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Abstract: Magnetostriction is the property of a material to modify its shape upon a change of
its magnetization. Converserly, the magnetoelastic effect accounts for the changes in magnetization
after a material’s deformation. Surface acoustic waves (SAW) are sound waves that travel parallel to
the surface of an elastic material, thus creating a dynamic strain. It is known that SAW induced in
a piezoelectric substrate can couple to a ferromagnetic material creating spin waves (SW), but has
not yet been widely characterized in many materials. In this paper we want to observe the dynamic
magnetoelastic effect in a Cobalt (Co) thin film deposited on a piezoelectric substrate capable to
produce SAW. Transmission of SAW will be studied as a function of the magnetic field and the
relative angle between field and SAW propagation. We observe absorption of SAW depending on
the magnetic state of the Co thin film. This paper will furthermore be complemented with direct
observation of SAW and SW through X-ray magnetic circular dichroism imaging. Thus the effects
observed in the transmission of SAW can directly be correlated to SW and magnetic switching in

the material.

I. INTRODUCTION

When a magnetic field is applied in a magnetic ma-
terial a change of magnetization is induced, meaning a
shift of the random direction domains. Some materials
can present spontaneous deformation as a consequence
of the tendency to rearrange their structure in order to
reduce the total energy of the material [1]. This is called
magnetostriction. The reverse effect, the magnetoelas-
tic effect (ME), can change the magnetization through
induced strain. This means magnetization can be con-
trolled via strain with a much more efficient energy usage
in comparison with the electric current inducing method
necessary to create magnetic fields.

Dynamic train can be applied in a material through
surface acoustic waves (SAW). SAW are periodic per-
turbations on the surface of an elastic material, like a
piezoelectric, in the GHz range. SAWs can interact with
an adjacent material and couple to its magnetization [2],
creating spatial variations at the nano- and microscale.

The possibility of coupling SAW with magnetization
has also been studied in recent years in piezoelectric-
ferromagnetic heterostructures [3-10]. The use of high
frequency range and small dimensions combined with
low-power signal processing needs has awaken huge inter-
est because of its great adaptability to modern technolo-
gies. For example, SAW can be used for radio frequency
(RF) filters and other signal processing acoustoelectric
devices [7, 11], as well as the control of interfacing ele-
mentary excitations in solid-state quantum systems like
coupling to defect centers [12, 13] and semiconductor
structures of small dimensions [14-16]. The characterized
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materials have been mainly composites with strong ME
properties and combination layering of those [8, 17, 18].
Cobalt, known for its also strong magnetic response, but
with a much lower ME coupling than the mentioned ma-
terials above, has yet not been thoroughly studied for
SAW-magnetization coupling.

In this paper we characterize the response of Cobalt
(Co). The transmission of SAW is measured at room
temperature as a function of the strength of the exter-
nal magnetic field Hg and the relative angle 6 between
SAW and Hp. In addition, this paper shows X-rays
photoelectron microscopy imaging of the heterostructure.
Magnetic oscillations caused by SAW will be observed
through X-ray magnetic circular dichroism imaging to-
gether with the propagating SAW.

II. THEORY

Here we briefly introduce the main mathematical
equations for the magnetization dynamics induced by
the magnetoelastic effect (ME). Surface acoustic waves
(SAW) create periodic strain upon the elastic material’s
structure and propagate with a characteristic velocity for
sound waves around vy = 4000 2 [19]. When propagat-
ing, SAW induce periodic magnetization changes to the
neighbouring ferromagnetic material. This oscillations
are called spin waves (SW) and can be quantified into
magnons, quasiparticles. The magnetization dynamics
induced by ME can be described by the Landau-Lifshitz-
Gilbert equation (LLG)

dM @ dM
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with v the gyromagnetic ratio, pg the vacuum perme-
ability, Heg the effective magnetic field, M the mag-
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netization, Mg the saturation magnetization and a the
Gilbert damping constant. The effective magnetic field
has contributions from the external bias field Hg, the
magnetostatic field Hmag, the exchange field Hex and
the magnetoelastic field Hpe [2].

The solution of Eq. 1 for M describes effective pre-
cessing with a progressive lower amplitude around Heg
direction axis due to energy loss and described through
damping processes [20] (See Fig. 1). If M and Heg are
in parallel directions, meaning 6 = 0°, Heg does not
exert torque upon the magnetization M which will con-
sequently not precess. The torque is maximum for per-
pendicular direction, # = 90°. For large enough fields the
magnetization is saturated and has enough energy not to
be perturbed by the lattice motion of SAW.

damping

FIG. 1: Magnetization dynamics for a magnetic moment
(blue) in a magnetic effective field (black) in the Landau-
Lifshitz-Gilbert equation. The forces acting over the mag-
netization produce precessing around the magnetic field, in
green, and aligning to the effective field direction (damping),
in orange.

SAW, needed for ME effect, can be created in elas-
tic materials such as piezoelectrics, through an interdigi-
tal transducer (IDT). Here a bidirectional IDT has been
used, which consists of a periodical alignment of multi-
ple electrode strips connected to a bus-bar which is in-
terspersed in a comb-like shape to a second same-built
structure (See Fig. 2). When a radio-frequency (RF)
voltage is applied between the two IDT bus-bars a peri-
odic strain is generated by the electric field (piezoelectric
effect). The strain waves will not cancel each other out
only when the IDT period corresponds to an integer mul-
tiple of the SAW wavelength [21]. The frequency of the
SAW created follows the relation f = =% = 2, with
n an integer, v and Agaw the velocity and wavefength of
SAW respectively and d the distance between the elec-
trode strips. A second IDT will be found at the other end
of the material to convert, through inverse piezoelectric
effect, the propagating SAW again into a voltage signal.

SAW can couple to magnetization because lattice mo-
tion deflects the atoms from their equilibrium position,
inducing a change in their electronic states which are
responsible for the magnetization. Thus, an additional
magnetic field induced by SAW is accounted in Eq. 1.
This field is the anisotropic magnetoelastic field Hpye,
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which points to the SAW propagation direction and de-
pends on the magnetization [4]. It can be approximately
described with the elastodynamic equations:

Eme < —aM? (2)
OFE,
H,. = 5 I\/Ie o< —2aM,% (3)

It is worth noting that the anisotropic magnetoelastic
energy does not change under an inversion of the magne-
tization (Eme(M) = Eme(—M)). Combining Eq. 3 with
Eq. 1, we can understand when SW appear. For parallel
directions of M and Heg the left term of Eq. 3 will be
canceled. In the case of perpendicular direction Hy,e will
also be zero (considering only M, dependence). In both
cases no torque is applied upon M and no SW will be
seen. Hence, SW are predicted for 0° < 6 < 90°.

~\
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FIG. 2: Heterostructure of piezoelectric substrate of LiNbOs3
in grey, two IDTs in black that can create surface acoustic
waves (SAW). In green the created SAW travelling in between
the two IDTs. In red the spin waves created upon the cobalt
thin film, which is delimited by a black line, and the external
magnetic field in yellow.

The magnetization dynamics are of great importance
to understand when changes in the SAW signal will be
observed. In the first place, SAW attenuation can be
observed when ME coupling transfers energy from the
elastic to the magnetic system. The magnetic system
absorbs energy when the magnetization precession fre-
quency matches the SAW frequency, meaning resonance
[4, 5]. SAW absorption will also have a dependence on
the strength of Hg, which conditions the precession am-
plitude and thus the frequency.

As for the second part of this paper, direct imaging
through photoemission electron microscopy (PEEM) of
magnetic domains will be shown. The images present
spatially and temporally resolved electrical contrast using
X-ray magnetic circular dichroism (XMCD) [3, 22, 23].
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XMCD uses circularly polarized X-rays to characterize
ferro- and ferrimagnetic materials: X-rays get absorbed
in different magnitude depending on the relative orien-
tation of their helicity to the direction of the magnetiza-
tion of the ferromagnet M. XMCD contrast thus is ob-
tained by keeping the magnetization direction constant
and changing the helicity of the circular polarization. Si-
multaneous imaging of strain and magnetization is possi-
ble by synchronizing SAW frequency to the X-rays pulse
repetition rate [24, 25]. The resulting image shows mag-
netic domains from the first nanometers of the sample’s
surface [9] with a resolution up to 40 nm.

III. RESULTS

The analyzed sample is a heterostructured device of
a 10 nm thin cobalt (Co) film deposited on a LiNbOj
piezoelectric substrate. The Co was grown in a polycrys-
talline structure in several strips over the sample. The
strips measure 4 mmx100 gm. On top of the sample and
at its edges the IDTs connect to the electric signal and
create SAW which propagate parallel to the piezoelec-
tric’s surface. The IDT are numbered as IDT1 and IDT2,
which work at different frequencies. In this experiment,
the SAW signal was emitted and received through IDT?2,
with a frequency of 1 GHz. The set up is shown in Fig.
2. The incoming and outgoing signal is controlled with a
programmable network analyzer (PNA), which will give
the transmission of SAW for each external magnetic field
Hy.

To characterize SW in the sample we start by analysing
the dependence of the transmission (and through it the
absorption) of SAW to Hg. Additionally, we change the
respective angle of Hg to the SAW propagation direc-
tion by moving the sample for a fixed direction of Hg
(See Fig. 2). The angle between SAW and Hy is con-
sidered approximately the same as the angle 6 between
M and Heg due to much bigger external magnetic fields
than ME fields. In Fig. 3 we can observe the relative
SAW signal loss Sy for the returning signal in response
to Hg. The maximum loss of SAW amplitude is found
at symmetrical resonant magnetic fields, which can be
seen in Fig. 3 for 8 = 13°. For angles outside the
strong SW absorption range (—57°, —27°) a narrow peak
is clearly seen due to magnetic switching. The obtained
data is shown more extensively in Fig. 4, where transmis-
sion is seen from —30° to 30° with a fourfold symmetry
for the minimum transmission at approximately # = 10°
and Hyp = £ 3 mT. Minimum transmission of the mag-
netic fields appears for opposite direction fields since the
anisotropic magnetoelastic field does not change under an
inversion of the magnetization (Epe(M) = Epe(—M)).
At zero angle, a reduction of the absorption magnitude
can be seen but it does not tend to zero due to other
terms not mentioned in Eq. 3.

Furthermore, the strength of the induced SW can
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be obtained through the transmission minima of SAW
shown in Fig. 4. We reach about 0.07 dB for the max-
imum change between incoming and outcoming SAW
transmission signal. Compared to a nickel heterostruc-
tured device, it is about an order of magnitude smaller
[2, 10, 26]. The order of magnitude of the absorption
is reasonable when considered that Co has weaker mag-
netoelastic properties than Ni [27]. Additionally, a non-
reciprocal behaviour can be seen between the positive
and negative field transmission: the depth of the peak
is not equal for both fields. Even so, the shown results
follow the dynamic magnetization behaviour mentioned
in the introduction. Maximum dynamic magnetization
effect is thus observed at 0° < 6 < 90°.

In Fig. 4 the magnetic field was swept from negative to
positive fields. In this figure a strong absorption can be
seen on the right side of the fourfold symmetry at approx-
imately 2 mT. This additional absorption, almost angle
independent, is due to magnetic switching. Magnetic do-
mains will appear due the external magnetic field. SW
propagating through the magnetic sample can interact
with magnetic domain walls and hence have energy loss
[28, 29]. We will be able to relate this effect to the XMCD
images shown below. For a ferromagnet, switching will
not be at zero magnetic field, which is also observed.
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FIG. 3: The difference of the sending and receiving SAW sig-
nal, Si2 (dB), as a function of the external magnetic field
(mT), for several angles between SAW and the external mag-
netic field. For -572 and -27° switching is observed as a narrow
peak.

In the second part of this paper we show direct imag-
ing of SAW and SW. The following images have been
obtained through a photoemission electron microscopy
(PEEM) using the synchotron ALBA X-ray source beam-
line CIRCE 24. Firstly, XMCD is shown for Co (corner)
and LiNbOj in Fig. 5. Static magnetic field is applied
increasing the magnitude through Fig. 5 a) to d). The
induced change in magnetization by the external field in
the ferromagnetic Co sample can be seen by the reduc-
tion of the dark magnetization domain (anti parallel to
the magnetic field) until saturation is reached (Fig. 5 d)
). In this figure, over the piezoelectric substrate, SAW
can be seen only with a small contrast as they have been
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FIG. 4: Transmission of SAW (dB) in dependence with the
external magnetic field (T), for several angles 6 (°) between
the sample and the external magnetic field. Minimum trans-
mission of SAW in dark blue. The vertical line shows magnetic
switching.

almost cancelled out through the XMCD image process-
ing. We can see a correlation between magnetic shifting
absorption, shown simultaneously in Fig. 3 and Fig. 4,
and the magnetic fields for the magnetic domain shifting
in Fig. 5. Both are seen at approximately 2 mT.

a) XMCD 2 mT

Mt Cobalt

It

c) XMCD 2.2 mT d) XMCD 2.4 mT

FIG. 5: XMCD images with a PEEM detector of a LiNbOs3
substrate and a Co thin film. The white and black contrast
are opposite magnetic domains. From images a) to d) we have
increasing magnetic field and magnetic shifting is shown.

Furthermore, when combining two XMCD images with
a shifting of 180° SAW phases, high contrast images for
SW are obtained. This is shown in Fig. 6. Both SAW
and SW can be seen at the piezoelectric substrate and
at the Co film respectively. SW display less contrast
as SAW, reasonable as SW are related to SAW through
a coupling constant depending on the material and can
also quickly lose energy (small propagation length). The
maxima and minima of SAW and SW are spatially cor-
related although some small shifting can be seen due to
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FIG. 6: Surface acoustic waves (material outside of corner)
on LiNbOgs substrate and spin waves (material inside corner)
over Co film for the magnetic field created by a current of -2.6
mT. The distance between two maxima is 4 ym.

IV. CONCLUSIONS

A basic characterization of SAW and the changes of
magnetization that they induce, SW, have been provided
in this work for a thin Co film deposited on a LiNbOgs
piezoelectric substrate. The response of SW to an ex-
ternal magnetic field has been observed, through SAW
absorption, for symmetric fields (£Hp). The magni-
tude of the absorption is not symmetrical for both peaks,
thus indicating nonreciprocal interaction between M and
SAW propagation [7]. Furthermore, the behaviour of
SW resonance in dependence with the the relative an-
gle from SAW to Hy, 0, is also shown. Absorption is
seen from —30° to 30° with maximum absorption for a
fourfold symmetry at approximately 8 = 10°, which is in
accordance with the predicted model. Additionally, mag-
netic switching can be observed through SAW absorption
and through direct XMCD imaging at approximately the
same magnetic field, 2 mT. Finally, we are able to show
spatially and time correlated images of SAW and SW
propagation at the piezoelectric and thin cobalt’s film
surface respectively.

To reach deep understanding of the ME effect in thin
cobalt films we would have to analyze the obtained data
not only qualitatively but using the complete magnetiza-
tion and strain equations. It would allow us to character-
ize quantitatively thin Co films for ME effects, which are
not yet entirely studied. Hence, it would be interesting to
continue this research, also at higher SAW frequencies,
as as they can be of great interest for faster and more
efficient technology.
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