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ARTICLE INFO ABSTRACT

Keywords: The discovery of asymmetric domain wall velocities in magnetic alloys and multilayers without a heavy metal

Nanomagnetism underlayer has given rise to claims of a large Dzyaloshinskii-Moriya interaction (DMI) driven by compositional

Spintronics non-uniformities. However, these non-uniformities also give rise to vertically non-uniform magnetic properties

Thin films . . . . . . . L. .

Chirality which can influence the dynamic properties of domain walls. In this work, we use micromagnetic simulations to

Mi . show that vertical modulation of the saturation magnetization can give rise to asymmetric domain wall velocities
icromagnetics

for field and current driven motion, closely resembling the presence of a DMI. For field driven motion, by
comparing the velocity asymmetries for varying saturation magnetization gradients, film thicknesses, and
average saturation magnetization, we show that the magnitude of effective symmetry breaking field resulting
from the non-uniformity can be comparable to those resulting from DMI. These effects scale with thickness and
degree of modulation, mirroring recent results in single layer materials. However, the scaling of domain velocity
asymmetries is largely suppressed for SOT driven domain dynamics. Therefore, great care needs to be taken when

evaluating DMI in non-uniform systems.

1. Introduction

The dynamics of chiral spin textures, including homochiral Néel
walls [1], magnetic skyrmions [2-8], and higher order excitations [9-
12], have seen an explosion of interest due to their potential applications
in a variety of spintronic devices [13-15]. These textures are typically
the result of an antisymmetric exchange interaction which breaks the
degeneracy between opposing spin chiralities, known as the
Dzyaloshinskii-Moriya interaction (DMI) [16-18]. In traditional heavy
metal/ferromagnetic bilayers and multilayers, DMI results from spin-
orbit coupling and broken inversion symmetry at interfaces [19-24].
In ultrathin films with weak demagnetization energies and strong
perpendicular magnetic anisotropy, this interfacial DMI (iDMI) can
result in Néel-type spin structures, where the magnetization rotates
between out-of-plane directions orthogonal to the domain boundary
[1,25-27], as opposed to films lacking DMI, in which Bloch walls are
favored. In thicker materials, however, a two-dimensional description of
the domain wall fails as demagnetization energies combined with DMI
can result in a non-uniform spin structure through the film thickness,
characterized by an achiral Bloch component and a chiral Néel
component governed by the sign of iDML. It has been demonstrated that
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this modified structure plays a key role in the static and dynamic
properties of chiral domain walls, including determining domain wall
velocities and their interactions with defects [3,28-30].

Recently, it has also been suggested that composition gradients in
magnetic films can lead to a notable DMI with identical symmetry to that
of iDMI, even in nominally symmetric multilayers and alloys without
clear interfaces [31-34]. The magnitude of the observed DMI was shown
to scale with total film thicknesses, up to an observed effective iDMI on
the order of 100 pJ/m2, comparable to that found in ultrathin heavy
metal/ferromagnetic bilayers. This DMI plays a key role in spin-torque
driven magnetization dynamics, and as such understanding its origin
and scaling in inhomogeneous films is crucial for their use in a variety of
device architectures. Due to its relatively small magnitude, under-
standing extrinsic effects which may influence magnetic states in similar
ways is crucial towards the accurate determination of gradient driven
DMI.

One complication when attempting to extract information from non-
uniform magnetic structures, including potential gradient driven DMI is
the need to separate the effects of non-uniform magnetic properties due
to inhomogeneities along the film’s vertical axis, including differences in
exchange stiffness, saturation magnetization, and anisotropy.
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Understanding the role these non-uniformities play in the static and
dynamic properties of three-dimensional spin textures is essential to-
wards the realization of devices whose functionalities are intrinsically
tied to their spin structure, which determines both static and dynamic
properties. Here, we use micromagnetic simulations to understand the
influence of varying saturation magnetization through a film’s vertical
axis on the dynamic behavior of domain walls confined to nanowire
geometries. We find that the domain wall dynamics exhibit similar
behavior to that of multilayers with moderate iDMI. The magnitude of
the asymmetry in velocities scales with both the degree of variation in
Ms and the total film thickness. The resulting asymmetries in velocity
are of similar magnitude of these recent results which have suggested
the presence of DMI in compositionally modulated ferrimagnets
[31,32].

Methods.

Micromagnetic modelling of domain wall velocities in a nanowire
was carried out using MuMax3 [35,36]. The nanowire geometry was
chosen with dimensions of 1024nm x 256nm x t, where t is the film
thickness in nanometers. The nanowire was discretized into 512 x
128 x N cells and N = 5, 10, or 21 cells for t = 10, 20 and 40 nm thick
wires, respectively. To exclude edge effects during domain wall motion,
the simulation window was dynamically shifted such that the domain
wall remained in the center, approximating an infinitely long wire.
Material parameters were chosen to be consistent with standard Co-
based multilayers and alloys [31,32,34,37]. The average saturation
magnetization was allowed to vary between M; = 200 —400kA/m.
These limits were chosen such that the domain boundary will not deform
significantly during application of external fields or spin currents. For all
simulations, we use a damping a = 0.1, an exchange stiffness A, =
10pJ/m, and a uniaxial anisotropy K, = 4.0 x 10°J/m®. Composition
gradients were modeled as a linearly varying M, through the film
thickness, with the center cell equal to the average M;. In our notation,
films are labelled as M; + §, where § denotes the degree of variation, i.e.
a film with variation from M; = 500kA/m at the base cell to M; =
300kA/m at the top cell is denoted as M; = 400 + 100 kA/m. For the
opposite gradient, § is negative. The thickness dependence of the
magnetization may be expressed as.

2nd
N-1

(M) = (M, +38) — €))

where n is the index of the cell along the thickness direction and
ranges from O to N —1 and M, is the magnetization of the n-th cell. The
degree of variation used in this work is consistent with composition
variations of only a few percent in the low M; regime for a variety of
previously explored ferrimagnets [32,38].

To study the influence of the composition gradient on asymmetric
domain wall motion, the wire was initialized in a two-domain state with
an in-plane field Hy applied along a wire’s long axis. The magnetization
was then allowed to relax to generate an initial magnetic configuration,
resulting in a static metastable domain boundary centered in the simu-
lation window. Of note, due to the thickness of the films, the Bloch
component of the DW chirality may point along the positive or negative
y-axis at low in-plane fields. We label domain walls by their Bloch
chirality as CW and CCW for an initial Bloch component aligned along
the wire’s positive or negative y-axis respectively. All low-field simu-
lations were carried out utilizing both Bloch chiralities to account for
any differences arising from this chirality, including dynamic effects
resulting in a preferred Bloch chirality in combination with in-plane
fields for thick magnetic films [39].

Subsequently an out of plane magnetic field H, = 2.5mT was applied
to drive domain wall motion, as shown schematically in Fig. 1(a). The
value of H, was chosen to limit switching of the Bloch chirality at low in-
plane fields due to dynamic effects. To avoid the influence of the initial
domain wall acceleration phase, the initial 5 ns of simulation time was
excluded from the results. Total runs for each field value varied between
25 and 100 ns, depending on the difference in velocities between
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Fig. 1. (a) Schematic of simulation geometry showing applied field direction.
The color represents the z-component of the magnetization. (b) Schematic of
method used to determine effective fields following data fitting in the low
field regime.

neighboring field values. Similar simulations were performed for no
composition gradient but a non-zero DMI to compare the effects of M;
modulation with DMI. An effective field associated with the composition
gradient or with DMI is measured by fitting the velocity-H, data at fields
of Hy < 100 mT, wherein the in-plane field does not significantly tilt the
magnetization in-plane, to

v=1y, +A(HX — (Hs + Horomr) )2 @

where v is the domain wall velocity, v, describes the base velocity, A
is a scaling constant associated with the total effective in-plane field, Hp
is the effective field resulting from the Bloch chirality, and Hg, is the
effective field resulting from the gradient in M,. For cases without a
gradient but a non-zero DMI, the fitting is performed to extract Hpyg
[40]. Determination of Hy and Hg,(pmi) from fitted data is then performed
by noting that, for small values of Hy in which saturation of the domain
wall magnetization along the field direction is minimal, Hgpmy shifts
velocity curves for both CW and CCW domains equally in the same di-
rection, while Hp results in shifts of equal magnitude but opposite di-
rection, as shown schematically in Fig. 1(b).

Simulations were also carried out up to |H,| < 500 mT to estimate the
effective field from high field velocity asymmetries following the
method used for the determination of DMI from current induced domain
wall motion [41-44], wherein the effective field is equal to the inter-
section of linear fits of the velocity at high fields. At these high fields the
influence of the Bloch component of the magnetization is suppressed,
and the wall can be described as predominantly Néel type.

The effect of a composition gradient on current driven domain wall
motion via spin orbit torques (SOTs) was also explored. In simulations of
SOT driven dynamics, only a damping-like torque was considered, and
the spin injection was taken to be uniform throughout the film thickness,
as would be approximately the case in systems with a bulk spin Hall
effect. However, due to the non-uniform structure in the systems
explored in this work, common injection schemes from interfaces with
heavy metals or non-uniform current densities would significantly in-
fluence these results and the role of spatially varied current densities is
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not explored. The current was modeled as a vertical spin current fully
polarized along the y-axis with a current density J = +5 x 10'°A/m?2.

2. Results and discussion

As indicated in the representative low field v —H, curves, shown in
Fig. 2(a) for a 40 nm thick film with saturation magnetization given by
M; = 400 +100kA/m, asymmetric domain wall velocities are
observed in the presence of an in-plane magnetic field during the
magnetization switching process. The data is well fit by Equation (1),
with fitting allowing determination of Hg and Hg,. Fig. 2(b) shows
resulting effective fields at different film thicknesses with M; =

400 +100kA/m. Hg shows no clear dependence with total film
thickness at approximately 8 mT for all thicknesses. However, increasing
the thickness leads to a large increase in Hg;, from 2.1 + 1.5mT for the
10 nm thick film to 14.9 + 1.8 mT for a 40 nm thick film. We then per-
formed simulations with a fixed thickness of 40 nm and different vari-
ation in the saturation magnetization through the thickness to determine
the role that the degree of variation in saturation magnetization played
on the extracted effective fields, as shown in Fig. 2(c). Larger degrees of
variation lead to larger Hg,, reaching 25.2 + 1.4 mT in films with M =
400 + 200kA/m. Reversing the sign of disorder leads to a sign change
in Hg,. This suggests that changing the direction of compositional non-
uniformities in real systems will result in opposite signs of effective
fields, identical to the expected behavior for gradient induced DMI,
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further complicating the separation of these effects. Of further note, no
significant change in Hg was observed, regardless of the degree of
variation.

Additional simulations were performed to determine the effect of the
average M. Here, the average M; was varied with a fixed 5 = 100 kA /m.
No notable effect on M; was observed for Hg, while Hg decreases
significantly with decreasing M, as shown in Fig. 2(d). These results
suggest that Hg predominantly depends on magnitude of M;, and is in-
dependent of the uniformity of the film.

For [Hi| > 100mT, asymmetric domain wall velocities are also
observed for varying t, M, and & as shown in Fig. 3(a-c). At these larger
in-plane fields, only one Bloch chirality is stable, with a CCW or CW
Bloch chirality for positive and negative Hy, respectively. Hg;, is identi-
fied to be equal to the field of intersection of the linear fittings of the
high field v —Hy curves for positive and negative Hy, respectively. As
shown in Fig. 3(d), increasing the film thickness leads to a larger Hg,, in
line with the low field results. However, unlike the low field results,
decreasing M while holding & constant results in a notable increase in
Hg, (Fig. 3(e)). The mechanism for this qualitatively different behavior
is unclear but may be due to changes in the internal domain wall
structure during application of the in-plane field. Finally, the role of
variation in saturation magnetization is found to follow similar trends to
those found at low fields, with larger gradients resulting in larger Hg;,
shown in Fig. 3(f). In the high field and low M; regime, for all simula-
tions performed with a non-zero Hg,, similar magnitude effective fields
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Fig. 2. (a) Representative v —Hy curves for a 40 nm thick wire with M; = 400 + 100kA/m and H, = 2.5 mT. A clear offset is observed. Solid lines represent fits of the
simulated data. (b) Effective fields vs. film thickness, with M, = 400 &+ 100kA/m. (c) Effective fields for varying § with t = 40 nm and M; = 400kA/m. (d) Role of
average saturation magnetization vs. effective fields with t = 40nm and & = 100kA/m. All effective fields are determined by fitting the low field region to Eq. (1).
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Fig. 3. High field v —H, curves for wires of (a) M; = 400 + 100kA/m and varying

t, (b) with t = 40 nm and 8 = 100 kA/m and varying average M, and (c) t = 40 nm

and M; = 400 +8 with varying 8. Solid lines represent fits of the simulated data. (d-f) Hg, extracted from (a-c), respectively.

were found as those in recent results for compositionally varied ferri-
magnets and multilayers [31-33].

This asymmetry is a result of asymmetric Zeeman and demagneti-
zation interactions, of which the demagnetization interaction prefer-
entially selects a specific Néel chirality at top and bottom surfaces
dependent on the relative orientation of neighboring domains. Due to
the presence of the layer dependent saturation magnetization, energetic
degeneracy of top and bottom surfaces is broken, as shown in Fig. 4(a)
for a t = 40 nm, M, = 400 + 200 kA /m wire. This asymmetry results in
non-degenerate total domain wall energies, as shown in Fig. 4(b). The
degree of the asymmetry scales with both magnitude of Hy and 3. As

domain wall velocities scale with domain wall energy density [43], this
results in asymmetric velocities with respect to Hy.

To verify the similar behavior for Hg, and Hpy, we further carried
out simulations of non-modulated wire structures with a DMI present
and extracted the equivalent effective fields. At low H,, while qualita-
tively similar results are obtained as those observed for compositionally
non-uniform structures, a larger chirality dependent velocity offset is
observed, as shown in Fig. 5(a). This is likely a result of dynamic effects
which result in a preferred Bloch chirality[39]. Therefore, for compar-
ison, we utilized high field velocities where the magnetization lies
predominantly along the applied field direction, as shown in Fig. 5(b,c).
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Fig. 4. (a) Energy density across a dynamic domain wall for a = 40 nm, M = 400

+200kA/m wire. Clear differences are observed with magnetic field direction,

which result in asymmetric behavior with an in-plane magnetic field. (b) Asymmetry in total energy between positive and negative Hy, where AE = E(Hy)—E(-Hy)

for the given §. For larger 8, a larger asymmetry presents at a given field.
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respectively.

A DMI strength D = 100 pJ/m? was used consistent with recent reports
for compositional variation induced DMI. For both varying thickness
and average saturation magnetization, Hpy;, shown in Fig. 5(d,e) is of
similar magnitude as that of Hg, determined solely due to a vertically
inhomogeneous saturation magnetization.

The role of the composition gradient is also compared to DMI for SOT
driven domain wall motion by determining the domain wall velocities as
a function of H, for opposite current densities. For SOT driven domain
walls in ultrathin films with DMI, Hpy is defined as the x-intercept of
the v —Hy curve and is identical for J > 0 and J < 0 [41,44,45]. Like the
field driven case, Hg,pmi) shifts the v —H, curves for both CW and CCW
domains equally in the same direction, while Hg results in shifts of equal
magnitude but opposite direction. By noting the x-intercept for both
chiralities, He,(pmr) and Hp may be extracted. As SOT scales inversely
proportional to M [38,46], current driven motion more strongly reflects

the influence of Néel chirality at the surface with lower M; in the
compositionally varied system. However, this scaling is complicated by
the fact that the extent of the Néel chirality for the low M surface is
smaller than that of the high M; surface, as demonstrated in Fig. 6(a),
which may lead to a reduced magnitude of Hg,. Additional complica-
tions arise when extracting DMI from asymmetric SOT driven domain
wall motion due to the influence of SOT on the structure of the domain
wall itself [47], further impacting the current driven dynamics,
including potential variations that vary with the magnitude of the cur-
rent density and were not explored in this work. For the current densities
studied in this work, Hg, and Hpyy result in drastically different asym-
metries, as shown in Fig. 6(b,c), with the magnitude of asymmetry
resulting from § drastically reduced while the influence of the Bloch
chirality is readily apparent.

The effects of varying film thickness and average saturation
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Fig. 6. (a) Net x-component of the magnetization along the top and bottom layers of a film with t = 20nm and M; = 400 + 100kA/m showing the asymmetry
between top and bottom layers. No external field or current is applied. (b) v —Hy curves for wires with t = 20 nm and M = 400 =+ 100kA/m for both positive (J + )
and negative (J-) current densities. (c) Same as (b), but with D = 100 pJ/m? and no magnetization gradient.
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magnetization for § = 100 kA /m are shown in Fig. 7a,b. Increasing M;
results in a larger asymmetry. This is due to the increase in demagne-
tization energies leading to an enhancement of Néel chirality at top and
bottom surfaces, and therefore increasing the influence of § on SOT
driven domain wall motion. Increasing t also results in a larger asym-
metry due to the enhanced Néel caps in the domain boundary. Similar
increases with thickness were observed in compositionally modulated
ferrimagnets [31]. For films where § = 0kA/m and D = 100 pJ/m?, the
opposite scaling is observed, as the decrease in demagnetization fields
result in a strong Néel chirality through the film thickness determined by
the sign of D, and therefore a lower M; or t results in a larger velocity
asymmetry, as shown in Fig. 7(c,d). Of note, in thick films with a varying
M, the scaling for SOT and field driven motion is different, and the
estimated magnitude of effective fields varies significantly between the
two estimations. The mechanism for this is possibly related to the
complex, three-dimensional spin structure observed in this work [48].
Finally, it should be noted that the discrepancy between field and cur-
rent driven results may also be a result of the complex velocity scaling
that may occur with current induced domain wall motion. Particularly,
it has been demonstrated that damping- and field-like torques may
significantly modify domain wall structures, leading to a tilting of the
magnetization aligned along the axis orthogonal to current flow,

Journal of Magnetism and Magnetic Materials 558 (2022) 169500

inducing tilts in the domain wall itself, and leading to scaling of asym-
metries with current densities [49].

3. Conclusion

Our work suggests a potential means to explore whether recent re-
sults in ferrimagnets are due to a gradient induced DMI or simply vari-
ation in saturation magnetization resulting from structural
inhomogeneity. Specifically, in rare earth/transition metal (RE/TM)
ferrimagnets, the sign of DMI is expected to depend only on the direction
of composition gradient, where the percent TM either increases or de-
creases through the film thickness [31]. However, if the asymmetries are
the result of variation in magnetic properties other than DMI, by fixing
the direction of composition gradient but varying either temperature or
average composition through the magnetization compensation point,
either top or bottom surface will coincide with low or high magnetiza-
tion relative to the opposite surface. By changing temperature, the top or
bottom surface may be selected to be low magnetization, while main-
taining a constant composition profile. By measuring how the velocity
asymmetry varies, as indicated in Fig. 2(c), it is possible to distinguish
these effects and determine the origin of the asymmetry. Further, our
results suggest that measurements of DMI using current driven velocity
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asymmetries may be more robust to compositional variation due to the
lower effective fields introduced by variation in saturation magnetiza-
tion, and therefore offer an alternative means to explore DMI in
compositionally varied systems. However, due to variations in current
injection schemes, non-uniform current densities in inhomogeneous
materials, and complications arising from the interactions of spin-
torques with three-dimensional spin structures, this method introduces
other complications not present for field driven measurements.

In summary, we have shown that a depth dependent saturation
magnetization in thin films can result in significant asymmetries in
domain wall velocities with respect to an in-plane applied field for both
field and current driven domain wall motion. The depth dependence of
magnetic properties was chosen to be on the same order as those which
may be found in ferrimagnetic alloys, which have also been suggested to
host a significant DMI due to depth dependent structural variation.
However, as many measurements of DMI also often rely on measure-
ments of asymmetric domain wall velocities, our work suggests an
alternative explanation that must be accounted for. We have further
proposed possible methods in which to distinguish DMI from thickness
dependent magnetic properties. Future experimental work considering
both effects, as well as variation of other magnetic properties such as
anisotropy and exchange stiffness, need to be carried out to determine
the precise mechanism of the recently discovered asymmetric domain
wall motion in ferrimagnets.
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