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Surface acoustic wave assisted depinning of magnetic domain walls
A. Adhikari,! E.R. Gilroyz, T.J. Hayward2 and S. Adenwalla,’

"Department of Physics and Astronomy and Nebraska Center for Materials and Nanoscience,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA

’Department of Materials Science and Engineering, University of Sheffield, Sheffield, UK

We investigate the effects of high frequency strain on the depinning of magnetic domain walls
in perpendicular anisotropy materials. Micron wide stripes of [Co(0.3nm)/Pt(0.6nm)]s are
patterned between a pair of identical inter-digital transducers that generate high frequency
(114.8 MHz) standing surface acoustic waves. We use magneto-optical Kerr effect microscopy
to characterize the thermally-assisted depinning of domain walls at defect sites within the
strips. Our results show that the excitation of the domain walls with surface acoustic wavs
results in an increase in their depinning probabilities by approximately a factor of 10. Our
data are consistent with a model in which the magnetoelastic anisotropies induced by the
acoustic waves modulate the energy barriers that pin the domain walls. These results suggest
an alternative route to domain wall depinning in thin films and nanostructures and are relevant
to the development of racetrack memories, where domain wall pinning can result in reduced
velocities and non-deterministic motion.

The paths of magnetic domains walls (DWs) are rarely smooth, strewn with a variety of
impediments. In spite of this, high average speeds of >1500 m/s in permalloy nanowires with in-
plane anisotropy have been achieved [1]. The development of racetrack electronics [2] based on
ferromagnetic DWs has turbocharged research on DW depinning and dynamics. Perpendicular
magnetic anisotropy (PMA) materials such as Co/Pt [3], [4], Co/Ni [5], [6], Co/Pd [7], Co/AlOx
and CoB/TaOx [8] are promising candidates for DW based memories with narrow DWs, stable
magnetic states and high DW velocities. However, the narrow widths result in greater
susceptibility to even small pinning barriers. Magnetic fields [1], [9] and currents [9], [10] have
been shown to depin DWs and result in high DW velocities, but both have high power
requirements. Circularly polarized laser pulses can also assist DW motion [6] depending on the
chirality of the DW, but once again require fairly high power.

Strain fields offer an alternative driver of domain wall motion and depinning. DC strains in
thin film ferromagnets reveal a slight increase in DW velocity [11] and tune spin wave switching
in lateral [12] or bilateral [13] yttrium iron garnet (YIG) magnonic stripe(s). Mechanically strained
[14] Pt/Co/Pt trilayers show changes in the DMI constant, both along and perpendicular to the
strain direction.

SAW in magnetic thin films [15] can drive changes in the magnetization direction [16], [17],
increase DW velocities [18], [19] and decrease coercive fields [18], [20], [21]. Out-of-plane films
of (Ga,Mn)(As,P) show SAW driven precessional [22] switching from up to down, highly
dependent on the local coercivity and the rf pulse length. SAW in Ni nanowires [23] substantially
assist in magnetization switching and provide an rf effective magnetic field that depends on the
orientation of magnetization, an attractive option for moving DWs [24] and in spin current
generation at microwave frequencies [25]. Micromagnetic simulations, together with an analytic
model [26] show that depinned DW are driven most strongly by the strain gradient.

In this paper, we investigate the effects of SAW on DW depinning from deep pinning sites.

Depinning is a thermally activated Arrhenius-like stochastic process [27], [28] and so we make
repeated measurements of depinning as a function of pulse width, magnetic field and SAW



intensities to fully characterize the strength of the pinning sites and the depinning behavior. This
is fundamentally different from [19] which measured DW motion in the creep regime, averaging
over multiple weak pinning sites. In contrast, this work investigates the effects of SAW on
individual strong pinning sites.

The sample, shown in Figure 1(a) consists of sputtered thin films of
Cr(2nm)/Pt(2nm)/[Co(0.3nm)/ Pt(0.6nm)]s on 128° Y cut lithium niobate (LiNbQO3). Two identical
inter-digital transducers (IDTs) with wavelength 4 = 32 um and frequency f, = 114.8 MHz
generate standing SAW across a series of stripes that are parallel to the x-axis propagation
direction. The innermost fingers of the two IDTs are separated by 15A. The 32 um wavelength of
the SAW standing wave is many orders of magnitude larger than the typical domain wall width of
a few nm [29], [30] so that SAW generated strains remain essentially uniform over the width of a
DW. The 240 um long stripes with widths of 4um (S1, S2, S3, S4), 3um (Ss, Se, S7, Sg) and Spym
(So, S10) are connected to large area domain reservoirs. Patterning was accomplished using
photolithography, followed by argon ion milling at a base pressure of 3x10® Torr, with ion energy
of 300V and a beam current of 100mA for 4 minutes. Ion milling is known to result in deep pinning
sites and these are randomly distributed along the stripes [31].

All data shown here are based on measurements of three representative stripes-Se (3um
wide), S3 (4um) and So (Sum), with the choice(s) based on the domain nucleation position and the
presence of a variety of pinning sites. Domain nucleation for stripe S3 (S¢) occurs in the left (right)
reservoir. For stripe S9 the nucleation point is close to the right reservoir. DW motion was
measured in a MOKE microscope that incorporated a homemade solenoid with a tapered pole
piece for out-of-plane fields and a 480x640 pixel COMS camera (Celestron). All measurements
were made using a 20x objective lens resulting in a spatial resolution per pixel of (0.38x0.38 um?).
All images were subtracted from a reference image of a magnetically saturated sample at a field
of +800 Oe. An oppositely directed field slightly lower than the coercive fields (205 Oe) nucleated
amagnetic DW. Up to 100 magnetic pulses at a variety of fields and pulse widths, with and without
SAW excitation drove domain wall motion. The images were captured and processed using
MATLAB [32], averaging over 10 images to improve signal to noise, and the application of a
median filter and subtraction of the reference image to improve domain contrast. The positions of
DWs were defined as the average of line profiles along the stripe. IMAGEJ [33] was used to scale
the images. The hysteresis loops (Figure 1(d)) for each stripe were measured using the relative
areas of up and down domains as a measure of the net magnetization. The small step in the S3 loop
can be ascribed to a strong pinning site.

Figures 2(a), (b) and (c) offer a snapshot of our experiments on the 3um wide stripe (Se)
allowing for a direct, quantitative comparison of the depinning behavior as a function of pulse
width, magnetic field and SAW amplitude. Each trace is the result of a single measurement. The
pinning sites are the horizontal plateaus in the DW motion, labeled Pi-P4. Increases in the pulse
width (Figure 2(a)), magnetic field (Figure 2(b)) and SAW voltage (Figure 2(c)) all result in more
efficient depinning. Strong pinning sites require repeated applications of a pulse to depin DWs
(e.g. P; at x=98um) while weak pinning sites (P2) require fewer pulses to depin, so, for example,
we can see that P> is weaker than P;. Shorter pulses (down to 1ms) and lower fields reveal even
the weakest pinning sites, mapping the pinning sites with greater precision whereas the longer
pulse widths sweep the DW smoothly through the pinning sites.

Similar measurements for different stripe widths shown in supplementary Figure S1 indicate
that the pinning positions are highly reproducible. The variation in pinning strength indicates the



presence of extrinsic defects and do not correlate with measurements of edge roughness. Ion
milling is known to introduce defects that result in strong pinning sites [31] and we attribute the
pinning sites in these stripes to the effects of the high energy ions.

A SAW voltage of 3V results in a 10-20 fold drop in the average depinning times for all 8
pinning sites, corresponding to an applied field increase of approximately 20%. For example, in a
single trial, the number of 1ms long 166 Oe field pulses required to depin the DW at P3 in Figure
2(c) drops from 44 in the absence of SAW to 4 with a 3V SAW excitation. Similar behavior is
seen at all pinning sites. SAW also increases the velocity of DWs [18], [19] in regions between
the strong pinning sites, with a greater than 2 fold increase in velocity at a SAW voltage of 3V,
as shown in Supplementary Figure S2. The rest of the manuscript quantifies the DW depinning
probability, P(t, H, Vsay/), as a function of pulse width, magnetic field and SAW amplitude,

Because DW depinning is a thermally activated Arrhenius-like stochastic process [27], [28],
we make repeated measurements at each field, pulse width and/or SAW voltage. The depinning
probability P(t) as a function of variable pulse widths that range from 1 ms to 1 second at a fixed
field value allows for a quantitative comparison of the relative strengths of the pinning sites. The
variation in pulse width defines a depinning probability as a function of time for a fixed field value,
with the depinning probability P(t) for a particular pulse width obtained by counting the number
of pulses, n, required to depin, where P(t) = 1/n. These measurements are repeated at least 5
times for each pulse width, and the averaged probability for a representative group of weak (P2),
intermediate (P3) and strong (Ps) pinning sites is shown in Figure 3(a) at a fixed field value of 205
Oe. All pinning sites show the expected exponential dependence,

P)=1—¢ ' (1
where t corresponds to the pulse width and 7, the characteristic depinning time, is a function of

the pinning potential Ej (the energy barrier at H = 0), the temperature T and the applied external
field H viz.

i (1775)
T = Tpeks 0 (2)
where 7, is the reciprocal of the attempt frequency, kg is the Boltzmann constant and Hy is the
depinning field at T = 0 K (assuming an exponent of 1 in the Sharrock Equation [34]). Error bars
indicate the standard deviation of the repeated measurements. The range of pulse widths, covering
three orders of magnitude, allow for an accurate measure of the characteristic depinning time at
H = 205 Oe, 7,05, for each of the 8 pinning sites, which range (Figure 3(b)) from a high of 7=
1.4 s for the strongest pinning site (Ps on the 4um stripe), to a low of 0.03 s (P2 on the 3um stripe).

The error bar for the strongest pinning site is large because the depinning time is longer than the
longest pulse width.

Measurements of the field dependence of depinning, P(t, H), (with 8 measurements at each
field value) for a fixed pulse width of Ims enables further characterization of the pinning sites.
The characteristic depinning time at each field value, T(H) is obtained from the probability using

Equation (1) and is shown in Figure 3(c). From Equation (2), a plot of Ln[t(H)] vs H will be a

straight line, with a slope of (E) — and an intercept of (i +In [TO]). Assuming a value of 1o
kpT/ Hy kpT

=0.1 ns, the values of E, and H, for 4 pinning sites are shown in Table 1. Note that variations in

the choice of 7 result in only small shifts in these values. A plot of Ej vs. 7595 (Figure 3(d))

indicates that, within error bars, the two increase roughly in tandem.



The probability of depinning using pulsed magnetic fields in conjunction with SAW is
denoted by P(t, H, Vsay,), and is measured using Sms, H = 205 Oe field pulses, in the presence
of a continuous SAW background at the resonance frequency of f, = 114.8 MHz. Increasing
SAW voltages results in higher depinning probabilities, an effect seen for all pinning sites, (Figure
4(a)) with, for example, a 7-fold increase in the depinning probability at an applied voltage of 5V
for pinning site P3, (Figure 4(b) and 4(c)), equivalent to an additional out-of-plane field of ~35 Oe.
SAW:s in the absence of an applied field do not depin even the weakest DW. In general, SAWs at
the highest voltage of 5V increase the depinning probability by a factor of somewhere between 4
to 9, depending on the pinning site, as shown in Figure 4(b). This SAW assisted increase in the
depinning probability shows no dependence on either the strength or location of the pinning site,
as seen in Figures 4(b) and 4(c) in which the increased probability P(5V)/P(0V) is plotted against
1205 (a measure of the pinning strength) and the distance from a node/antinode, respectively.

Because depinning is a thermally activated process, we look first to the possibility of SAW
induced heating. If we assume the increased probability is due to thermal activation alone, the 4
to 9-fold SAW induced increase in the depinning probability corresponds to a minimum
temperature increase of 20K. It is highly unlikely that SAW, even at the highest applied voltage
of 5V, will result in such substantial heating. Calculations of the electrical characteristics of the
IDTs at resonance (see Supplementary) indicate that the maximum power delivered to each IDT
is 34 mW, corresponding to a power density of 50 mW/mm?. A careful study of temperature
effects in 128° Y-cut LiNbO;3 [35], using much high-power densities (0.5-3.5W/mm?) indicate a
shift in the resonance frequency of approximately 31.5 kHz/K; hence, with a FWHM
Af=0.07MHz, we are sensitive to resonance shifts corresponding to temperature changes as small
as 3K. No shift in the resonance frequency has been observed.

Defect Site E, (1011]) H, (Oe) Kaefect (MI/m?) 1, (nm)
P, 1.92 368 0.303 11.5

P, 1.72 385 0.303 10.2

Pg 1.49 518 0.302 8.9

P; 2.00 372 0.304 12.0

Table 1: Fitted parameters for defect sites P;-P3 and Ps. Values of Ey and H, are extracted from
plots of pinning probability vs applied field, while the values of Kgefece and Ly, result from fitting
the barrier modulation model to experimental measurements of depinning probability vs SAW
voltage.

Having demonstrated the ability of SAWs to assist depinning we present analytical modelling
to explain the physical mechanisms underlying these phenomena. Any SAW driven depinning
mechanisms in ferromagnets must result from the magnetoelastic term in the free energy. The x-
propagating orientation of the IDTs results in a SAW wave with both longitudinal, e,,, and shear,
€xy, Strains with a ratio of ey,/ey, ~20, so even though B,, the 2nd order magnetostrictive
constant, is larger than B; (B; = —15.9 X 10°® N/m? and B, = 26.6 x 10° N/m? for fcc cobalt
[36]) the shear free energy term is about an order of magnitude smaller than the longitudinal term.
We approximate the remaining strain components e, and e,, to those of a SAW propagating
through an isotropic medium [19]. Since the film is not constrained in the z direction (6.:=0),

€7 = % e, Where v is the Poisson ratio of the film/substrate combination, v~0.4 [37] and the

leading magnetoelastic terms in the localized free energy density are:



Eve = By (exan% - (1:))
where «; are the directional cosines of the magnetization, w = 27 f,, e,, represents the SAW’s
longitudinal strain amplitude, k = ZF and x is the position along the stripe. Noting that for a Bloch
DW a, = 0 and for a Néel DW a2 = 1 — a2, a generalized form of Equation (3) may be written
as:

Eyg = —Bjea? sin(wt) sin( kx) 4)
(1%1}) e,y for a Bloch DW or e = ey, + (1%) e,y for a Néel DW. (We neglect terms
that have no dependence on magnetization direction). DWs in Co/Pt multilayers have been the
subject of some debate. Lorentz microscopy images [38] indicate a circulating flux closure
domain with no Bloch character. However, depinning measurements [39] indicate that a Bloch
DW may acquire a Néel-like character if an in-plane field is applied. Moreover, strain has been
shown to alter the direction of magnetization [17], [29], [30] within the DW, and can result in
transformations between Néel and Bloch DWs. Hence, the assumption of purely Bloch or Néel
DWs may be over simplified. In the following we will assume Néel DW structure for simplicity,
but we would expect our results to be broadly similar for both Bloch DWs, and DWs with
intermediate structure.

exxazz) sin(wt) sin( kx) 3)

where e =

We assume that pinning sites are solely a result of a local decrease in the out-of-plane
anisotropy from K; to K. oo and model the pinning sites by trapezoidal energy wells with depth
E, and width [, along the direction of DW propagation, [,, > mA where A is the DW width (Figure
5(a)). The defect site spans a distance L, in the direction of the stripe width w, and we assume it
extends through the entirety of the stripe thickness d (Figure 5(d)). The energy barrier against
depinning is thus given by:

Ey = lyd(UDW(K1) - UDW(Kdefect)) @)
where apy, is the DW energy per unit area, calculated from the model of DeJong and Livesly [40].

Application of magnetic fields, H, along the z-axis result in a linear tilt of the DW’s Zeeman
energy and a reduced energy barrier Ey (Figure 5(b)):

Ey = Eo (1 - Hio) (6)
where Hj is the T = 0 depinning field, which is directly proportional to the gradient of the energy
landscape at the edge of the well. Modulation of both anisotropies, K; and Kgerecr by the SAW
can modify E,, but not the spatial extent of the energy well. The implication of this is that
increases/decreases in Ej result in proportional increases/decreases in H, (Figure 5(c)).

We consider two possible mechanisms for SAW assisted depinning: (i) generation of out-of-
plane effective fields by magnetoelastic anisotropy gradients and (ii) modulation of DW pinning
potentials by magnetoelastic anisotropies. In the following, we fit the data to simple models of
each effect to explore whether they offer a credible explanation of our experimental data. Note that
the rapidly oscillating strains require any SAW derived mechanism(s) for DW depinning be
integrated over the cycle of the SAW excitation.

The first, arising from magnetoelastic gradients, results in a negligible change in the depinning
probability as shown in Figure 6. The details of the calculations are shown in Supplementary
Information. In all cases, the effective field model (which has no free parameters) produces effects



that are far too small to explain the experimental results. Calculations of the maximum of H,sr at
maximum strain (¢ = 1 X 1073) suggest that H, 7 < 1 Oe, much smaller than the ~20 % increase
in applied field (i.e. 10s of Oe) noted earlier to be required to explain the experimental data. We
additionally performed calculations where we replaced K; with Kgerecr, ranging between 0.4K;
and 1.5K; and obtained effective fields of a similar magnitude, suggesting that the size of these
effects would not be substantially amplified by the change of magnetic properties within the defect
site. Indeed, Figure 6 shows that the strength of the magnetoelastic interactions (as characterized
by B;e) would need to be increased by two orders of magnitude to create changes in the depinning
probability similar to that observed in the experimental data. This result is not unexpected because
any spatial gradient of the magnetoelastic terms for these long wavelength (32 pm) waves will
be negligible over the width of a DW.

The modulation of the pining barrier, however, shows significant changes in the depinning
probability. The combined out-of-plane and magnetoelastic anisotropies may be written as:

Ex + Eyg = —(K; + Biesin(wt) sin(kx))a? = =K.+ (x, t)a? (7)
where K; is the material’s out-of-plane anisotropy constant and K. (x, t) is the net out-of-plane
anisotropy constant resulting from the combined effects of surface anisotropy and magnetoelastic
anisotropy. SAWs result in a strain induced spatial and temporal modulation of the stripes’s out-
of-plane anisotropy that can rotate the direction of magnetization of ferromagnetic microstructures
[16], [17].

Here, the SAW acts to modulate the pinning potential, as characterized by Ej and Hy. In the
presence of SAW, K; and Kgefecr are replaced by K per(x,t) and Kgegect nee (%, ) as defined by
Equation (5). Equation (6) then becomes:

H
Ep(x,t) = Eo(x,£) (1 - ) (8)

Ho(x,t)

This produces a time varying modulation of the energy barrier against depinning, resulting in
a time varying 7. To calculate the probability of the DW depinning within a single period of the
SAW we use 7(x,t) to numerically integrate Equation (1). We then use this single-cycle
probability to extrapolate the probability of the DW depinning within a fixed time interval of SAW
excitation.

We note that the barrier modulation model contains two free parameters, Kgefecr and ly, of
which there will be many combinations that produce a value of Ej that agrees with that determined
from the experimental data (Table 1). In the results we present here we have treated 1, as a fitting
parameter, which is then used to uniquely determine the value of Kgefect-

Our calculations use typical parameters for Co/Pt multilayers: K; = 0.75 MJ/m® [41], M, =
670 kA/m [42], exchange stiffness A,, = 7.5 pJ/m [43], B; = —15.9 X 10° N/m?[36] and d =
3.9 nm (i.e. the total thickness encompassing the stripe’s magnetic layers). Our calculations of the
impedance mismatch between the IDTs and the signal generator (see Supplementary Information)
indicate that a 5V signal at the generator corresponds to a strain of e = 0.42 X 1073, The fits
however require a higher value of strain, e = 1 X 1073 for the maximum applied value of Vs, =
4.94 V. The high strains required for the model may in part be due to the simple nature of the
model, but it is also possible that multiple reflections between the two IDTs could increase the
standing wave amplitude. We apply the models to the data in a manner that maximizes their
influence of the SAW i.e. by placing the defect site at a node of the SAW standing wave for the



effective field model, and at an antinode for the barrier modulation model. In reality the strength
of the SAWs influence will vary depending on defect position, but we consider our approach
appropriate for understanding whether the magnitude of the effects are sufficient to explain the
experimental data.

The model produces reasonable fits to the data in all cases, with [, taking values ~mA (Table
1). We therefore conclude that this is a possible origin of the experimentally observed effects.
Furthermore, the model allows us to understand the lack of a clear positional dependence of the
ability of the standing SAW to affect depinning (Figure 4(c)), because SAW induced depinning
will depend not only on the position of the defect relative to the SAWs nodes and antinodes, but
also on the depth, edge profile and spatial extent of the defect sites.

Our conclusions here must be carefully caveated. Whilst the barrier modulation model can
reproduce the experimental data relatively well, the best fit values of l,and Ky e imply that the
stripe’s defect sites are of very limited spatial extent and exhibit a large reduction in local
anisotropy. In fact, our model suggests that the SAW can only substantially affect depinning if the
reduced anisotropy of the defect lies close to the transition between out-of-plane and in-plane
magnetization. This can be seen in the relative homogeneity of the fitted values of Ky, e in Table
1. However, our model is simple and neglects many potential phenomena including the elasticity
of the DW, other possible contributions to the pinning potential (e.g. localized variations in Mg,
A,,), subtleties of DW structure and the more complex stress profiles of SAWs propagating
through anisotropic and piezoelectric substrates such as LiNbOs. It is possible that inclusion of
these effect in the model might allow for a process that is less critically balanced.

The modeling indicates that SAW assisted depinning of DWs is consistent with a shrinking
DW potential well, rather than the usual tilting that results from effective fields. This is significant
because raising the pinning potential to zero will effectively alter the depinning process from
stochastic to deterministic. In addition, the SAW provides a low power route to depinning.
Calculations (see Supplementary Information) indicate that at the highest voltage, the total power
going into the pair of IDTs is 67 mW. This power is distributed over the entire 225 um length of
the IDTs and only a small fraction is incident on each [Co/Pt] stripe, proportional to the width of
the stripes. So, for example, a 5 um wide strip is subject to a total of 67*(5 um/225 um)=1.49mW,
for a power density of 1.3 W/mm?. This compares very favorably to current driven depinning,
with power densities that are hundreds of times higher. The power and power density for current
induced depinning in a Co/Ni-based spin valve [9] in the presence of a magnetic field are 312 mW
and 340W/mm?, respectively. Current injection to depin DWs from patterned notches in CoPt
nanowires [44] require power and power densities of 1.75 mw and 875W/mm?, respectively.

In conclusion, we have shown that high frequency strain waves assist in the depinning of
magnetic domain walls, increasing the probability of depinning by factors ranging between 4 and
9. The effect is proportional to strain and equivalent to a 20% increase in driving stimulus at an
applied voltage of 5V. Simple models have been used to examine the origin of these effects and
suggest that the SAW enhanced depinning is the result of magnetoelastic modulation of energy
wells presented by defect sites. Our results indicate that SAW generated strain are a viable, low
power method for effectively depinning DWs from strong pinning sites.



See Supplementary material for the amplitude of strain wave and power to IDTs, the effective field
model, Figures S1 for the complete analysis with pulse width, field and SAW for S; (4 um) and
So (5 um) and Figure S2 for the DW velocity as a function of the field and SAW voltage.
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MOKE image showing red and blue magnetic domains. Inset is a magnified view of the domain
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electromagnet. Scale bar is Sms. (d) MOKE measurements of hysteresis loops for three stripes of
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Figure 3. (a) Depinning probability, P(t), for three representative pinning sites as a function
of pulse width at a field value of 205 Oe. The solid lines are fits based on Equation (1). (b)Bar
graph of the characteristic depinning times, T,qs, for each pinning site, ranging from a low
of 0.03 s to a high of 1.4 s. (c) The characteristic depinning time T, as a function of magnetic
field. (d) The pinning site energy barrier E for each pinning site plotted as function of T,ys
which is a measure of the strength of the pinning site.
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Figure 4. (a) The depinning probability, P(t), as a function of increasing SAW voltage for
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(red) line represents the nearest node (antinode).
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Figure 5: (a) Illustration of the defect energy wells assumed in our models. (b) Effect of an
applied field on the defect energy wells. (c) lllustration of how the shape of a modeled energy
well is altered by changes in local anisotropy. (d) lllustration of the geometry of nanowire
and defect sites.
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Figure 6: Fits of the effective field model (blue line) and barrier modulation model (red line)
to experimental measurements of depinning probability as a function SAW voltage (black
circles). Datal/fits are shown for defect sites (a) P1, (b) P2, (c) Ps and (d) P3. The dashed blue
line shows the predictions of the effective field model when the strength of magnetoelastic
interactions are enhanced by two orders of magnitude.
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