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ABSTRACT

We demonstrate the reversible current-induced motion of 180° antiferromagnetic domain walls in a CuMnAs device. By controlling the
magnitude and direction of the current pulse, the position of a domain wall can be switched between three distinct pinning sites. The domain
wall motion is attributed to a field-like spin-orbit torque that induces the same sense of rotation on each magnetic sublattice, owing to the
crystal symmetry of CuMnAs. Domain wall motion is observed for current densities down to ~2.5 x 10'° A/m* at room temperature.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0156508

Antiferromagnets (AFs) offer promising properties for high
speed, high density memory applications.' Antiparallel spin pairs
produce no stray fields, meaning AF memory is robust to exter-
nal fields and there is no device crosstalk. Moreover, AF spin
dynamics are typically 2-3 orders of magnitude faster than in
ferromagnets.”” Despite their potential, the usefulness of AFs in
spintronic devices has been limited by the difficulty controlling the
magnetic order using external fields. However, since the prediction
of Néel spin-orbit torques (NSOTs) in AF materials,* several exper-
imental studies have shown control of AFs using current pulses.®
Most of these studies have focused on the 90° reorientation of AF
domains using orthogonal pulses in four- or eight-contact struc-
tures, with an electrical readout via anisotropic magnetoresistance
(AMR)""* or spin Hall magnetoresistance (SHMR)."”

A large body of theoretical work has explored driving AF
domain walls using various methods, including spin-currents
induced by a scanning tunneling microscope tip,”' spin waves,”” **
external fields,” " electric field induced anisotropy gradients,” and
temperature gradients.””" Current-induced NSOTs have been pre-
dicted to move AF domain walls with high efficiency and high
velocity,”>”” and a combination of x-ray photoemission electron

microscopy (XPEEM) and electrical measurements has revealed the
deterministic control of 90° domain walls in CuMnAs.** However,
there are few examples of 180° domain wall control in antiferromag-
nets using currents,”® partly because the contribution of 180° AF
domain walls to AMR and SHMR is not well understood, making
electrical detection difficult.

In this paper, we identify 180° domain walls in CuMnAs thin
films and show that they can be controllably moved using electrical
current pulses. CuMnAs is an AF material with the required crys-
tal symmetry to enable field-like NSOT on application of electrical
current.”’

The magnetic domain structure was imaged using XPEEM
combined with x-ray magnetic linear dichroism (XMLD) at the
Mn L3 absorption edge, which shows maximum contrast between
domains with Néel vectors collinear and perpendicular to the x-ray
linear polarization. By rotating the sample with respect to the x-ray
beam, the variation of the AF Néel vector across a 180° domain wall
is determined.

A 10 ym wide by 150 ym long curved channel was fabricated
from a 50 nm thick layer of CuMnAs epitaxially grown on GaP(001).
An optical micrograph of the device is shown in the inset of Fig. 1.
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FIG. 1. XPEEM images were stitched together to form an overview of the 10 um wide channel (optical micrograph inset). Black and white contrast shows antiferromagnetic

domains with spin axis oriented along the [110] and [110] crystal axes, perpendicular and parallel to the x-ray polarization (blue double-headed arrow), respectively. Highlighted
by the red and yellow boxes are regions where current-induced 180° domain wall movements were seen.

The main panel of Fig. 1 shows a large area map of the antiferro-
magnetic domain structure of the channel imaged with the incident
x-ray polarization along the [110] crystal axis. Domains appear black
and white when the Néel vector is perpendicular (along the [110])
and parallel (along the [110]) to the x-ray polarization, respectively.
The colored boxes outline regions of the channel where significant
current-induced movements of 180° domain walls were observed.

The red box in Fig. 1 outlines a region where a 180° domain wall
was controllably moved between three distinct pinning sites using
1 ms wide current pulses. This is shown as a sequence of images in
Fig. 2. Figures 2(a) and 2(b) show images for x-ray polarization along
[110] and along [100], respectively. The 180° domain walls appear as
single-color lines on a background of opposite contrast in Fig. 2(a)
and as adjacent black/white lines in Fig. 2(b). The variation of the
Néel vector across the domain wall and the resulting XMLD-PEEM
contrast are illustrated in Fig. 2(c). From the observed XMLD-PEEM
contrast, we can infer that the film has a biaxial magnetic anisotropy
with easy axes along the [110] and [1 10] axes.

Current pulses of 1 ms width and varying amplitude were
applied in the directions indicated by the yellow arrows in Figs. 2(a)
and 2(b). The initial current pulse of amplitude 15 mA, correspond-
ing to a current density of ~4 x 10'® A/m?, results in a movement
in the position of the domain wall in the center of the image. Sub-
sequent current pulses, applied in the opposite direction, move the

domain wall in the opposite direction, with the domain wall position
determined by the amplitude and polarity of the pulse.

Figure 3 shows the area moved by the 180° domain wall, rela-
tive to the starting position, during a sequence of 16 current pulses
of varying amplitude and polarity. Positive current pulse polarity
corresponds to pulses along the [100] crystal direction, and nega-
tive polarity corresponds to pulses along the [100] direction. The
wall moves between three distinct stable positions depending on
the current pulse applied, with the intermediate state achieved for
positive current pulse amplitudes below j, =28 mA. The domain
wall motion is observed for current pulse amplitudes as low as
j_ =10 mA (»2.5 x 10'® A/m?). Finite element calculations of the
heating induced by the current are presented in the supplementary
material. During a 10 mA 1 ms current pulse, the device tem-
perature increases by less than 10 K, as shown in Fig. S7 of the
supplementary material).

While local heating and magnetoelasticity can induce magnetic
domain modifications in antiferromagnets, such effects are indepen-
dent of the polarity of the electrical current.”” Any thermal gradients
induced by the current pulse are also independent of the polarity.
Instead, the proposed driving mechanism for the polarity-dependent
motion of the 180° domain wall is field-like NSOT. Figure 4 shows
a schematic of 180° AF domain wall configurations under the action
of a current pulse. Due to the crystal symmetry of CuMnAs, the

FIG. 2. XPEEM images of the region highlighted by the red box in Fig. 1 with x-ray polarization (blue double-headed arrows) along the (a) [110] and (b) [100] crystal axes. The
sequence of images shows a 180° domain wall moving depending on the pulse direction (yellow arrows) and current amplitude. c) A schematic of the Néel vector’s (white
double-headed arrows) rotation across the domain wall and how that gives rise to different black/white contrasts for the two x-ray polarization directions.

APL Mater. 11, 091112 (2023); doi: 10.1063/5.0156508
© Author(s) 2023

11, 091112-2

1 1:6€:C1 €202 489010 €0


https://pubs.aip.org/aip/apm

APL Materials ARTICLE

30+
20
104

-10
-20-

Pulse amplitude (mA)

2.0
1.5+
1.0+
0.5+

Area moved (pmz)

0.0~

T T T T T T T T
0 2 4 6 8 10 12 14 16
Pulse number

FIG. 3. Area moved by a 180° domain wall, relative to the starting position, dur-
ing a sequence of sixteen 1 ms current pulses. Depending on the current pulse
amplitude and polarity, the domain wall can be moved between three pinning
sites. Reversing the current pulse polarity causes the domain wall to move in the
opposite direction.
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FIG. 4. Antiferromagnetic 180° domain wall configurations that exhibit movement
and no movement with an applied current pulse, J. The current pulse gener-
ates a staggered effective magnetic field, By, on the magnetic sublattices (blue
and orange dashed arrows), which produces a ponderomotive force, driving the
domain wall in the direction indicated by the green arrow. The direction of domain
wall movement reverses with a change in the current pulse polarity. In the case of
no movement, the current pulse lowers (raises) the domain wall energy, causing it
to expand (contract).

current-induced effective magnetic field B,y is perpendicular to the
current direction and alternates sign between the two magnetic
sublattices.”””*® The field-like NSOT is T ~ M x B, where M is
the sublattice magnetization vector. A ponderomotive force, as a
result of the field-like NSOT, drives the domain wall toward the
energetically less favorable domain.” If the current pulse is paral-
lel/antiparallel to the sublattice magnetization within the domains,
no domain wall motion occurs. The current density threshold at
which domain wall motion occurs is determined by local strains
at the three pinning sites. As presented in Figs. S2 and S5 of the
supplementary material, the current density, constrained by the
device geometry, in the region of the domain wall movement is

pubs.aip.org/aip/apm

non-uniform. The region in which the domain wall movement is
observed experiences the largest current density and, hence, the
largest field-like NSOT. The lack of movement in other regions of
the device (such as the domain wall on the left-hand side of the
images in Fig. 2) is, therefore, attributed to the lower current den-
sity due to the device geometry, as well as potentially a distribution
of domain wall pinning energies.

The exchange interaction between the AF sublattices is much
larger than the current-induced NSOT force. This leads to stiff AF
domain walls with low effective mass and no Walker breakdown.
The upper limit of AF domain wall velocities is determined by
the magnon velocity, which is orders of magnitude higher than in
FMs.””>"* The results presented demonstrate the ability to control
180° domain walls in an AF via current-induced NSOTs. The direc-
tion of movement is determined by the polarity of the applied pulse,
and domain walls can be moved between multiple pinning sites
depending on the current pulse amplitude. This extends the poten-
tial uses of AF materials for low power spintronic devices, allowing
for the exploration of AF domain wall velocities, the effects of local
defects and strain on depinning energy, and new, high density logic
architectures, such as domain wall racetrack.”” !

The supplementary material contains finite element calcula-
tions of current density and temperature distribution in the device
during pulses.
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