. 1V,
but far enough to maintain a saturation magnetization
of 20 kA m~1!.

Fig. 1(b) shows that after the SAW pulse, the magneti-
zation has switched in certain locations (white domains).
No field-free switching is observed at low rf power, or
when the transducer is excited out of its resonance band-
width (e.g. at 980 MHz), ruling out an influence of heat-
ing or of the electromagnetic rf radiation from the IDTs.
Elongated oblong domains are formed, a few tens of mi-
cron wide, and up to 300 pm-long. Similar shapes were
observed after resonant switching under field at 20 K [15].
This is explained as follows. At both of these tempera-
tures, the SAW makes the magnetization oscillate be-
tween one equilibrium position and the other as soon as
the absolute value of the strain reaches a certain thresh-
old. When the rf excitation is stopped, the final magnetic
configuration depends critically on the sign of the strain
as it drops down to zero and crosses once more the thresh-
old [8, 9, 14]. Micromagnetic simulations clearly show
that a small dispersion of the sample magneto-elastic
coefficients makes the SAW-switching unequally efficient
across the layer, since the threshold depends on the de-
tuning between the local precession frequency and the
SAW frequency, and on the strain amplitude [15]. This
leads to the formation of extended patches of switched
magnetization, in patterns that vary with the combina-
tion of P,y and feq that is used (as evidenced by com-
paring Figs. 1(b), 2(a) and 4). Finally, note that the
fairly long burst length used for switching is imposed by

.
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FIG. 2. Zero-field SAW-driven magnetization switching fol-
lowing a 250-ns-long 987-MHz rf pulse applied to the right (a)
or left (b,c) transducer (images 306 x 410 pm?). When ob-
serving far from the excitation, acoustic and magneto-acoustic
losses need to be compensated to obtain a similar switching
efficiency, hence the larger power (+35 dBm) needed for ex-
citation through IDT5.

the long acoustic risetimes of our device (90 ns), the IDT
having been designed for narrow bandwidth multiple har-
monics excitation, rather than short transients.

Initializing —Mj this time and applying the same SAW
burst shows that switching also occurs (black domains in
Fig. 1(c)), and that some areas reverse regardless of the
initial saturation, —Mj or +Mj[23]. This is in stark con-
trast with the resonant switching observed under field at
20 K: minute variations of the field alignment with the
hard axis across the sample prevent some areas to switch
with the same efficiency from —M, or +Mj initial con-
figurations [15]. A similar favoring of one magnetiza-
tion configuration over another was also routinely seen
in the early days of current-driven precessional spin-valve
switching [4], an influence of the polarizing layer dipolar
field. An efficient solution had been the use of a synthetic
antiferromagnet as polarizer to limit the influence of bi-
asing fields on the free layer [17]. Here, suppressing the
need for a field by working at higher temperature proves
to be a fruitful strategy to balance —My — +Mjg and
+My — —Mj switching probabilities.

Let us underline that the likeliness between switched
patterns starting from +Mj, or —IMj also rules out that
switching is due to a spurious static field along the easy
axis, where domain nucleation could be favored by the
SAW: it would then only be efficient starting from one
configuration. Contrary to what we believe to be a reso-
nant switching route here, this would be a non-resonant
SAW-assisted mechanism, which has already been evi-
denced in (Ga,Mn)(As,P), Co/Pt and FeGa [10, 11, 13].

To evaluate up to which distance from the excit-
ing transducer this effect remains efficient, we took
two magneto-optical images close to the right trans-
ducer IDT;: after applying an rf pulse either to IDT,
[Fig. 2(a)], or to the opposite one, IDTy, 2 mm away
[Figs. 2(b,c)]. Switching remains efficient provided that
the applied power is increased by 4+3 dB in the latter case.
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FIG. 3. Relative transmitted SAW amplitude versus hard
axis field, at high rf power. Inset: Field dependence of
the T=100 K precession frequency calculated taking into ac-
count the anisotropy constants determined by cavity FMR.
In both graphs, the arrows point to the resonance condi-
tions for which the precession frequency most closely matches
fsaw = 990 MHz.

This compensates for the SAW magneto-acoustic atten-
uation (see further the T = 100 K SAW-FMR curve in
Fig. 3), and to a lesser degree for the native attenuation
of the SAW in GaAs[22], and for the weak asymmetry of
the IDT transduction efficiencies. A similar long-distance
efficiency had been shown when using the SAW to re-
duce transiently domain nucleation barriers [13]. This
demonstrates once more the relevance of SAWs for re-
mote switching.

IV. ZERO-FIELD SAW-DRIVEN
FERROMAGNETIC RESONANCE

To assess whether resonant SAW-induced magneti-
zation precession is indeed the mechanism responsible
for this zero-field SAW-driven reversal, we now present
SAW-driven ferromagnetic resonance experiments (SAW-
FMR). Obtaining this resonance is a pre-requisite for
magnetization switching [14, 15]. Here the layer is mag-
netically initialized +Mj along the easy axis [110], and
400 ns-long rf bursts at 1 kHz repetition rate are de-
livered to IDT;. The transmitted SAW amplitude and
phase variations are measured on the echo detected at
IDT; as the in-plane field is increased [Fig. 1(a)]. With
the applied field along the hard axis, the magnetization
is progressively oriented away from the easy axis, leading
to a decrease of the magnetization precession frequency
(inset of Fig. 3). The magnetization is mainly coupled
to the SAW longitudinal strain via the anisotropic mag-
netoelastic coupling coefficient commonly called By in
metallic ferromagnets [18]. The transverse strain inter-
venes to a lesser degree, via weaker higher-order magne-
toelastic coupling coefficients [15].

Figure 3 shows the SAW amplitude variations for

T=20-100 K, at fsaw = 990 MHz at high SAW power
(Pry ~ 35 dBm). At all temperatures a resonant ab-
sorption occurs at the field for which the mean preces-
sion frequency most closely matches fsaw [15, 19, 20],
a clear signature of SAW-induced magnetization preces-
sion. The resonant field decreases from 35 mT at 20 K
to about 1.5 mT at 100 K. At this temperature, a second
resonance peak is present at higher field, 8 mT, where the
precession frequency crosses fsaw a second time (inset of
Fig. 3).

Let us now discuss the choice of temperature and rf
power for field-free switching experiments. At sufficiently
low SAW power (not shown), the transmitted SAW am-
plitude varies linearly with the incoming one and the pre-
cession amplitude is small, as evidenced experimentally,
and proportional to the strain amplitude [21]. At zero
field there is no absorption and no torque on the magne-
tization either [19, 20]. At the typical powers and tem-
perature used here however (+31-35 dBm, T=100 K) the
SAW transmission becomes non linear and the resonance
shifts down to lower field, with the SAW-FMR absorption
remaining finite at zero field (Fig. 3). The SAW-induced
magnetization dynamics is expected to become very non-
linear with complex trajectories [9], a pre-requisite for
precessional switching [9, 14]. A certain level of absorp-
tion must be reached to observe field-free switching how-
ever: none was seen at 80 K (at the maximum available
rf power) where there is a weaker zero-field SAW atten-
uation than at 100 K.

V. ZERO-FIELD SAW-DRIVEN
MAGNETIZATION TOGGLING

In the macrospin vision of precessional switching, the
final magnetic configuration depends on the compressive
or tensile nature of the strain as it decays down to zero at
the end of the burst and crosses the switching threshold
[8, 9, 14]. For consecutive identical rf bursts, it should
thus be possible to toggle the magnetization between
—Mjy and +M, with high fidelity, a determinism crit-
ical when manipulating magnetically encoded informa-
tion. At T' = 20 K, such reversibility cannot be obtained:
applying successive pulses barely modifies the switched
magnetization pattern, because even minute misalign-
ments of the bias field with the static local magnetization
robustly favor one configuration over the other [15].

In order to test whether magnetization could be
switched locally and repeatedly between £Mg, by an
acoustic wave, without field this time, we proceed as fol-
lows. At T=100 K a reference image is taken after a +Mj
initialization, and 30 consecutive rf bursts of nominally
identical phase and duration are applied at 10 s inter-
vals, taking a Kerr image after each one. At the end of
the series, another reference image is taken after saturat-
ing —Mj. A spatial analysis of the local intensity I(r)
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FIG. 4. (a-f) Zero-field toggling behavior under successive 250 ns-long 990 MHz SAW bursts at T = 100 K (B = 0 mT,
P, ;=35 dBm, image 306 x 410 umZ), starting from a +M)j configuration: normalized local magnetization of selected 10 x 10 pix?
bins. Labels on the image locate the position of each bin with respect to the IDT. (g) Toggling count (TC, defined in [23])
summed over the SAW wavefront, as a function of the distance to the SAW emitter.

of these images is performed numerically to obtain the
local normalizegil magnetization of the n-th burst image:
(1) =22
and +1 corresponds to the average normalized magneti-
zation of a 2.9x2.9um? area (10x10 pix® bin) centered
around r. Figure 4a-f shows the switching behavior for
a few representative bins. Bin a is located about 36 pum
from the exciting IDT, and excellent toggling is observed
between —My and +Mj states. As the distance to the
exciting transducer increases (bins b, ¢ at = 70um, d at
~ 80pm and e at 170 pm), this behavior becomes over-
all less robust. Bin f shows only one switching event in
the 30 SAW-pulses series, and does not switch back to
its initial state unless the sample is resaturated. Instead,
consecutive SAW bursts result in slow domain expansion,
a compelling phenomenon that will be developed in an
upcoming communication. A similar phenomenology was
observed when starting from the -Mj uniform configura-
tion.

— 1. This value between -1

We define the toggling count, TC, as the number of
large-contrast jumps in the 30-burst series (see [23] for
details). While some pockets of high TCs can be found
both close to the transducer and far from it (see SM),
vertically averaging the toggling efficiency shows a clear
overall degradation when going away from the IDT (Fig.
4g). To explain this in the framework of precessional
switching, the acoustic field seen by a given location
should be significantly modified from burst to burst, for
instance by spatial and temporal phase fluctuations of the
SAW wavefront, which would induce decoherence in the
resonant switching process. Variations of the Rayleigh

wave velocity (due to a temperature drift, or modifica-
tion of the sample surface with time) can be safely dis-
carded as a likely explanation since it would only de-
lay the arrival of the SAW burst, but not influence its
end phase, i.e. the strain sign as it crosses the switch-
ing threshold. Instead, an incoherent scattering of the
wave as it travels on the multi-magnetic domain layer
can be invoked. The numerous magnetic domain-walls
it must cross may modify its phase and amplitude, act-
ing as a scattering landscape varying after each burst.
Finally, competing mechanisms might also contribute to
stochastic non-resonant reversals, such as the aforemen-
tioned transient decrease of domain nucleation barriers,
or domain-wall motion/creation.

VI. CONCLUSIONS

We have presented a proof-of-concept demonstration
of SAW-driven all-acoustical switching. Working on the
dilute magnetic semiconductor (Ga,Mn)As, we relied on
the steep decrease of the resonance field matching preces-
sion and SAW frequency with increasing temperature to
reverse magnetization over millimetric distances. Deter-
ministic two-way toggling was evidenced in several spots,
but the overall efficiency was shown to decrease with the
distance to the transducer, a possible consequence of the
multi-domain configuration due to the dispersion of the
magnetic parameters and large sample size. The optimal
configuration for zero-field SAW switching should there-
fore rely on a room-temperature ferro- or ferri-magnet
exhibiting a combination of low precession frequency



yet high magnetostriction, structured into monodomain
structures, and SAWs excited by an impedance-matched
IDT centered around a few GHz. Complemented by
wave-front shaping or focusing IDTs, this will enable to
select spatially a magnetic structure using acoustics.
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