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Domain wall dynamics in ultrathin Pt/Co/AlOx microstrips under large combined magnetic fields
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The dynamics of magnetic domain walls in ultrathin strip-patterned Pt/Co/AlOx samples with perpendicular
easy axis has been studied experimentally under an easy-axis field, superposed to a hard-axis field oriented along
the strip. The easy-axis field is large so that the domain walls move well beyond the creep regime. A chiral effect
is observed where the domain wall velocity shows a monotonous and surprisingly large variation with an in-plane
field. A micromagnetic analysis, combining analytic, one-dimensional, and two-dimensional simulations with
structural disorder, shows that this behavior can be reproduced with a Dzyaloshinskii-Moriya interaction of the
interfacial type, with due consideration of the dynamics of the tilt degree of freedom of the domain wall. The
estimated effective value of this interaction (D &~ —2.2 mJ/m? for a 0.6 nm Co thickness) is consistent with values
obtained by other techniques. It is also shown, by micromagnetic analysis, that several modes and characteristic
times occur in the dynamics of the tilt of such domain walls.
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I. INTRODUCTION

Recent studies have revealed that the magnetism of ultrathin
films is richer than what is conceived from the mere reduction
of film thickness. Indeed, beyond the expected change in
the Curie temperature and in thermal fluctuation effects, and
beyond the appearance of surface/interface anisotropy and of
interfacial exchange coupling, etc., chiral effects have been
discovered in such samples. As chirality cannot be defined in
a two-dimensional world, and as also shown by experiments,
these effects appear when upward- and downward-oriented
normals to the film are structurally different (structural
inversion asymmetry). The emblematic sample in this respect
[1] is an ultrathin cobalt layer with a perpendicular easy axis,
capped by aluminum oxide and grown on platinum, a 5d metal
with large spin-orbit coupling, whereas the capping insulator
is made of light elements.

The first observed chiral effect appears to be the switching
of the sample’s perpendicular magnetization for a unique
combination of domain magnetization (%z), in-plane current
(£x), and in-plane field (+x) [2,3], where z denotes the
film normal and x is an in-plane direction. The second is a
chiral change of the velocity of domain walls (DWs) when
driven by an in-plane current flowing transverse to the DW,
under an in-plane field applied parallel to the current [4,5],
wherein for successive DWs, opposite in-plane fields are
required to increase the velocity. A closely related effect
is a chiral variation of DW energy under an in-plane field
applied transverse to the DW, which manifests itself by a
chiral change of field-driven velocity in the creep regime
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[6,7], and by an asymmetric nucleation of reversed domains
at the edges of the sample that are normal to the in-plane field
[8]. In the first case, the observations have been interpreted
by a spin-orbit torque exerted by the in-plane current (in
the form of a Rashba effective field [9], or of a spin Hall
effect [2,3]). The DW experiments of the second case have
been accounted for by the micromagnetic exploration of the
dynamics of so-called Dzyaloshinskii domain walls [10],
chiral DWs with a (partly or fully) Néel structure, whose
stability derives from an interfacial Dzyaloshinskii-Moriya
interaction (DMI) [11-14], following the observation of such
structures in monolayer and bilayer epitaxial films [15]. These
two types of chiral effects are interconnected, because the
same forms of spin-orbit torque are invoked when current is
applied, and also because magnetization switching in samples
extending over more than tens of nanometers occurs via
DW nucleation and motion [16]. Thus, the structure and
dynamics of DWs in such ultrathin films with perpendicular
magnetization and structural inversion asymmetry along the
film normal constitute an interesting topic in itself for physics
as well as for applications, and also as the basic process of
magnetization reversal in these samples.

The simplest and best understood means for acting on a DW
is to apply a magnetic field. The field value and time scale fix
the regime of DW motion. On the one hand, applying low fields
for long times gives access to the creep regime [17], which has
been studied in particular in ultrathin films with perpendicular
magnetization [17-19] and recently in asymmetric samples
[6,7]. In this regime, the DW energy (surface tension) plays
a key role, and the intrinsic magnetization dynamics (damped
precession around the effective field) is not important. On
the other hand, at large fields the flow regime of motion is
reached, with the two well-known steady-state and preces-
sional regimes according to the dynamics of the DW moment
[20]. For ultrathin films with perpendicular magnetization,
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the experimental results for flow reported up to now have
evidenced only the precessional regime, be it in samples with
symmetrical interfaces such as Pt/Co/Pt [21] or (Co/Ni) [22], or
for nonsymmetrical stackings such as Ta/CoFe(B)/MgO [23].
However, as first shown experimentally [9] and interpreted
[10] by some of us, in the Pt/Co/AlOx case it seems that the
steady-state flow regime is obeyed. The interpretation rests on
the stabilization, by interfacial DMI of chiral DWs with an
internal magnetization in the Néel orientation. This proposed
interpretation requires further tests, which is the object of
this paper. We thus investigated DW dynamics in Pt/Co/AlOx
under large combined fields, namely an easy-axis driving field
together with an in-plane field so as to act on the DW magnetic
moment. The work comprises an experimental part (Sec. II),
a theoretical part in the frame of micromagnetics (Sec. III),
followed by a discussion (Sec. IV) [24].

II. EXPERIMENTS

Experiments were carried out on samples of
Pt(3 nm)/Co(0.6 nm)/AlOx(2 nm) deposited on a Si/SiO2
substrate by magnetron sputtering. The Pt/Co/Al metal sample
was oxidized in situ under an oxygen radiofrequency plasma
for 35 s, chosen to optimize the perpendicular magnetic
anisotropy (PMA) [25]. The DW dynamics was studied under
combined fields: an out-of-plane field H, (along the easy
axis) responsible for the DW displacement, and an in-plane
static field H, (hard axis, normal to the DW) used to tune DW
stability. These fields were increased up to observing domain
nucleation events.

As a preliminary experiment, we image the influence of an
in-plane field on DW displacement for a circular DW (Fig. 1)
within an infinite film and in the creep regime in order to
compare to existing data [6,7]. The advantage of this config-
uration is that up/down and down/up DWs can be observed
simultaneously in different directions (especially transverse to
and along the in-plane field). For this experiment only, since the
in-plane field itself cannot drive the DWs, the planar coil used
to induce H, is slightly tilted out-of-plane (~2°) in order to
apply simultaneously the small z and large x field components.
DW motion is probed using a wide-field Kerr microscope.
Starting with a circular domain [Figs. 1(a) and 1(b)], DW
motion is induced by the application of a 100 mT field during
50 ms along —x and +x directions. Figures 1(c) and 1(d) show
differential images of the DW displacement. Dark or bright
contrast corresponds, respectively, to an expansion of an up
or down domain. We observe that, whereas both up/down and
down/up DWs move on a similar distance along the y axis, an
asymmetry is observed for the DW displacement along the x
axis. It is such that DWs move faster in a counterclockwise
(CCW) configuration. Note that the observed asymmetry is
opposite to that reported [6] for Pt/Co/Pt.

In the rest of the paper, we study DW motion along one
direction only (x, i.e., with DWs normal to the in-plane
field). For this, the sample was structured by electron beam
lithography and ion beam etching into 2-um-wide strips.
Although DWs inside a stripe are expected to be oriented
transverse to the stripe axis, recent studies have shown that a
DW tilting can appear in an out-of-plane system with structural
inversion asymmetry [26,27]. The width of the stripe has
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Reference image Differential image

FIG. 1. Displacement of a circular DW under a large H, slightly
tilted out of the plane. (a) and (b) Initial magnetic configuration
of the system, with a circular magnetic domain pointing along
+z (dark contrast). (c¢) and (d) Differential image obtained after
applying uoH, = £100 mT with H, = —0.035H, during 50 ms.
Orange arrows indicate the direction of DW displacement. An
asymmetry of the DW displacement appears along the in-plane field
direction. Note that the end configuration in (c) is the starting one
for (b).

therefore been chosen large enough to enable optical imaging
of such tilts.

With the large out-of-plane driving fields giving rise to large
velocities (100 m/s) and increasing the probability of domains
nucleation, the field H, has to be applied with very short
pulses (<100 ns). For this, we use a microcoil [28] producing
pulses as short as 20 ns for field values ranging from 50 to
200 mT (inset in Fig. 2) that is glued to the sample. For field
homogeneity, measurements were taken on the strip closest
to the center of the coil. From the optically measured film to
microcoil distance, the current to field conversion is estimated
to be 6 = 1 mT/A.

Starting with a saturated sample, two adjacent DWs (one
up/down and one down/up) are prepared by nucleating a
magnetic domain into the stripe with a first H;, pulse [Fig. 3(a)].
Then, a constant in-plane field is applied along the wire (x
axis) and both DWs are moved simultaneously by applying
n consecutive pulses of H,, with a repetition period of
200 ms. DW velocity is determined by dividing the total
displacement by the integrated time (n x 20 ns). For statistics,
each measurement is repeated several times and the DW
displacement is obtained by an average of 40-250 independent
events. Finally, in order to avoid misalignment contributions,
DW displacement is studied for both up/down and down/up
DWs, and for positive and negative fields.

We first investigate DW motion under the sole action of
H, in order to know its mobility regime (Fig. 2). At the
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FIG. 2. DW velocity as a function of easy-axis driving field H.,.
The inset shows the typical shape of a current pulse through the
microcoil with 50 wm inner diameter.

highest field values (140 mT), a constant mobility seems to
be reached but not with a zero intercept, suggesting that the DW
moves in an imperfectly uniform medium (see Appendix A).
We note moreover that no discontinuity is observed on the DW
velocity versus H, curve, meaning that no Walker breakdown
[10] occurs in the studied field range.

We now focus on the influence of the additional x field
on the z field driven DW dynamics. Figure 3(b) shows
DW displacements measured with an identical z field in the
presence of a static x field varying from —200to 200 mT. As
expected from the preliminary measurements, an asymmetry
of DW motion along x appears with the in-plane field, with
again a fast DW motion in the CCW configuration. We observe
that this asymmetry increases continuously with the magnitude
of H, and depends on both the DW polarity (up/down or
down/up) and the sign of H,. To consider all the symmetries
of the system, the measurements were repeated for negative
H; values. The DW velocities for each case are shown in the
inset of Fig. 3(c), a positive velocity corresponding to a DW
displacement along +x. The same behavior is observed in
absolute value for both positive and negative H., indicating
that the asymmetry of the DW dynamics is not affected by
the H, direction but only by H,. The averaged DW velocity
is determined by taking into account both DW polarities and
both field directions (mapping all results to the situation of a
down/up wall moving under negative H.):

v(H) = Hopy om (—Hy) — vy —p (—Hy)
— vt m, (HY) + vy — g (H)). (D

The resulting curves [Fig. 3(c)] show a large, monotonous
variation of DW velocity with H,. Note that this variation is
not linear: the change of DW velocity is larger for accelerated
DWs than for slowed-down DWs.

To study the influence of H, magnitude on the asymmetry
of DW dynamics in the presence of x fields, the measurements

PHYSICAL REVIEW B 93, 014403 (2016)

Initial state

- Final state

down/up

l‘#&

—_
(@)
~
-
o
o

75+ 0
v . i\ﬁ\* g
€ 5075 Y -
> 450 75 0 75 150 / up/down |
//{O -0 Hz<0
o5 L s = —m—Hz>0 |
a/'j down/up
[t S 0 Hz<0 |
© —e—Hz>0

O " n
-200 -150 -100 -50 0 50 100 150 200
b H, (mT)

FIG. 3. Influence of the x field on DW motion for a con-
stant z field value. (a) Sketch showing that two adjacent DWs
are initially prepared in the center of the wire (dashed lines)
and then displaced outward (solid lines) by the driving z field.
(b) Differential images of DW displacements. DWs are displaced
by seven consecutive pulses of 20 ns and 76 mT in the presence
of a static x field varying from —220 to 220 mT (blue arrows). For
clarity, images were modified in order to align initial positions of both
up/down and down/up DWs (the three tilted initial DWs correspond
to stronger pinning positions in the center of the stripe). (c) Average
DW velocity obtained by superposition of the four curves shown
in the inset after symmetry transformation. Inset: DW velocities
as a function of H, under pulsed poH, = 64 mT. Up/down and
down/up DW velocities are measured for both directions of fields.
The convention is that positive DW velocities correspond to DW
displacements along +x.

were repeated (on another sample with identical nominal
characteristics) for different values of H,. In this case,
measurements are performed for only one direction of H,
(along —z), and the averaged velocity is now determined by
v(H) = (1/2){vy4,—u.(Hy) — vy~ (—Hy)}
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FIG. 4. (a) Averaged DW velocity as a function of the x field for
constant values of the z field. (b) Averaged DW velocity normalized
by DW velocity in the absence of the x field.

Figure 4(a) shows that the modulation of DW velocity is
affected similarly by H, regardless of the value of H,. This
statement is confirmed by the superposition of all the curves
when normalized by the DW velocity in the absence of the x
field [Fig. 4(b)]. Note that, although the qualitative behavior
reported in Figs. 3(c) and 4 is identical, the velocity values
are different for the same field H,. This can be explained by
a slight difference of magnetic properties for the two samples
or/and by a small variation of the magnetic field H, due to
the repositioning of the microcoil on the new sample. The
data of Fig. 4 are finally plotted as DW velocity versus H, for
different H, values (Fig. 5). These data show that H, affects
continuously the DW mobility by accelerating or slowing
down the DW depending on the H, direction. We note again
that no discontinuity corresponding to the Walker breakdown
appears, regardless of the sign and the magnitude of H,, over
the range of fields studied. Finally, we remark that no DW
tilts were observed after the field pulses [those seen for a few
initial DW positions in Fig. 3(b) correspond to two defects
close to the center of the stripe]. One may first think that
the sample quality is such that the DW can fully relax to
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FIG. 5. DW velocity as a function of the z field for constant values
of the x field.

the equilibrium zero tilt angle. This view is disproved by the
observation of irregular domain wall shapes (see Fig. 1 for
magneto-optics, and Ref. [29] for higher-resolution images
on the same sample by near-field magnetic microscopy). The
alternative explanation is that DWs do not appreciably tilt
during their motion.

III. MICROMAGNETIC ANALYSIS

The experimental results shown above are at salient
variance with the first theoretical study of the dynamics of
Dzyaloshinskii domain walls (DDWs) [10], where the in-plane
field was seen to change the Walker breakdown field (in a
chiral way), but the DW mobility remained almost the same.
However, this first exploratory work was limited to low values
of the effective micromagnetic DMI constant. This restriction
is lifted here. In addition, 2D micromagnetic simulations are
performed in order to take into account all degrees of freedom
of the DW, most notably the DW tilt across the strip width,
whose relevance was recently revealed [27]. These simulations
also allow for the introduction of some disorder into the film so
as to mimic real samples that show a nonzero DW propagation
field. Thermal fluctuations were included only in some test
cases. Indeed, they do not play an important role as short
field pulses are applied and the creep regime of DW motion is
not investigated. The 2D micromagnetic results are compared
to those of much faster 1D micromagnetic simulations [that
solve a model in which the whole profile m(x,?) is the
unknown; see Ref. [10] for details] for a perfect sample. This
section, although directly inspired by the experimental part
described above, can be read as a stand-alone micromagnetic
investigation of DW dynamics in asymmetric ultrathin films
under large combined fields.

The 2D simulations were performed with two codes. A
homemade code [30], modified to include the DMI of inter-
facial type, was ported to graphical processing units (GPUs,
we used NVIDIA’s Tesla M2090). Double precision was used
throughout, and, as a pseudo-random-number generator, the
GPU-specific version of the “Mersenne twister” [31] was used.
As this code evaluates the micromagnetic effective field at the
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mesh points (centers of the cells), modified micromagnetic
boundary conditions [32] have to be introduced in order to
compute this field for the nearest and next-nearest points from
aboundary. The mesh cells were a x a x 0.6 nm? in size, with
a < 1.5 nm, which is well below the DW width so as to avoid
numerical artifacts, and of the order of the sample thickness
for the accuracy of the magnetostatics calculations [30]. In
addition, the public code MUMAX3 [33,34] was employed for
the largest sizes on single-precision GPUs, thus optimizing
calculation speed, using mesh sizes a =1 to 2 nm. The
reference frame has x along the length and y along the width of
the nanostrip, z being normal to the film. The micromagnetic
parameters taken as appropriate for the samples of the experi-
ments are as follows [21,27]: spontaneous magnetization My =
1090 kA/m, perpendicular uniaxial anisotropy K, = 1.25 x
10 J/m?, exchange constant A = 10 pJ/m, damping constant
o = 0.5, and gyromagnetic factor g = 2. As the samples are
much thinner than the DW width or the exchange length, it
is meaningful to consider the effective uniaxial anisotropy
Kt = K, — /,L()Msz /2. Derived micromagnetic quantities are
as follows: effective anisotropy field woHg eff = 924 mT,
DW width parameter at rest Ag = /A/Ker = 4.46 nm, and
threshold DMI for instability of the uniformly magnetized
state Doy = 4+/AKer/m = 2.86 mJ/m>. For the DMI, we
investigated values of D between 0 and —2.8 mJ/m?, well
above the threshold for the Bloch to Néel wall transition
(0.1 mJ/m?). These are effective values, i.e., DMI is treated
as a volume term, as justified by the small thickness of the
sample. The negative sign for D corresponds to a CCW
(also called left-handed) rotation of moments across the DW
[35], as evidenced by these and other experiments [5,8,36,37].
Nanostrips of width w = 100 to 2000 nm were investigated,
with 1000 nm length (2000 nm for the largest w). Such short
lengths could be used because of the “moving calculation box”
technique [38]. Disorder was implemented by first distributing
the value of K, for each cell with a Gaussian law having a
standard deviation of 0% of the average value given above,
and then filtering spatially these anisotropy values by Gaussian
convolution with a standard deviation p. A disorder profile was
created for a very long nanostrip, and the calculation box was
moved along this nanostrip during the simulations according to
the DW position. When necessary, calculations were repeated
under identical conditions, only changing the disorder pattern.

The DW velocity under a sole easy axis (z) field is first
investigated in a w = 100 nm wide strip. This is already no
longer a 1D situation, as the strip width is well above the size of
a 27t Bloch line. The latter, in the limit where DMI dominates
over DW demagnetizing energy, is indeed analytically given
by 2n/AAy/(w|D]) 24 nm for D =1 mJ/m?). Results for a
medium DMI D = —0.6 mJ/m? are shown in Fig. 6(a). In this
calculation, field is applied at time ¢+ = 0 and kept constant,
and the DW position is monitored for 25 ns. Without disorder,
velocity is linear in field up to the Walker field (o H; = 99 mT,
much above the value of 9 mT computed for zero DMI). Above
this field, velocity falls to a lower value, with a disappearance
of the negative mobility regime, this regime (dashed curve)
being characteristic of 1D dynamics [22]. When disorder is
present and the field is large (above 75 mT here), the DW
is never blocked, but the average velocity (over 16 trials)
is reduced markedly, especially below the Walker field (see
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FIG. 6. Computed long-time average domain wall velocity under
an easy-axis field in a nanostrip 100 nm wide (2D simulations), with
D = —0.6 (a) and —2 mJ/m? (b). Open symbols are for the perfect
sample and full symbols for imperfect ones, the small circles showing
the unimpeded velocity (for different realizations of disorder) and the
squares the apparent velocity. Note the increase of velocity in the case
D = —2 mJ/m? due to the tilt of the domain wall (right-hand scale)
and the different velocity scales for (a) and (b). Crosses in (a) show
the result for a perfect sample 2 ©m wide.

Appendix A for an analytical model of this reduction). For
lower fields, the DW may stop for some time or until the end
of the simulation. In such a case, we first define an apparent
velocity (full squares) as the final DW displacement divided
by the simulation duration, similar to experiments in which
field pulses are applied and only the final DW position is
measured. In addition, we compute an “unimpeded” velocity
by dividing the final displacements by the elapsed time up
to the blocking of the DW. The apparent average velocity is
close to 0 at about 50 mT, similar to experiments. As shown in
other simulation studies [39], the effect of thermal fluctuations
is mainly to reduce the time when the DW is blocked, thus
moving the apparent velocity up toward the unimpeded value.
Hence, nonzero velocities at low fields (ugH, < 50 mT) are
anticipated, located in-between the unimpeded and apparent
values, depending on pulse duration and nanostrip width. The
typical disorder strength was determined by these calculations:
p = 1.5 nm, 0 = 15% for small w, and 22% for the largest
w. Note that this value for the Gaussian filtering length p
gives patches extending over 5 nm, comparable to the grain
size and to the DW width. For a larger D value [for example
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FIG. 7. Computed (one-dimensional micromagnetics) domain
wall velocity variation under an in-plane field transverse to the DW,
for D = 0 (a), —0.6 (b), —1.0 (c), —1.5 (d), and —2 mJ/m? (e). The
DW is driven by three values of H,, and a positive H, favors its
in-plane magnetization. In the precessional regime, the time average
of the velocity is shown. Panel (f) shows the computed Thiele DW
widths in the case D = —2 mJ/m? for the same values of the z field,
as well as the “imaging” Hubert DW width Ay.

D = —2mJ/m?, Fig. 6(b)], the DW velocity computed with 2D
micromagnetics is larger than for 1D micromagnetics, as the
DW tilts [27] [Fig. 6(b), right-hand scale]. The limiting D value
for which DW tilt effects become important can be estimated
from the extended collective coordinates model including DW
tilt [27], with the result that it is D.y/2 typically [40]. In
addition, as DMI is more than three times larger than the
previous case, Walker breakdown is not seen in the investigated
field range. These results are not specific to the w = 100 nm
strip width, as similar results were obtained for w =2 um,
except for the negative mobility region [Fig. 6(a)]. Thus,
compared to 1D modeling of a perfect sample, the steady-state
regime sees its velocity increased by DW tilting but decreased
by disorder.

An in-plane field H, applied normal to the DW stabilizes
or destabilizes its structure according to its sign relative to the
sign of the DMI. The effect of such a field on the DW velocity,
for different values of the z field and for several values of the
DM, is illustrated in Fig. 7. These curves, obtained by 1D
micromagnetic simulations for perfect samples, use the same
reference situation of a down/up DW driven by a negative H,
and stabilized by a positive H,. The average velocity over
long times is evaluated here. The curves consist of two parts.
At large in-plane fields (both signs), the DW structure is stable
and DW motion takes place in steady-state conditions, with
a large velocity. For the fields in between, the DW moment
precesses and the DW velocity is strongly reduced (Walker
breakdown). For D = 0 [Fig. 7(a)], the velocity increase at
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large x fields is symmetric, as the DW structure is of the
Bloch type at H, = 0. This increase is due to the increase of
the Thiele width [41,42] of the DW. As D becomes larger,
the velocity versus in-plane field curve becomes increasingly
asymmetric [Figs. 7(b) and 7(e)], as, in the first approximation,
DMI acts on the DW as a chiral in-plane field transverse to the
DW. One notices that the Walker breakdown region appears to
undergo a rigid translation along the H, axis as D varies, in
agreement with the concept that DMI creates a chiral in-plane
field within the DW. Hence, the bottom velocity at the center
of the Walker breakdown region is the same as the precessional
velocity under the same H, and D = O [plotted in Fig. 6(a)].
For |D| > 2 mJ/m?, the Walker breakdown has completely
disappeared from the investigated window in the x and z fields.
In the case in which DMI dominates the DW demagnetizing
energy, the two fields limiting the breakdown region are simply
expressed in the collective coordinates model [4,10] by

H, = +——, @)

with good accuracy. For example, —26 and —217 mT are
obtained for D = —0.6 mJ/m? and poH, =75 mT when
using the zero-field DW width Ay. See Appendix B for the
justification of using Ag, the DW width parameter at rest, in
Eq. (2).

We note that, for the large value of D [Fig. 7(e)], the
calculations agree qualitatively with the experimental results
shown above. In that case, the computed Thiele DW widths
[Fig. 7(f)] increase with the x field independently of the
z field value. The values are very close to the analytical
calculation (see Appendix B). Note that, in the presence
of an in-plane field, the stationary mobility is modified to
v/H = (yo/a)Arm, wherem o = v 1 — (Ii)c/l_ll(nsff)2 is the
reduced easy-axis magnetization in the domains, so that the
velocity increase due to the increase of the Thiele DW width
is partly compensated by the effect of magnetization rotation
in the domains. Therefore, the Thiele DW width alone does
not fix the DW velocity. For the calculations performed here,
however, m o reached only 0.95 at the largest x fields, so that
the normalized velocity curves do correspond to the variation
of the Thiele DW width. When looking at these results, one
should not forget that the Thiele DW width is not a geometrical
width, e.g., to be measured by imaging, but a quantity linked
to the energy dissipation at the moving DW. To illustrate this
point, the “imaging” DW width introduced by Hubert [43] is
also plotted in Fig. 7(f) [the data being also very close to the
analytical value (Appendix B)].

These one-dimensional micromagnetic simulations are,
however, too simple, as they do not address the influence of
the finite width of the samples as well as the effects of disorder
[see Fig. 6(b)]. With 2D simulations and for w = 100 nm,
the effect of the in-plane field on the DW velocity (long time
average) under a fixed poH, = 75 mT is shown in Fig. 8. For a
medium DMI value [—0.6 mJ/m?, |D|/D.y = 0.21, Fig. 8(a)],
the DW tilting (change of DW x position as a function of the
y position) is minor as the DW energy is still large [27]. Thus,
only the effect of disorder is seen, with a velocity reduction
in the steady-state regime and a tiny change of velocity in the
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FIG. 8. Computed (two-dimensional micromagnetics, stripe

width 100 nm, drive field poH, = 75 mT) domain wall long-time
average velocity variation under an in-plane field transverse to the
DW, for D = —0.6 mJ/m? (a) and D = —2 mJ/m? (b). Results for a
perfect and a disordered nanostrip are shown (open and full symbols,
respectively), and the values of the steady-state DW tilt angle are
plotted for the perfect sample (right scale). The dashed curves show
for comparison the 1D micromagnetics results for the velocity, and
the crosses are the 2D micromagnetic results for a perfect sample of
2 pm stripe width.

precessional regime, as already seen in Fig. 6(a) in the absence
of an in-plane field.

In contrast, for a larger DMI value [—2 mJ/m?,|D|/Dey =
0.7, Fig. 8(b)] where the precessional regime is not reached
in the investigated x field range, the tilt strongly affects the
dependence of velocity on an in-plane field, as best seen in the
results for the perfect sample. Note that the change of velocity
at negative x fields between 1D and 2D micromagnetics is
larger than the simple 1/cos x effect (with x the DW tilt
angle [27]), because the whole DW structure (for example, its
Thiele width) is changed when it tilts, as the in-plane field
is fixed. For an even larger value of D (—2.4 mJ/m2, not
shown), the velocity increase at large negative fields is less
important but still noticeable, as the Walker breakdown region
is farther from the investigated field range. Again, we note that
the strip width does not play a big role, as simulations with
w =2 pum (Fig. 8, crosses) produce results that are extremely
close to those at w = 100 nm, even in the Walker breakdown
regime of Fig. 8(a). This nonmonotonous variation of velocity
versus in-plane field, not suppressed by disorder, is in strong
opposition with the experimental results.
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(a) (b) (c) (d)

A
w

FIG. 9. Sketch of the DW tilt buildup and relaxation. In (a) and
(b), the DW, initially vertical, is driven by a force. A tilted segment
(with the steady-state tilt angle ) develops from the bottom edge of
the nanostrip and propagates linearly to the upper edge, at a time 7,
(a). If the tilted segment moves more slowly than the vertical one,
the tilt builds up from the upper edge (b). The relaxation can occur
in the two-slope (c) or one-slope (d) modes. In the former case, the
DW end points on the edge move toward the center as the square root
of time, removing the tilt at a time 7,,. In the latter case, tilt relaxes
exponentially with a time constant t,;.

YO aS

A
\/\h

v(x)dt

It was shown in a previous publication [27] that the DW tilt
along the y direction is a slow variable, having a relaxation
time that increases—in a first approximation—as the square of
the nanostrip width. As the experiments were performed with
20-ns-long z field pulses on w = 2 um strips, this duration
should be compared with the tilt characteristic time. In a first
step, the dynamics of the DW tilt was studied by simulations for
perfect nanostrips of various widths w. These reveal different
processes by which the DW tilt changes.

When the wall is driven toward a steady-state motion, we
know from the previous part that a steady-state tilt angle x
exists, with an associated DW velocity along the strip denoted
by v(x). When starting from the zero-field equilibrium where
x =0, the DW initially moves with the velocity found in
the one-dimensional simulations shown above, called v(0).
One process by which the tilt angle changes from 0 to yx,
called the two-slope mode, is sketched in Fig. 9(a). It is
more and more clearly observed as the strip width becomes
larger. In this process, the tilt builds up from one side of
the nanostrip [determined by the signs of the steady-state
tilt and of the velocity difference v(x) — v(0)]. A simple
geometric calculation shows that the breakpoint height A
between the two slopes moves in the y direction according
to dh/dt = [v(x) — v(0)]/ tan x. As shown in Figs. 9(a) and
9(b), the argument does not depend on the fact that v(y) is
larger or smaller than v(0), as only the edge where the tilted
segment appears is changed. Thus, after a time

w tan x

[v(x) — v(O)I’
the DW is tilted to the steady value. This model is easily
generalized to a nonzero initial tilt angle. It is important to
realize that Ty, is not a fixed time constant: if, for example,
the driving force is a z field, reducing it decreases both the
velocities as well as the steady-state value of x. Another
important feature is that this time depends linearly on the
strip width w.

After suppression of the external driving force, only the gain
of DW energy by going back to y = 0 is acting on the wall
(we forget here the automotion effect linked to the relaxation
of the DW magnetization [44], as the DW width is small in the
samples considered). In the two-slope mode, starting from a

3

Tz
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FIG. 10. Plot of the DW velocity and DW tilt vs time, for D = 2
ml/m?, poH, = —150 mT, and j1oH. = 75 mT applied at time t = 0
for 20 ns, as computed for perfect nanostrips by 2D micromagnetic
simulations. Different widths of the nanostrip are shown, between
100 nm and 2 um. Note the break on the velocity axis.

uniformly tilted wall at angle y, one finds that the end point of
the wall at the nanostrip edge [Fig. 9(c)] relaxes as the square
root of time, reaching equilibrium at time

wa o M cos*(x /2)

Tr2 =
2 Ao

“

cos

This formula is very close to that [27] giving the time constant
7,1 of the tilt relaxation in the one-slope model [Fig. 9(d)], as
in the vicinity of x = 0 the latter simply substitutes a factor
1/3 into the yx-dependent fraction in Eq. (4). Thus, whether
by a one-slope or by a two-slope mode, the tilt relaxation
requires times that scale as the square of the strip width.
Simulations also show that the two relaxation modes may
occur simultaneously. However, this does not change the tilt
relaxation time significantly. These different processes are
illustrated in Fig. 10, where the time evolution of DW velocity
and tilt is plotted as a function of the nanostrip width w.
When field is applied, velocity changes quasilinearly between
v(0) (reached very rapidly as this involves only a rotation of
the DW magnetization) and v()), mirroring the quasilinear
evolution of the tilt angle from O to x. One sees that, for the
representative values of the x and z field that are applied, tilt
does not reach its steady-state value at the end of the 20 ns
pulse, as soonas w > 1 um [the values extracted for T, agree
with Eq. (3) for the larger widths]. Thus, the effective velocity
defined as the total DW displacement divided by the 20 ns
pulse time decreases to v(0) as the strip width increases, so
that for the 2 um sample the velocity increase due to the DW
tilt becomes quenched. When the field is cut, the velocity falls
very rapidly to zero, whereas the tilt relaxes on a time scale
that indeed increases even faster than w? (the fitted times for
zero tilt 7, are 470 ns for w = 1 um and 90 ns for 500 nm,
for example). The conclusion of this study on perfect samples
is that, when the pulse is much shorter than the time to buildup
the steady-state tilt, the 2D modification of the DW velocity
through the tilt is strongly reduced.
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IV. DISCUSSION

The goal of this paper is to discuss the physics of DW
motion in asymmetric ultrathin films, triggered by the experi-
mental results shown in Sec. II. Thus, we have not explored by
systematic simulations the range of micromagnetic parameters
that would best reproduce the sample behavior, given that
some of them are hard to determine directly (notably, the
exchange constant). Nevertheless, as we took accepted values
for the micromagnetic parameters of the sample, we now
compare the sets of results from experiments and calculations.

Looking first at the velocity to z field relation (Fig. 2 versus
Fig. 6), one sees that the inclusion of DMI provides a natural
explanation to the large velocities that are measured, with no
sign of Walker breakdown, as remarked earlier [10]. From
analytical results [10] and as confirmed by 1D micromagnetic
simulations, it is possible to see that |D| > 0.8 mJ/m? is
required to reproduce the absence of breakdown in these
conditions. Calculations performed in the presence of disorder
and at the full nanostrip width confirm this conclusion, as
breakdown is not suppressed by disorder, even for the large
2 pm nanostrip width (not shown).

Considering now the effect of the additional in-plane
field normal to the DW (Fig. 4 versus Fig. 7), we observe
that the micromagnetic 1D model reproduces qualitatively
the experiments when considering a large DMI (larger than
1.5 mJ/m? in absolute value). The factor 4 between the lowest
and highest velocities when H, is varied [Fig. 4(b)] is, however,
larger than the factor &2 obtained in 1D micromagnetics for
a perfect sample [Fig. 7(c)]. When taking into account 2D
effects, the monotonous variation of velocity with the x field
is lost due to the tilt of the DW across the width of the strip
(Fig. 8). For larger values of D, the effect is only slightly
reduced. Rather, the key point is that these 2D calculations
investigate the steady-state, or long-term, DW motion, in
which the DW tilt has time to fully develop.

The micromagnetic investigations of the DW motion under
20-ns-long z field pulses for the 2-pum-wide perfect sample
(Fig. 10), combined with the calculated values of the velocities
v(x) and v(0) [Fig. 8(b)], show that, except for the most
negative x fields and large z fields, the tilt buildup time 7
is above the pulse duration, so that the apparent DW velocity
decreases toward the 1D value. In the presence of disorder, as
the applied z fields are not much larger than the DW depinning
field, the velocities are smaller than for the perfect sample. On
the other hand, the induced DW tilts are nearly unchanged,
which can be understood from the fact that the tilt is linked
to the orientation of the DW magnetization. Hence, from
Eq. (3), longer tilt buildup times are expected under disorder,
reinforcing the quenching of the tilt. This is illustrated by
the apparent velocities computed under disorder, after one
20 ns z field pulse, for two representative values poH, =
75 and 110 mT (Fig. 11). One sees that the experimental
behavior of velocity versus in-plane field is reproduced for
|D| ~ 2.2 mJ/m”. Indeed, for lower values of | D|, the Walker
breakdown occurs at the most negative x fields. On the other
hand, for larger values, the DW is pinned at many points,
resulting in the formation of many filaments [two filaments
can be seen in the first image of Fig. 11(b)], announcing the
DW instability at D = D,y = —2.86 mJ/m>.
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FIG. 11. (a) Computed apparent velocity for the 2-pum-wide strip,
with disorder, after applying a single 20-ns-long z field pulse (upper
curves: woH, = 110 mT, lower curves: 75 mT), as a function of
the static x field, for two values of D. (b) DW images after pulse
termination (D = —2 mJ/m?, uoH, = 75 mT, and poH, = —150
mT) for five realizations of the disorder.

The computed DW tilts at the end of one pulse are
not exactly zero, as shown in Fig. 11(b), but are strongly
reduced (from 30 to 5 & 5° for the case shown), with a spatial
standard deviation of the order of the mean value. From the
preceding results, one can expect that, with a better model of
imperfections that would decrease the calculated velocities
down to the experimental values [compare Fig. 11(a) and
Fig. 4(a)], these tilts should become even closer to zero.
Thus, despite the very long tilt relaxation times, tilt should
not accumulate as pulses are repeated. This seems to explain
that experimental DW images after the trains of pulses show
no systematic tilts.

Summarizing, we conclude that the dynamics of
Dzyaloshinskii domain walls is strongly influenced by an
in-plane field, especially when DMI is large so that the
DW can keep its structure despite large opposite fields. The
consequence is a big modulation of easy-axis field-driven
velocity, related to a large change of the Thiele DW width.
In this dynamics, the tilt of the DW can play an important role,
with an impact larger than the 1/ cos x law, since upon DW tilt
the relative orientation of the in-plane field changes. We have
shown that the tilt has characteristic times that differ depending
on the fact that the wall is driven into a finite velocity state,
or just relaxes, the corresponding times scaling as the strip
width w or its square, respectively. As a consequence, even
for w = 2 pum, we find that for relatively short z field pulses
(20 ns) the tilt is quenched, so that the 1D micromagnetic
simulations are relevant.
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This physics was shown to (quasi) quantitatively describe
the dynamics of DW in a typical ultrathin Pt/Co/AlOx sample
under easy-axis and hard-axis fields. From the ranges of
applied fields where no sign of Walker breakdown is observed,
and the measured evolution of velocity under an in-plane
field, we infer a relatively large DMI (|D| = 2.2 £0.3 mJ/m?
typically, i.e., |D| &~ 0.8 x D) in this sample. For a precise
value for D, an independent determination of all other
micromagnetic parameters is required, together with extensive
simulations, but this is beyond the scope of this paper. This
work points to the Pt/Co/AlOx samples as candidates for
large values of the DMI, and it supports previous conclusions
drawn from domain nucleation measurements [8], or combined
in-plane field and current-induced DW motion on equivalent
or similar samples [5,36,37,45]. The obtained value of DMI
also agrees with the first “ab initio” calculations of DMI
at the Pt(111)/Co interface [46,47], and with more direct
measurements of D by Brillouin light scattering [48].
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APPENDIX A: 1D DOMAIN WALL MOTION
IN A RANDOM POTENTIAL

We consider a DW energy that varies with DW position g as
U cos (kg), where k is the wave vector of this nonuniformity.
Thus, when driving the DW by an easy-axis field H, the
total field acting on the DW depends on position according
to H + hsin(kq) with h = Uk /(2M;). For a long-wavelength
nonuniformity (kA « 1) and a field lower than the Walker
field, the DW position versus time obeys

d A
;q. = )/o_dt. (Al)
H + hsin(kq) o

The integral is analytic, and one finds an average velocity

) = P2 — e

o

(A2)

(for |H| < |h|, the DW is blocked indefinitely at some point
so that (v) = 0). Note that, even if the space average of the
velocity is unaffected by the nonuniformity, the measurements
correspond to the fime average, resulting in a reduced velocity.
To describe a more realistic sample, we consider that it is
divided into regions of equal length where / takes different
values, with a probability distribution p(h). Computing the
time that the DW will need to cross a long distance (containing
a large number of regions), the average velocity reads

p(h)
H2 _ hz

1 o

o= eh dh. (A3)

This formula is valid for |H| > |h|: the distribution of &
must be of finite width in this zero-temperature 1D model.
From Eq. (A3), (v) can be evaluated for simple probability
distributions. We consider in the text a triangular law where
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FIG. 12. Computed long-time average domain wall velocity
under an easy-axis field in a nanostrip 100 nm wide (2D simulations),
with D = —0.6 mJ/m>. Open symbols are for the perfect sample
and full symbols for imperfect ones, the small circles showing
the unimpeded velocity (for different realizations of disorder) and
the squares the apparent velocity. The dashed line is the 1D
micromagnetic calculation result, and the line is the analytical model
discussed in Appendix B.

hmin < h < hpax. The result is

o) = Y08 [Utmax = Iemin) /2
a  f(hmax) + f(hmin) — 2f(hc)’

where h. = (Amin + hmax)/2 and the auxiliary function reads
f(h) = ~/H? — h? + harcsin(h/H).

As an example of application of this model, Fig. 12 shows
the calculated DW velocities for a rough strip 100 nm wide
with D = —0.6 mJ/m? as a function of z field, compared to
Eq. (A4) with poHpin = 0 and poHmax = 70 mT. The latter
value was fixed by the field value below which DW stops are
calculated. Very good agreement of this simple model to the
calculation results is observed.

(A4)

APPENDIX B: DOMAIN WALL PROFILE AND WIDTHS
UNDER AN IN-PLANE FIELD

We extend the 1D calculation of the structure of the Bloch
wall under an in-plane field parallel to the wall [49] to
the case with interfacial-type DMI and field parallel to the
DW magnetization. We consider the ultrathin film situation
in which the demagnetizing field can be approximated by
(0,0, —Mgm): the out-of-plane component is purely local and
the in-plane component is neglected. Both approximations rest
on the ultrathin film hypothesis that the sample thickness is
much smaller than the DW width, and the latter applies well
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when DMI energy is much bigger than the demagnetizing
energy of the Néel wall [10]. As all energy terms favor
magnetization in the (x,z) plane, it can be described by a single
angle 6 with respect to the easy axis, a function of the normal
coordinate x. If h = H,/Hkg ¢ is the reduced applied field,
and Ag = +/A/ K is the zero-field DW width parameter, the
angle 0 satisfies

do . dx
sind —h Ay

independently of the value of D. From this profile, the Thiele
DW width [41,50] is readily evaluated,

JAV)
V1 —hl—h arccos(h)’

where i > 0 means that the applied field is parallel to the DMI
effective field in the DW.

To get a more geometrical idea of the DW size, we also
compute the DW width introduced by Hubert [43], which
applies to any DW. First, the scalar magnetization component
m’ that changes across the DW has to be determined. If 72, and
m, are the magnetizations in the domains on both sides of the
wall, one has simply m’ = m - (m; — my)/2. The DW width is
then obtained by the tangent to m’ at the DW center (m’ = 0),
upon extrapolation to the values of m’ in the domains, resulting
in the general formula

) B

At

(B2)

_ (1 —my -my)/2

ANT (B3)
[0 | =0
For the case considered, we obtain
1+h
Ag = Ay 1+h' (B4)

As shown in Fig. 7(f), the geometrical width is less affected by
field than what would be deduced from the dynamical Thiele
DW width.

Finally, in the expression of the DMI effective field within
aDW, namely Hpyvy = 2D /(uoMA), a DW width A appears.
Which definition of A should be considered for this purpose?
As the DW effective DMI field is measured experimentally
by applying an in-plane field parallel to it, it is appropriate
to define Hpyp by comparison of the energies of the DW
under DMI and under an in-plane field. From the profile of
Eq. (B1), one evaluates these two energies as —2D arccos(h)
and —2ugMsH, Agarccos(h), respectively, showing that the
width to consider to evaluate the DMI effective field is simply
the zero-field width Ap, even when field is applied. This
result, which is surprising at first glance, arises from the
fact that, for H, > 0, the DW is wider but its angular span
is smaller, whereas for H, < 0 the DW is narrower but its
angular span is bigger. The two effects compensate perfectly
in this approximate 1D analytical model of the DW.
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