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            Introduction 
 Nanoscale magnetism is used for constructing memory, com-
puting, and communication devices. Static magnetic states 
serve as basic elements in nonvolatile memories,  1   whereas 
dynamic excitations such as spin waves could be used to 
transmit signals and encode information in future electronic 
devices.  2   The control of collective magnetization states at the 
micro- and nanoscale is done traditionally through magnetic 
fi elds created with electrical currents, resulting in heat dissipa-
tion and stray fi elds. 

 Magnetostrictive effects connect variations of the mag-
netic moment to variations of the mechanical strength. The 
inverse effect is known as the Villari effect or the magneto-
elastic effect, and can be used to handle magnetic moment 
variations through elastic deformations of a material. Electric 
fi elds applied to piezoelectric materials can be used to induce 
elastic deformations (strain) in a nanoscale magnetic material 
that results in changes in magnetic properties, mostly shown 
by static experiments.  3   –   10   The magnetoelastic effect is a prom-
ising approach to achieve high-speed magnetic moment varia-
tions at the nanoscale together with low-power dissipation. 

 In order to achieve high-speed magnetization manipu-
lation through the magnetoelastic effect, the applied strain 
must change quickly. Surface acoustic waves (SAWs) are 
propagating strain waves in the MHz–GHz frequency range 

that can be generated through radio-frequency (RF) electric 
fi elds at the surface of piezoelectric materials. SAWs offer 
a propagating medium together with direct coupling to the 
fundamental time scales of the magnetization for ferromag-
netic materials. It has been shown that SAWs can couple to 
magnetic oscillations and can be used to achieve assisted 
reversal of the magnetic moment.  11   –   16   Hernàndez et al.  11 

measured an enhanced macroscopic magnetic moment of a 
Mn 12  acetate single crystal upon SAW excitation at low tem-
peratures. Davis et al.  12   observed a time-integrated magnetic 
moment along the hard axis of thin-fi lm microstructures by 
magneto-optical methods due to a SAW driven magnetoelastic 
effect. Weiler et al. used SAW to excite ferromagnetic reso-
nance (FMR)  13   and perform spin pumping.  14   Thevenard et al.  15 

demonstrated magnetic switching by SAW pulses with an 
applied magnetic fi eld, and Labanowski et al.  16   characterized 
the SAW–FMR interaction from SAW damping. However, 
SAW-induced magnetization dynamics have been treated as 
an effective variation in the magnetic energy, but experiments 
have provided little information on the phase between the pho-
nonic and magnetization modes. Our experimental approach 
provides a simultaneous direct observation of both strain 
waves and magnetization modes that unequivocally resolve 
the dynamic coupling between SAWs and magnetization at 
the intrinsic time and space scales, which are picosecond and 
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nanometer scales, respectively, as will be described in the fol-
lowing.17 Using this method, we have imaged stroboscopically 
magnetic domain-wall motion and coherent magnetization 
rotation driven by SAW through the magnetoelastic effect and 
measured their time delay with respect to the strain.

Experimental setup
The experiments were performed at the CIRCE beamline of 
the ALBA Synchrotron Light Source.18 A schematic plot of 
the measurement is shown in Figure 1. We fabricated hybrid 
devices made of micrometer-scale magnetic structures of 
nickel (Ni) on piezoelectric LiNbO3 substrates. An oscillating 
electric field applied to interdigital transducers (IDTs) gener-
ates SAWs that propagate through the surface of the piezo-
electric substrate. Devices were designed to produce SAWs 
at a frequency matching the repetition rate of the x-ray pulses 
of the ALBA Synchrotron (fSAW = 499.654 MHz). We phase 
locked the excitation signal of the SAWs to the master clock 
of the synchrotron and, thus, the x-ray pulses. Consequently, 
fixed phase images of the SAWs are achieved through photo-
electrons emitted from many x-ray light pulses (typically 500 
million [i.e., 1 s exposure time]) illuminating the sample.19

Stroboscopic photoemission electron microscope (PEEM) 
images were recorded for each phase delay between the SAW 
and the x-ray pulses, providing magnetic contrast of the sam-
ple surface through the x-ray magnetic circular dichroism 

(XMCD) effect. These stroboscopic measurements allowed 
us to reconstruct the strain-wave propagation and the effect 
on magnetic nanostructures with a time resolution of ∼80 ps. 
Magnetic structures of Ni (20 nm in thickness) were defined 
with electron-beam lithography and deposited by electron-
beam evaporation into the SAW path (Figure 1). Further details 
on sample fabrication and the experimental setup can be found 
in References 17 and 19.

Dynamic measurements of strain
Before turning to the magnetic response, we first address 
the methodology used to (1) quantify the strain amplitude 
induced by the SAW and (2) determine the local SAW phase 
in a given image. The piezoelectric voltage associated with the 
SAW shifts the energy of the secondary electrons that leave 
the sample surface, producing a visible contrast in PEEM 
images. In Figure 2a–b,17 we show direct x-ray PEEM images 
of a synchronized 500 MHz SAW measured under the pulsed  
synchrotron x-ray illumination, with an integration time of 10 s. 
We can see a clear contrast with a periodicity matching the 
wavelength of the SAW (λ = 8 μm), which is independent 
of x-ray photon energy or polarization. The image contrast 
depends strongly on the sample bias voltage, –3 V in Figure 
2a and 0.5 V in Figure 2b. In the absence of any further electri-
cal field (e.g., due to the SAW, or sample charging), the bias 
voltage would correspond to the secondary electron kinetic 

energy used to form the image. In summary, 
the contrast between the two images at differ-
ent bias voltages has fully inverted. Scanning  
the bias voltage allows for a gradual change 
of the contrast and by focusing on particular 
sample positions corresponding to different 
SAW phases—or different strain states—
we can obtain local kinetic energy spectra 
of the secondary electrons (photoemission 
intensity).17

Figure 2c shows local spectra as a function 
of the sample bias voltage, for two surface 
region areas corresponding to opposite phases 
of the SAW,17 marked with blue and green rec
tangles in Figure 2a–b. The vertical lines mark 
the conditions in which Figure 2a (left line) 
and Figure 2b (right line) were recorded. The 
spectral shift from the blue and green positions 
of the sample explains the contrast inversion 
in Figure 2a–b. Since all parameters (photon  
flux and SAW power) except for the bias voltage  
are the same over the imaged area, we ascribe 
the shift of the photoelectron emission spec-
trum to the local piezoelectric surface poten-
tial accompanying the strain wave, which 
is approximately 1.2 V in Figure 2c. This 
value can be determined either from the cor-
responding maximum position or the position 
of the maximum slope. The electric amplitude 

Figure 1.  Schematic plot of the experimental setup. X-rays (blue) with different circular 
polarization illuminate the sample with a repetition rate of f0 ∼ 500 MHz (20 ps pulse 
length). A radio-frequency (RF) electric signal is sent to the interdigital transducer (IDT, 
[yellow]) having the same frequency as the synchrotron repetition rate. The IDT generates 
a piezoelectric surface acoustic wave (SAW) that propagates through the LiNbO3 substrate 
(gray) and interacts with the magnetic nanostructures (red) deposited on the acoustic path. 
The phase-resolved variation of the piezoelectric voltage at the surface sample is probed 
with the photoemission electron microscope (PEEM) (upper left image), as well as the 
magnetic contrast (upper right image) along the x-ray propagation direction arising from 
the x-ray magnetic circular dichroism (XMCD) effect.
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(maximum shift between local spectra in Figure 2c) of the sur-
face electric potential associated with the SAW can be con-
verted into strain amplitudes acting on the Ni nanostructures 
by numerically solving the coupled differential equations 
of the mechanical and electrical displacement for an acoustic 
propagating wave.20,21

Dynamic measurements of acoustomagnetic 
modes
We now turn to the measurements of the magnetic response 
of the Ni patterns. PEEM images taken with opposite circular 
x-ray photon helicities are subtracted to image the local mag-
netization through the dichroic effect (XMCD). The gray 
scale intensity of the resulting XMCD images is proportional 
to the Ni magnetization along the x-ray incidence direction. 
In order to quantify the magnetic anisotropy induced by the 
SAW strain through the magnetoelastic effect, polycrystalline 
Ni squares with 2 × 2-µm2 size and 20-nm thickness with four 
magnetic domains in a flux closure configuration are consid-
ered. This configuration, known as Landau flux-closure state 

(Figure 3), represents an equilibrium state with a corre-
sponding energy minima and a restoring force with respect 
to excitations.

Initially, we studied Ni squares with sides aligned with 
the SAW propagation direction. Figure 3a–b shows direct 
PEEM images at two opposite phases of SAW (correspond-
ing to maximum and minimum magnetic anisotropy values). 
XMCD-PEEM images of the magnetic domain configuration 
at the same phase of the SAW are plotted (Figure 3c–d) below 
the PEEM images. The dashed blue lines in Figure 3a–b plot 
the strain wave, showing it does not correspond to maximal 
states; there is a delay between strain and magnetization 
states. Gray domains (magnetization perpendicular to the 
SAW propagation direction) are favored in the Figure 3c image, 
whereas black and white domains (magnetization aligned  
with the SAW propagation direction) dominate in Figure 3d. 
Blue lines in Figure 3c–d serve as guide to the eye to indicate 
the different domains. Schematic plots of the expected mag-
netization configurations for minimum and maximum strain 
are shown in Figure 3e–f, respectively, with arrows indicating 
the direction of magnetization.

The response to SAWs of domain configurations from 
multiple squares is analyzed by acquiring images at differ-
ent phase delays between SAW and x-ray pulses. The area 
occupied by black and white domains in each square is measured 
at each SAW phase. This area corresponds to the total area 
with magnetization oriented along the x direction. Figure 3g 
summarizes the measured values as a function of the SAW 
phase from multiple squares. Data are fitted by a sinusoidal 
function (red curve) with the same periodicity as the strain 
(gray shadowed curve), but with a considerable delay of ∼270 ps 
(phase delay of ∼48°).

Variations in the magnetic-domain configuration can be 
converted into variations in magnetic anisotropy by comparison 
with micromagnetic simulations. The magnetic configurations 
shown in Figure 3a–b are well reproduced by strain-induced 
modulation of the magnetic anisotropy K with an ampli-
tude KSAW ∼ 1 kJm–3 superimposed on a preexisting, constant 
uniaxial anisotropy of KU ∼ 1.2 kJm–3, most likely from the 
deposition process by thermal evaporation (shown as a dashed 
line at 0.67 in Figure 3g). With an estimated in-plane strain of 
εxx = 4.5 × 10–4 from the measured electric amplitude (Figure 2),  
we obtain a value for the ratio between the variation of mag-
netic anisotropy and strain amplitude β = KSAW /εxx = 2.2 × 
106 J/m3 at 500 MHz, which is similar to the reported values 
for static strain9 and thus demonstrates the full efficiency of 
the magnetoelastic effect on this fast time scale.

Next, a different geometry where the Ni squares were 
rotated by 45° with respect to the SAW propagation direc-
tion was explored in order to understand the origin of the 
observed delay between SAW and magnetization dynamics.17 
The studied configuration was chosen such that the effect 
of the strain associated with the SAW produces a variation 
in the magnetization direction within each magnetic domain, 
but not in their size, because all four magnetic domains are 

Figure 2.  X-ray photoemission electron microscope images of 
a surface acoustic wave (SAW) at sample bias of (a) –3 V and 
(b) +0.5 V. The photon energy 848 eV, the total exposure time 
(10 s), and the size ≈ 30 × 23 μm2 are the same for both. 
The SAWs produce a contrast in the images because of the 
piezoelectric voltage associated with the wave. In the lower 
left and upper right corner of the images, the same alignment 
markers are visible as dark squares. (c) Local photoelectron 
bias voltage scans for the centers of the different stripes. 
The vertical lines mark the conditions at which the images in 
(a–b) were recorded. The maximum shift between local spectra 
shown in (c) allows for a quantification of the strain associated 
with the SAW. Green and blue rectangles indicate the regions 
of the sample where the local spectra shown in (c) were 
extracted.17
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energetically equivalent with respect to the in-plane uniaxial 
anisotropy induced by the SAW. Thus, no domain growth (or 
shrinking) through domain-wall displacement occurs. Instead, 
the magnetization within each of the domains (see schematic 
plot in Figure 4b) rotates coherently, resulting in a measurable 
difference of the XMCD intensity levels of the gray domains. 
The experimental study of this second configuration revealed 
a much faster magnetic response, showing a sizable decrease 
in the delay between the SAW strain and the magnetization 
response, from 270 ps down to about 90 ps (phase delay of ∼16°), 
being close to the experimental time resolution of 80 ps.17

Micromagnetic simulations were performed to model the 
dynamic anisotropy variations caused by the SAW in the Ni 
nanostructures.17 The model implements a dynamic variation 
of the anisotropy in the Ni nanostructures at different fre-
quencies, but with fixed spatial variation of 8 μm, which is the 
wavelength of the SAW in the experiment. Three different 
magnetic resonance processes can be identified upon varying 
uniaxial anisotropy in the studied magnetic nanostructures, 
which correspond to (1) precessional motion of the magneti-
zation within the magnetic domains, at ∼2 GHz (i.e., FMR like), 
(2) domain-wall resonance, at ∼500 MHz, as observed in our  
experiment, and (3) vortex core gyration, at ∼50 MHz.22 While 
the first and last are far off the SAW excitation frequency, 
the second is close to it. In general terms, the investigated 

system shows the characteristics of a driven 
oscillator—at frequencies below the resonance, 
the magnetization configuration follows the 
changes in anisotropy induced by SAWs with-
out significant delay. Close to resonance, the 
system follows the anisotropy changes with an 
increased amplitude and a delay of approxi-
mately 90°. At higher frequencies, the system 
cannot follow the rapid excitation, and the 
oscillation amplitude of the magnetization van-
ishes with large delays approaching 180°. We 
note here that only in the first configuration 
(squares aligned with SAW) the domain-
wall resonance (2) occurs with a resonance 
frequency close to the SAW excitation fre-
quency, which explains the measured delay 
in the first configuration.

Figure 4 shows a plot of the phase (lower 
panels) and amplitude (upper panels) for the two 
different quantities17 measured in the experi-
ment for the two configurations of magnetic 
squares: aligned with SAW in Figure 4a and 
tilted 45° with SAW in Figure 4b. Simulations 
show how the phase increases with frequency 
as the system goes through the resonances. For 
the configuration with squares aligned with 
SAW, the phase begins to increase with the 
domain-wall resonance whereas for the con-
figuration of squares tilted 45° with the SAW, 
there is no domain-wall resonance, and the 

phase increases at a higher frequency. Dashed horizontal lines 
in Figure 4 at f = 500 MHz show the phase value for the two 
configurations (30° for squares aligned with SAW and 3° for 
squares tilted 45° with SAW).

The following macroscopic picture can help to intuitively 
understand the different coupling between SAW and magne-
tization oscillations in the two presented configurations.  
A varying uniaxial anisotropy creates a varying effective 
field along the SAW propagation direction. But in the case of 
SAWs aligned with the sides of the squares, no torque acts on 
any of the four magnetic domains because this field is either 
parallel to the domain magnetization or it vanishes to zero.* 

Figure 3.  Simultaneous images of piezoelectric voltage and magnetization.  
(a–b) Photoemission electron microscope shows the piezoelectric voltage. Dashed blue  
lines illustrate the strain wave. (c–d) X-ray magnetic circular dichroism–photoemission 
electron microscope images show the magnetic configuration. Images of 2 × 2 µm2 Ni squares 
and are taken at opposite phases of the surface acoustic wave (SAW). The images correspond 
to maximum and minimum magnetic anisotropy values at 30° and 210°, respectively. 
The simple comparison with (a) and (b) where the square is not centered in white/black  
zone already permits visualizing the delay. Solid blue lines guide the eye to the different 
domains. (e–f) Schematic plots of the effect of SAW on Ni squares for maximal values of strain 
associated with the SAW. White and black arrows indicate the direction of magnetization. 
(g) Analysis of the domain configuration from multiple Ni squares as a function of the phase 
with respect to the SAW. The combined area of black (B) and white (W) domains (amount of 
magnetization along the x-ray incidence direction) as a fraction of the total square is shown. 
The best fit to the data with a sinusoidal function is plotted in red. A phase delay of 48° 
with respect to the strain wave is obtained. A schematic strain wave (without any delay) is 
plotted in gray in order to highlight the phase difference of the magnetic response. The green 
dashed horizontal line shows the averaged value without strain, which indicates some  
residual Ni anisotropy from the deposition process. Note: τ, phase delay.17

*To realize this, consider the Landau–Lifshitz–Gilbert equation for magnetization 

dynamics. With M representing angular momentum, the “force” acting on it is a torque, 

which is M × Heff, where Heff = dU/dM, U is the total free-energy density. For the 

case of an axial anisotropy along the x-axis, the contribution to U is proportional to 

Mx
2, and thus, the torque M × Mx x. For the torque to be different from zero, M has 

to contain a finite component Mx along the anisotropy axis, but also cannot be exactly 

parallel to it, as the vector cross product would then be zero. For the configuration 

with the SAW along the Ni square sides, the four domains have their magnetization 

either fully parallel or perpendicular to the anisotropy axis (along the SAW propaga-

tion direction), yielding zero torque within all the domains. In contrast, in the rotated 

configuration, the angle between anisotropy axis (SAW) and the magnetization is 45° 

in all domains, fulfilling both previously mentioned conditions to produce finite torque.
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Instead, the effective field creates torque only in the domain-
wall regions where magnetization changes, and these cause 
motion of the domain walls and consequently changes in the 
magnetic-domain size. In the second configuration where 
SAWs were aligned with the square diagonals, the varying 
anisotropy field induced by the SAWs is at 45° with respect to 
the domain magnetization, creating a torque that is equivalent 
in all four domains and, thus, the magnetization rotates coher-
ently within domains and no domain-wall motion occurs.

Conclusion
In summary, we have simultaneously resolved the strain 
caused by a SAW of ∼500 MHz and the dynamic response of 
magnetic domains by stroboscopic XMCD-PEEM microscopy. 
We found that manipulation of magnetization states in ferro-
magnetic structures through the magnetoelastic effect driven 
by SAWs is possible at the picosecond scale with efficiencies 
as high as for the static case. The realized magnetoelastic 
effect is sufficiently fast that the magnetization dynamics are 
governed by the intrinsic magnetic configuration; in our case,  
the orientation of the domains with respect to the SAW-induced 
strain play a key role. Resulting delays between strain and 

magnetization can be considerable, and there-
fore, the domain configuration must be con-
sidered in the design of magnetic devices. 
Further studies can comprise (1) the study of the  
long-range/large-scale interaction between SAW 
and the magnetoelastic material, (2) the study 
of other magnetic systems such as highly 
magnetoelastic FeTb or GaFe, or those with 
perpendicular magnetic anisotropy, and (3) 
extending the microscopy approach to the 
even faster time scale of the ferromagnetic 
resonance (low GHz), which is not accessible 
with the present setup.
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