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ABSTRACT

The control of perpendicular magnetic anisotropy (PMA) in thin films by strain has considerable potential for energy-efficient information
storage and data processing. Here, we report on the control of PMA in Pt/Co/Ir thin films by the strain produced by standing surface acoustic
waves (SAWs). A significant (�21%) coercivity reduction (from 4.806 0.03 to 3.806 0.02mT) can be obtained by applying a standing SAW
with a center frequency of 93.35MHz. Furthermore, the standing SAWs induce a greater-than 11-fold increase in magnetization reversal
speed (from 1686 3 to up to 21006 80 lm2/s) at 3.2mT for a total applied RF power of 22.5 dBm. During application of SAWs, wide-field
Kerr microscopy reveals the formation of domains in stripes with a periodicity of half of the SAW wavelength. Micromagnetic simulations
indicate that the anti-nodes of the standing SAW locally lower the anisotropy due to the magneto-elastic coupling effect, decreasing domain
nucleation field while promoting magnetization reversal. Our study suggests the possibility of remote and energy-efficient control of magneti-
zation switching using SAWs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097172

Materials with strong perpendicular magnetic anisotropy (PMA)
are promising candidates for future generations of data storage and
processing devices owing to their stable magnetization states and narrow
domain walls.1–4 These features confer stability of the stored informa-
tion while providing a high storage density.5 However, unfortunately,
materials with strong PMA typically also require a large current to
reverse the magnetization or to move domain walls in order to write or
transfer data, which can itself cause energy wastage and Joule heating, so
limiting the packing density of useful devices.6,7 There is much interest
in reducing the energy required to manipulate domain walls, for
instance, by electric field or by strain.8–13

Owing to the magneto-elastic coupling effect, one can introduce
strain to modify the PMA in a magnetic thin film by applying voltage
to an adjacent piezoelectric material. For example, Shepley et al.modi-
fied Pt/Co/Pt thin films with PMA by applying static strain using dc
voltage applied to a piezoelectric transducer. The static strain reduced
the coercivity and increased the domain wall creep velocity by up to
100%.14 Ranieri et al. demonstrated a 5% anisotropy reduction in
out-of-plane anisotropy resulting in a 500% domain wall mobility

variation in a perpendicularly magnetized GaMnAsP/GaAs ferromag-
netic semiconductor by using a piezoelectric stressor.15 Gopman et al.
reduced the coercivity of Co/Ni multilayers more than 30% by
expanding the Pb(Zr0.52Ti0.48)O3 by 0.1%.

11

Surface acoustic waves (SAWs) are acoustic waves traveling along
the surface of a material exhibiting elasticity, which can introduce
time-varying (dynamic) strain waves in the magnetic thin films.16–21

Dean et al. simulated the remote introduction of an array of attractive
domain wall pinning sites by forming a standing strain wave showing
theoretically that multiple domain walls could be synchronously
moved by shifting the frequency of the SAW.22 Adhikari et al. reported
that a SAW can depin magnetic domain walls, increasing the probabil-
ity of depinning between 4 and 9 times and increasing the domain
wall velocity in Co/Pt multilayers up to eight times.19,20 Thevenard
et al. experimentally demonstrated up to 60% coercivity reduction in
an out-of-plane magnetized (Ga,Mn)(As,P) films at �40K, showing
the potential of SAW-assisted magnetization switching.17 SAW-
induced coercivity reduction and domain wall motion show significant
potential for energy-efficient information storage and data processing
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devices, since the magnetization switching is driven by voltage instead
of current. However, the SAW-induced (dynamic strain) magnetiza-
tion switching mechanism of thin films with PMA remains unclear,
especially the role of the nodes and anti-nodes of the standing SAW in
the magnetization reversal process. Moreover, the correlation between
the properties of SAWs and magnetization changes also is uncertain.

In the current study, we demonstrate local anisotropy control of
a Ta/Pt/Co/Ir/Ta thin film with PMA by standing SAWs at a center
frequency of 93.35MHz. In the presence of a SAW, the coercivity of
the thin films significantly decreases, while the magnetization reversal
speed increases. These experimental results, along with micromagnetic
simulations, reveal that the anti-nodes of the standing SAWs locally
reduce the anisotropy of the Pt/Co/Ir thin film, which lowers the coer-
civity and favors magnetization reversal.

Figures 1(a) and 1(b) show a schematic of the experimental
arrangement comprising a 2-mm-wide stripe of Ta(5.0)/Pt(2.5)/
Co(1.1)/Ir(1.5)/Ta(5.0) [for nominal thicknesses in nm, see Fig. 1(a)]
thin film with PMA prepared by dc magnetron sputtering onto an
128� Y-cut lithium niobate (LiNbO3) substrate. The base pressure dur-
ing the thin film preparation was below 3:0� 10�6 Pa. As shown in
Fig. 1(b), one pair of Ti(10 nm)/Au(90nm) interdigitated transducers
(IDTs), each consisting of 20 pairs of electrodes, was patterned using
optical lithography (exposure of the resist was achieved using a mask-
less laser aligner, with subsequent metal evaporation and liftoff form-
ing the IDTs). The aperture of the IDTs and the SAW propagation
distance were 450 and 3mm, respectively. The finger width and spac-
ing were both designed to be 10lm. A vector network analyzer
(Agilent E5062A) was first used to obtain the S-parameters. Figure
1(c) shows the reflection (S11 and S22) and transmission (S21 and
S12) characteristics of the SAW transducers and substrate showing
a center frequency of 93.35MHz, yielding a wavelength of 42.667
6 0.004lm [the accuracy of the frequency from VNA is 5 ppm, and
the propagating velocity of SAW on LiNbO3 is 3982 m/s (Ref. 23)]. A
description of the RF circuit used to apply signals to generate the
SAWs is given in the supplementary material. A wide-field Kerr
microscope with a 50� objective lens and field applied out of the film
plane was used to measure the hysteresis loops, image the domain pat-
terns, and determine the magnetization reversal speed of the thin
films. To determine the magnetization reversal speed, a pulsed field

was applied to the thin film to switch the magnetization, while
the magnetization reversal speed was determined by the area of the
reversed magnetization divided by the pulse width. Details about
the determination of magnetization reversal speed can be found in the
supplementary material. Five individual tests for all experiments were
conducted and averaged.

Figure 2(a) shows the hysteresis loops of the thin films for differ-
ent applied SAW power from 17.5 to 22.5 dBm (at 93.35MHz) and
also without SAW. The sharp switching of the magnetization indicates
a strong perpendicular magnetic anisotropy of the Co layer. The pres-
ence of the curved corners is because a higher (than coercivity) field is
required to squeeze out the homochiral domain walls to saturate the
thin film.24 Significant coercivity reduction was observed in the pres-
ence of the standing SAW: the coercivity decreases with increasing
applied power from 4.466 0.04mT at 17.5 dBm to 3.806 0.02mT at
22.5 dBm [Figs. 2(b) and 2(c)]. The coercivity is, thus, up to �21%
reduced compared to that measured without SAW (4.806 0.03mT).
The coercivity reduction can be explained by the strain-induced
changes of the PMA.14 SAWs act as time-varying strain waves, which
can locally change the energy landscape of the thin films, periodically
raising and lowering the anisotropy of the thin film. The magnetiza-
tion reverses when the anisotropy is at low values. Due to the nature of
the magnetization reversal process, the magnetization is not irrevers-
ible even when the anisotropy is at the highest value. The anisotropy
changes increase with the increasing applied powers. It is worth noting
that the introduction of the RF power used to generate the SAW
could potentially increase the temperature, which could also lower the
coercivity. We, therefore, investigated the effect of changing the fre-
quency used to generate the SAWs for the same applied power level
[Figs. 2(d)–2(f)]. The coercivity reduction gradually increases when
the frequency approaches the center frequency and reaches a mini-
mum coercivity at the center frequency following the same trend as
the S21 curves [overlaid on the coercivity in Fig. 2(f)], thus indicating
that the coercivity reduction is caused directly by the standing SAW
instead of RF power induced heating. SAW-induced temperature
changes are negligible, which has been reported in Refs. 17, 25, and 26
using a similar setup and power level.

Figures 3(a)–3(c) show the influence of the external field, applied
SAW power, and the frequency of the SAW on the magnetization

FIG. 1. (a) Thin film structure: Ta(5.0)/Pt(2.5)/Co(1.1)/Ir(1.5)/Ta(5.0) (nominal thickness in nm). (b) Schematic of the experimental arrangement (not to scale). The 2-mm-wide
thin film was dc sputtered onto the lithium niobate substrate. An interdigitated transducer (IDT) was patterned each side of the thin film to launch the SAWs. (c) Scattering
parameters (S-parameters) of the interdigitated transducers. The delay line comprising both IDTs and the substrate shows a center frequency of 93.35MHz, and 3 dB band-
width of 9.34 MHz.
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reversal speed, respectively. As shown in Fig. 3(a), with the external
magnetic field increasing from 2.0 to 3.2mT, the changes of the mag-
netization reversal speed without SAW are very limited (from 716 5
to 1686 3 lm2/s), whereas in the presence of the standing SAW, the
magnetization reversal speed increases from 2496 20 lm2/s at 2.0mT
to 21006 80 lm2/s at 3.2mT, which is a�740% increase. The magne-
tization reversal speed is increased eleven-fold at 3.2mT in the SAW’s
presence compared to that with magnetic field only. The implication is
that the standing SAW can significantly lower the required switching
field and accelerate the magnetization reversal. At 93.35MHz,
the magnetization reversal speed gradually increases with the increas-
ing applied SAW power from 3106 30 lm2/s at 17.5 dBm to 2100
6 80 lm2/s at 22.5 dBm with a 3.2mT field [see Fig. 3(b)]. Similar to
the effect of frequency on the coercivity reduction, the magnetization
reversal speed increases when the frequency approaches the center
frequency, achieving its maximum value near the center frequency
[as shown in Fig. 3(c)]. We note that the S21 response is asymmetric
and biased toward better transduction at lower frequencies, resulting

in the biased magnetization reversal speed. The change of the magneti-
zation reversal speed is caused by two main factors. First, the presence
of the standing SAW significantly reduces the domain nucleation
field owing to the magneto-elastic coupling effect [see Fig. 2(a)].
Meanwhile, the SAW induced anisotropy changes accelerate the
domain wall velocity. The domain wall energy can be expressed as
c ¼

ffiffiffiffiffiffiffiffiffiffiffi
AKeff

p
, where A is the exchange stiffness and Keff is the effective

anisotropy. SAW locally and periodically lower the anisotropy of the
thin film, which benefits the domain wall motion.14

Figures 4(a) and 4(b) show domain patterns with both SAW on
and off obtained using Kerr microscopy. A 50mT out-of-plane mag-
netic field was first applied to the sample to saturate the magnetization
in the “up” direction. A 4.6mT field was then applied in the opposite
direction. A large number of small branch domains nucleated and
propagated randomly in the thin film without the SAW [see Fig. 4(a)].
With the application of a standing SAW, the required domain nucle-
ation field was much lower (around 3.6mT for an applied power of
22.5 dBm at the center frequency of 93.35MHz). The domains tended

FIG. 3. Magnetization reversal speed against external magnetic field (a), applied power (b), and frequency (c) of the standing SAW. The applied power and frequency of SAW
in (a) are 22.5 dBm and 93.35MHz, respectively. The external field and frequency of SAW in (b) are 3.2 mT and 93.35 MHz, respectively. The external field and applied power
of SAW in (c) are 3.2 mT and 22.5 dBm, respectively.

FIG. 2. Hysteresis loops of the thin films measured by Kerr microscopy across applied SAW power from 17.5 to 22.5 dBm (a) and SAW frequency from 90.00 to 99.99 MHz
(b). (c) and (d) are the enlarged views of the framed areas in (a) and (b), respectively. Coercivity against applied power (e) and frequency (f). S21 is also displayed in (f). The
frequency of SAW in (a), (c), and (e) is 93.35 MHz. The applied SAW power in (b), (d), and (f) is 22.5 dBm. Error bars in (e) and (f) are smaller than the data points. Lines in
(a)–(d) are guides to the eye.
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to nucleate in certain parts of the thin film and line up forming a clear
stripe pattern [as shown in Fig. 4(b)]. The alignment of the domain
patterns only occurs within the SAW beam path, with a random distri-
bution of domains observed outside of the beam path [Fig. 4(c)]. This
result itself indicates very strongly that the standing SAWs are respon-
sible for the domain patterns. Figure 4(e) is cropped from Fig. 4(b). By
converting Fig. 4(e) into binary value [Fig. 4(f)] and counting the
number of the black pixels, we plotted the distribution of the domains
[see Fig. 4(c)]. The experimental data were fitted by a sinusoidal func-
tion. The fit shows that the spacing between the lines is
20.886 0.06lm, corresponding well to the nominal half-wavelength
(�21.33lm) spacing expected of the standing SAW. This is because
the magneto-elastic coupling effect will be the strongest at anti-nodes
of the standing SAW, where the surface deflection is largest and where
the local lowering the anisotropy is expected to be the greatest. The
effect is expected to be the weakest at the nodes of the standing SAW
[as depicted in Fig. 4(d)].

To further understand the effect of the nodes and anti-nodes of
the standing SAW on the magnetization reversal process, we per-
formed micromagnetic simulations using Mumax3 with a built-in
strain tensor.27 The configuration of the micromagnetic simulations
can be found in the supplementary material. As shown in Fig. 5(a), the
red, white, and blue indicate strains with maximum, zero, and mini-
mum values, respectively. The system was first relaxed with magneti-
zation pointing “down” [see Fig. 5(b)]. Standing SAWs (emax ¼ 0:06)
together with the external magnetic field (300mT) pointing up were
then applied. As shown in Fig. 5(c), at 1.5 ns, domains begin nucleat-
ing at the anti-nodes of the standing SAW. Then, the domains con-
tinue nucleating and propagating from anti-nodes to nodes until the
domains merge with each other [Figs. 5(d) and 5(e)], followed by
domain propagation out of the beam path [Fig. 5(f)]. The simulation
results agree qualitatively with our experiments and in particular, our

FIG. 4. (a) Domain patterns with only magnetic field (4.6mT), (b) domain patterns with both magnetic field (3.6mT) and 93.35MHz standing SAW at 22.5 dBm, (c) domain patterns at
the boundary of the beam path, (d) schematic of the standing SAW-assisted magnetization reversal, (e) cropped image from (b), (f), and (e) in binary value, and (g) the number of black
pixels in (f) and its sinusoidal fitting. The fitting results show a wavelength of�20.88lm, which is very close to the half-wavelength of the standing SAW (�21lm).

FIG. 5. (a) Spatial strain profile and (b)–(f) magnetization at 0, 1.5, 2, 3.5, and 6 ns
after applying field (300mT) and standing SAW, respectively. The black and white
colors in (b)–(f) represent magnetization pointing “down” and “up,” respectively.
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assumption that the anti-nodes of the standing SAW favor the nucle-
ation of the domains and the propagation of the domain walls. The
simulation and magnetization reversal speed results also reveal that
standing SAWs lower the coercivity of the thin films by lowering
the local domain nucleation field and accelerating domain wall
propagation.

In conclusion, a strong coercivity reduction (up to �21%) was
observed for the Ta/Pt/Co/Ir/Ta thin films with perpendicular
magnetic anisotropy upon application of 93.35MHz standing
SAWs. Due to the SAW-induced magneto-elastic coupling effect,
the magnetization reversal speed was significantly enhanced (by a
factor of 11). The experiments and Mumax simulations together
indicate that owing to the strain distribution difference, standing
SAWs are able to lower the domain nucleation field locally at the
anti-nodes of the standing SAW. Domains tended to nucleate and
propagate from anti-nodes to nodes of the standing SAW, forming
striped domain patterns with spacing the same as the half-
wavelength of the standing SAW.

See the supplementary material for the RF circuit used to gener-
ate SAWs, the determination of the magnetization reversal speed, and
the configuration of the micromagnetic simulations. Data associated
with this paper are available from the Research Data Leeds repository
at https://doi.org/10.5518/1169.
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