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Relativistic domain-wall dynamics in van der Waals

antiferromagnet MnPS;

Ignacio M. Alliati', Richard F. L. Evans(®?, Kostya S. Novoselov (3* and Elton J. G. Santos

4,54

The discovery of two-dimensional (2D) magnetic van der Waals (vdW) materials has flourished an endeavor for fundamental
problems as well as potential applications in computing, sensing and storage technologies. Of particular interest are
antiferromagnets, which due to their intrinsic exchange coupling show several advantages in relation to ferromagnets such as
robustness against external magnetic perturbations. Here we show that, despite of this cornerstone, the magnetic domains of
recently discovered 2D vdW MnPS; antiferromagnet can be controlled via magnetic fields and electric currents. We achieve
ultrafast domain-wall dynamics with velocities up to ~3000 m s~ ' within a relativistic kinematic. Lorentz contraction and emission
of spin-waves in the terahertz gap are observed with dependence on the edge termination of the layers. Our results indicate that
the implementation of 2D antiferromagnets in real applications can be further controlled through edge engineering which sets
functional characteristics for ultrathin device platforms with relativistic features.
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INTRODUCTION

The emergence of magnetism in 2D vdW materials has opened
exciting avenues in the exploration of spin-based applications at
the ultimate level of few-atom-thick layers. Remarkable properties
including giant tunneling magnetoresistance'= and layer stacking
dependent magnetic phase*> have recently been demonstrated.
Even though these studies show that rich physical phenomena
can be observed in 2D ferromagnets®~°, the dynamics of domain
walls which determine whether such compounds can be
effectively implemented in real-life device platforms remains
elusive. Very few reports have shed some light on the intriguing
behavior of magnetic domains'®'" and their walls'? in ferromag-
netic layered materials. The scenario is even less clear for 2D
antiferromagnets where the antiferromagnetic exchange coupling
between spins adds a level of complexity in terms of the
manipulation of the magnetic moments by conventional techni-
ques as zero net magnetization is obtained'®. Indeed, recent
measurements using tunneling magnetoresistance, a common
approach for ferromagnetic materials, unveiled that antiferromag-
netic correlations persist down to the level of individual
monolayers of MnPS;'%. This result suggests that yet unexplored
ingredients at low-dimensionality play an important role in the
detection and manipulation of the antiferromagnetic order in 2D
vdW compounds. Moreover, how domain walls in MnPS; behave
and can be controlled externally in functional devices for practical
applications are still open questions.

By using correlated first-principles methods, including Hubbard
U corrections, large scale Monte Carlo and Landau-Lifshitz—Gilbert
equation techniques, we report that electrical currents and,
unexpectedly, magnetic fields can move domain walls in
monolayer MnPS; at low-temperatures achieving fast velocities
within the km s~ limit. While bulk antiferromagnetic compounds
are insensitive to magnetic fields, the interplay between low-
dimensionality and edge-type offers control over domain wall

dynamics via an initially unthinkable external parameter. In
configurations where the layer terminates with either a zigzag
array of Mn atoms or dangling bonds, the domain walls are
controllable via both currents and magnetic fields at a broad
range of magnitudes. For configurations where the edge atoms
assume an armchair configuration, the domain wall appears
pinned and no motion is observed irrespective of the field
intensity or current density applied. Our results indicate a rich
variety of possibilities depending on the edge roughness and
introduce the layer termination as one of the determinant factors
for integration of 2D antiferromagnets in domain-wall-based
applications.

RESULTS

Spin dynamics on monolayer MnPS;

We firstly investigate how magnetic domains are formed in
monolayer MnPS; through simulating the zero-field-cooling
process for a large square flake of 0.3 um X 0.3 um using atomistic
spin dynamics which incorporate micro-scale (several A’s) and
macro-scale (um-level) underlying details (see full set of details in
Supplementary Notes 1-6). The system is thermally equilibrated
above the Curie temperature at 80 K and then linearly cooled to 0
K in a simulated time of 40 ns as shown in Fig. 1 and
Supplementary Movies S1 and S2. The time evolution of the
easy-axis component of the magnetization S, is used to display
the nucleation of the magnetic domains at different temperatures
and magnetic fields. While domain walls appeared at zero field
with a large extension over the simulation area (Fig. 1a—e), an
external field can flush out any domains resulting in a
homogeneous magnetization after 2 ns (Fig. 1f-j). We also
observed that some simulations at zero field ended up in the
formation of a monodomain throughout the surface. This suggests
that antiferromagnetic domains may not be intrinsically stable in
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20 K §2.00 ns

Magnetic domain evolution of a 2D antiferromagnet. Snapshots of the dynamic spin configuration of monolayer MnPS; during field-

cooling at different temperatures (K), time steps (ns) and different magnetic fields: a-e 0 T and f-j 0.2 T. The out-of-plane component of the
magnetization S, is used to follow the evolution in a 0.3 pm x 0.3 pm square flake. Labels on temperatures and time are the same for both
magnitudes of the field at the same column. Color scale in e shows the variation of S,. To provide a better visualization of the domains we
inverted the color scheme for the two sublattices. That is, spin up (spin down) corresponds to red (blue) for one of the sublattices, and blue
(red) for the other. This convention results in a single color for a given domain. See Supplementary Note 8 for further details.

MnPS; similarly as in ferromagnetic layered materials, e.g., Crls'%
The metastability of the domains prevents the wall profiles from
reaching a truly ground-state configuration as they initially appear
winded at 0 K (Fig. 1d). Undertaking the rendering of the domain
wall at different time frames (Supplementary Fig. 10), we noticed
that several nodes of a few lattice sites in diameter are created but
incidentally evolved to an unwound state (Fig. 1e). A close look
reveals a continuous rotation of the spins over the extension of
the wall pushing the nodes out of the domain wall profile
(Supplementary Movie S3). Such repulsive interactions between
nodes can extend as long as ~95 nm along the wall which is more
that two order of magnitudes larger than the thickness (0.8 nm'®)
of the monolayer MnPS;. At longer times, the domain wall reaches
stability and does not show any sudden variations on the spin
configurations.

To determine whether the interplay between metastability and
the high magnetic anisotropy of MnPS; could give additional
features to the domain walls, we analyze the local behavior of the
spins in the domain wall (Fig. 2). We notice that as the spins rotate
from one magnetic domain to another they tend to align with the
zig-zag crystallographic direction displaying an angle of ¢ =
64.02° (Fig. 2a, b). The magnitude of ¢ slightly depends on the
starting conditions of the simulations having not effect on the
domain wall dynamics. The chirality does not systematically vary
with magnetic field or temperature, although elevated tempera-
tures lead to more magnetization fluctuations that can increase
the appearance of different chiralities. Moreover, 2D magnetic
materials seem to exhibit polychiral domain walls of Néel, Bloch
and hybrid character as previously demonstrated'?.

The projections of the total magnetization at the wall over the
out-of-plane (S,) and in-plane (S,, S,) components show sizeable
magnitudes of S, and S, as the spins transition from one domain
to another despite the easy-axis anisotropy along of S, (Fig. 2¢, d).
This indicates a domain wall of hybrid characteristics rather than
one of Bloch and Néel type (Fig. 2e, f). We can extract the domain
wall width o,,, by fitting the different components of the
magnetization (S, Sy, S,) to standard equations'® of the form:

s — 1
7 cosh(n(j —jo)/0;)’

S; = tanh(11(z — z) /0;) V)

with j=x,y ()
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where j, and z, are the domain wall positions at in-plane and out-
of-plane coordinates, respectively. The domain wall widths are
within the range of oy, = 3.40-3.50 nm. Such small widths are
commonly observed in permanent magnetic materials'® due to
their exceptionally high magnetic anisotropy such as Nd,Fe 4B
(3.9 nm), SmCos (2.6 nm), CoPt (4.5 nm) and Mn overlayers on Fe
(001) (455nm)". In these systems, magnetic domains are
energetically stable after zero-field cooling due to long-range
dipole interactions which were also checked in our study resulting
in no modifications of the results. Therefore, MnPS;z reunites
characteristics from soft-magnets (large area uniform magnetiza-
tion) and hard-magnets (large magnetic anisotropy, narrow
domain walls) within the same material.

Current-driven domain wall dynamics

An outstanding question raised by these hybrid features is
whether the domain walls can be manipulated by external
excitations such as electrical currents or magnetic fields. It is well
known that antiferromagnets are insensitive to magnetic fields
but are rather controllable through currents particularly in high-
anisotropy materials'>'®, However, the low dimensionality
together with the underlying symmetry of the honeycomb
structure may lead to features on the dynamics of domain walls
not yet observed in bulk antiferromagnets. To investigate this we
simulate the spin-transfer torque (STT) induced by spin-polarized
currents and the effect of magnetic fields on a large nano-flake of
monolayer MnPS; of dimensions of 300 nm x 50 nm (see Supple-
mentary Note 9 for details). This setup is similar as those used in
magnetic wires used in racetrack platforms'®2°, which allows its
rapid implementation on ongoing investigations. Other mechan-
isms, such as spin-Hall effect (SHE) induced spin-orbit torque (SOT)
were not considered. Since the domain wall motion is mainly
driven by STT as the local magnetization textures cause a direct
change of angular momentum of the incoming spin-polarized
current inducing the magnetization to move. For completeness,
we include adiabatic and non-adiabatic contributions to the STT
(Supplementary Note 9). The domain wall is initially stabilized
from one-atom-thick wall which broadens and develops a profile
during the thermalization over a simulation time of 0.5 ns. The
finite width of the nanowire assists in the formation of the domain
walls. The system is then allowed to evolve for longer times (~2 ns)

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences
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Fig. 2 Hybrid domain wall formation and spin rotation. a, b Local and global view, respectively, of a snapshot of one of the spin
configurations in a 300 nm X 50 nm ribbon of MnPSs. The small rectangle in b corresponds to area studied in a. The out-of-plane component
of the magnetization S,(color map) is utilized to monitor the formation of the domain wall. Spins rotated across the wall in pairs forming an
angle ¢ with the zig-zag crystallographic direction of the honeycomb lattice of 64.02°. The system is at zero magnetic field and 0 K. ¢, d Profile
of the magnetization along the domain wall projected along S, and the in-plane (S,, S,) components, respectively. Fitting curves are obtained
using Egs. (1) and (2). We computed domain wall widths 0, = 3.41 nm (£0.03) and o,, y = 3.50 nm (+0.06). e, f Top and side views, respectively,
of the rotation of the magnetization along the domain wall. Both S, and S, show variations along the wall altogether with S, which indicate a
hybrid character of the domain wall, i.e., neither Bloch nor N& eel. Colors follow the scale bar in b.

to ensure that no changes are observed in the system close to the
end of the dynamics.

Surprisingly, both electric currents and magnetic fields are able
to induce the motion of domain walls in the antiferromagnetic
MnPS; resulting in a broad range of velocities (Figs. 3 and 4). For
current-induced domain wall motion, wall velocities up to v=
3000 m s~ are seen at a maximum current density of j = 80 x 10°
A cm~2 (Fig. 3a, b). At such large values of j, we observe primarily
two regimes that are characterized by different dependences of v
with j. For j<30x10°A cm~2 (Fig. 3a) a linear dependence is
noticed which can be described by a one-dimensional model
(Supplementary Note 10) as:

v=_C4 @)

where C, = %OSH, with u, the Bohr magneton, o the domain
wall width, 6sy the spin Hall angle, a the Gilbert damping
parameter, e the electron charge, m; the modulus of the
magnetization per lattice, and t, the layer thickness. Eq. (3) is
consistent with adiabatic spin-transfer mechanisms in thin
antiferromagnets'>'82" where the conduction electrons from
the current transfer angular momentum to the spins of the wall
which keeps its coherence through a steady motion (Fig. 4a, b and
Supplementary Movie S4). The value of C,=67.11 x 10" *m3C!
extracted from our simulation data helps to find other parameters
not easily accessible in experiments or from theory, e.g., Osy. The
magnitude of sy determines the conversion efficiency between
charge and spin currents, and it is the figure of merit of any
spintronic application. Using the definition of C. (Supplementary
Note 10), we can estimate 6s(%) = 0.010 which is comparable to
standard heterostructures and metallic interfaces?? but at a much
thinner limit. This suggests MnPS; as a potential layered
compound for power-efficient device platforms. For j =40 x 10°
A cm~2 the wall velocities tend to saturate to a maximum
magnitude near 3000m s~ (Fig. 3a) with a deviation from the
linear dependence observed previously (Eg. (3)). This intriguing
behavior can be understood in terms of the relativistic kinematics
of antiferromagnets'>?3, As the wall velocities approach the
maximum group velocities (vg1, vg2), which sets the maximum
speed for spin interactions into the system, relativistic effects in
terms of the Lorentz invariance become more predominant. This is

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

due to the finite inertial mass of the antiferromagnetic domain
wall which can be decomposed into spin-waves represented
through relativistic wave equations®'?32%, We can extend this idea
further in a 2D vdW antiferromagnet by examining the variations
of several quantities via special relativity concepts. For instance,
the variation of the wall velocities versus current densities can be
well analyzed using:

v =Cgy/1— (v/vg)® 4

where v, is the maximum spin-wave group velocity at one of the
branches of the magnon dispersion which corresponds to the
speed of light in the system?'2* (Supplementary Note 12). Eq. (4)
includes quasi-relativistic corrections?'2* to the linear dependence
recorded at low values of the density (Eq. (3)) and can be solved
self-consistently in v for each magnitude of j. Strikingly, Eq. (4)
provides an accurate description of the wall velocity not only at
low magnitudes of the density, where relativistic effects are rather
small, but also for j=40x 10° A cm—2. At such limit, the domain
wall width o and the domain wall mass Mpy shrinks and increases,
respectively, exhibiting effects similar to the Lorentz contraction
(Fig. 3c, d). These phenomena can be reasoned by (see
Supplementary Note 10 for details):

0 =0o\/1— (v/vg) (5)

2pwt, T

Oor/1 — (V/vg2)? (6)

where g, is domain wall width at rest (~3.41 nm), which keeps its
magnitude at the low-velocity regime, p :11—2 (with Jiyn the
INNY
exchange parameter for the first nearest-neighbors and y the
gyromagnetic ratio), w is the width of the stripe of the material,
and t, is the layer thickness. The importance of Egs. (5) and (6)
resides on the additional features provided on the internal domain
wall structure as well their complementary aspect on the
relativistic effects. There is a sound agreement between the
simulation data (Fig. 3¢, d) and Egs. (5)-(6) over a wide range of
velocities with minor deviations occurring above 2500 m s~' due
to non-linear spin excitations. It is worth mentioning that at such

Mpw =
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Fig.3 Relativistic effects on domain wall motion. a Simulated domain wall velocity v (m s~") versus current density j (10° A cm~?) (triangles)
considering two fits to the data. In the low-velocity regime, Eq. (3) is used to describe the linear dependence (black curve). In the relativistic
regime, Eq. (4) provides an accurate description over the entire range of densities. Maximum group velocities vy, and v,, are shown for
comparison via horizontal dashed lines in the colored region. b Variation of the out-of-plane component of the magnetization S, across the
domain wall with a current density of 2 x 10° A cm~2 at t = 0.0, 0.25, 0.5 ns. The calculated points are fitted to Eq. (2) shown with the solid line.
The variation in position of the center of the domain wall as a function of time is used to extract the wall velocity which is an average over all
atoms at the domain wall. ¢, d Current-driven domain wall width o (hm) and domain wall mass Mpyy, respectively, versus v. Fits to Egs. (5) and
(6) are included for comparison. e, f In-plane components of the magnetization S, (a.u.) versus time (ps), respectively, for j=2x10° A cm~2
Frequencies within the range of 0.79—-0.81 THz can be extracted from S, , shown via the solid curves in a full circle. g, Domain wall velocity
versus magnetic field applied perpendicular to the surface. The dashed line is given by y = 86.28x with linear regression coefficient R? =
0.9996. The critical field for spin-flop transition BS;, 4., is highlighted. h Similar as b but at an applied field of 2.0 T. The initial condition shows
that the spin directions of all atoms at the same x (and any y) appear superimposed on top of each other, revealing a highly ordered system.
As the wall motion starts, atoms at the same x but different y no longer have the same spin direction, leading to a continuous distribution
of spins.

large wall velocities, spin waves or magnons are emitted
throughout the layer with frequencies in the terahertz regime
(Fig. 3e, f). These excitations can be found in the wake of the wall
forming simultaneously in front and behind the wall motion (see
Supplementary Movie S5). Analyzing the variations of S, over time
at different j (Supplementary Fig. 12), we noticed that high
currents generated precession of the spins around the easy-axis
with their high in-plane projections (S,, S,) being transmitted
through spin-waves into the system (Fig. 3e, f). This is critical at
large values of j where the variation of the position of the domain
wall with time results in two velocities before and after the
magnons start being excited (Supplementary Fig. 12). This
behavior is particularly turbulent at longer times as the wall
profile can not be defined any more with the appearance of
several vortex, antivortex and spin textures at both edges of the
layer and inside the flake (Supplementary Movie S6).

Spin excitation and magnon propagation

To have a thorough understanding of the characteristics of spin
excitations on the domain wall dynamics in MnPS;, we have
developed an analytical model using linear spin-wave theory?>2°

that accounts on the magnon dispersion (k) and their group
_ (k)

velocities v4(k) = <52 over the entire Brillouin zone. Supplemen-
tary Note 12 provides a full description of the details involved. The
maximum spin-wave group velocities (v41, Vg) that MnPS; can
sustain at different magnon branches (Supplementary Fig. 13) are
in the range from v, =2323m 57" to v, =3421m s~ (Fig. 3a).
These magnitudes correspond to the highest velocities at which
spin excitations can propagate into the system accordingly to the
amount of energy (Supplementary Fig. 13a) transferred through
current or field. Moreover, v4; and v, correspond to spin waves
propagating in opposite direction in the wake of the domain wall

npj Computational Materials (2022) 3 Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences
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Fig.4 Field- and current-induced domain wall dynamics in a 2D antiferromagnet. a Snapshot of the initial domain wall configuration (j=0,
B = 0) used for both current and field after initial equilibration. The initial time is set to t = 0 ns on the wall dynamics. A 300 nm x 50 nm flake is
considered in all simulations. b, ¢ Snapshots of the domain wall dynamics in MnPS; induced by different electrical currents (2 x 108-5x 10™° A
cm~2) and magnetic fields (2 T and 4 T), respectively. The dynamics is shown at the same time evolution of 0.5 ns. Turbulent states are
observed for large current densities where domain walls are non-existent. d Close look of the snapshot of the field-induced domain wall
motion at B=4.0T in c. The presence of different edges (zigzag and dangling-bond) terminating the layer along y induces a bending of the
wall profile under the field and consequently a slight asymmetry in the displacement of the wall. Only Mn atoms in the honeycomb lattice

are shown.

as they follow the symmetry of the magnon dispersion over the
Brillouin zone (Supplementary Fig. 13b, c). It is worth mentioning
that recent mechanisms in terms of magnon pair emission?’
cannot be rule out given the pure relativistic origin of the magnon
generation, combination and annihilation. Indeed, there is a good
agreement with the numerically calculated wall-velocities where
the spin-waves start being emitted into the sheet (~2248m s ),
and the wall saturates to its maximum speed (~2970 m s ). The
slightly lower values obtained in the simulations relative to v4; and
Vg2 are due to the effect of damping on the propagation of
domain walls due to the emission of spin-waves. A similar feature
has been observed in the past in 3D ferromagnetic?®*?° and
antiferromagnetic?’® compounds but the emergence of such
phenomena in a 2D vdW antiferromagnet is unforeseen.
Additionally, we can estimate a maximum wave frequency (fnax
= nhe/2m) corresponding to v, of about 4.03 THz. This value
surpasses those measured in the state-of-the-art antiferromag-
netic materials such as in MnO3', Ni03233, DyFeO334, HoFeQ53*
and heterostructures combining MnF, and platinum3® by several
times. This implies that antiferromagnetic domain walls in MnPS3
can be used as a terahertz source of electric signal at the ultimate
limit of a few atoms thick layer.

Field-driven domain wall dynamics

Remarkably, the application of a magnetic field results in a very
counter-intuitive behavior as the domain wall moves with
velocities as high as ~1500m s~ (Fig. 3g, h and Supplementary
Note 13 for additional discussions). We can fit most of the field-
induced domain wall dynamics for B<20 T with:

v =286.28B (7)

with a linear regression coefficient of R?> =0.9996. The motion is
steady, keeping the wall shape throughout the motion. We
observe however that both the domain wall width and the
domain wall mass change their magnitudes in opposite trend as
that observed in the current-driven domain wall dynamics
(Supplementary Fig. 15). We attribute this difference to the
distinct operation of the external stimulus on the domain wall. In
the current-driven case, the action is tightly focused at the center

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

of the wall, where the angular change in neighboring spins is the
largest. For large currents the wall is not able to fully relax its spin
profile leading to a contraction in the wall width as observed in
the atomistic simulations. From a more theoretical standpoint,
however, the domain-wall contraction is a relativistic effect due to
the invariance of the antiferromagnetic Lagrangian®'?*?’, Both
views are complementary and provide a thorough explanation of
the high-speed phenomena observed on MnPSs.

In contrast, the magnetic field acts across the whole wall and
tends to strengthen the spin flop (SF) state, which in turn leads to
an increase in the domain wall width with increasing field strength
(Supplementary Fig. 15a). This effect compensates any relativistic
effects that might be present during the field-driven domain wall
(Supplementary Fig. 15b). Wider domain walls naturally have
lower mass as they are easier to move until SF states are achieved
for fields above 22 T. In addition, some curvature is formed as the
wall moves with its starting points from the terminations of the
sheet parallel to the wall movement (Fig. 4c and Supplementary
Movie 7). The spins around one edge move in advance relative to
those at the middle of the system and at the opposite edge
creating a curved wall during the motion (see detailed features in
Supplementary Movie 8). The domain wall width however suffers
negligible modification within this profile (~0.4%) once the
curvature is generated. Such deviation from the planar wall shape
has been reported in hetero-interfaces formed by NiFe/FeMn
bilayers®” but not yet in a monolayer of a 2D vdW antiferro-
magnet. This indicates a direct relation between domain-wall
motion and the material geometry via edge roughness similarly as
in magnetic wires®. A close look unveils that the type of edge
plays a pivotal role in the domain wall dynamics induced by both
magnetic fields and electric currents. Sheets terminated with edge
atoms in zig-zag (ZZ) and dangling-bond (DB) configurations (Fig.
4d) in any combination (e.g., ZZ-ZZ, ZZ-DB, DB-DB) can have their
domain walls manipulated by currents. Nevertheless, only domain
wall in layers with dissimilar edges (e.g., ZZ-DB) can be controlled
by magnetic fields. Borders formed by atoms in the armchair
(ARM) configuration remain inert irrespective of the stimulus
applied (Supplementary Fig. 16). An overall summary is shown in
Table 1 with all considered possibilities for edges and driving

npj Computational Materials (2022) 3
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forces. Intriguingly, ARM edges under applied currents show a
short displacement of the domain wall at earlier stages of the
dynamics (~0.07 ns) but rapidly stabilizes to a constant position at
longer times. As the current flows through the wall, the spins feel
the torque induced by the spin-polarized electrons but rather than
reorient the spins to follow the current direction, the spins at the
wall precess around the easy-axis with no motion of the domain-
wall. This mechanism is shown in details in Supplementary Movies
S9 and S10. The ARM edge in this case works as an effective
pinning barrier for domain-wall propagation. We also noticed that
there is no spin-wave emission as the domain is pined at the
edges. The fluctuations of the S, and S, projections outside the
wall are negligible in magnitude (~107'° a.u.) which are more
numerical than physical. Moreover, these negligible oscillations
were random and not collective (not coordinated among different
atoms). Only when the DW moves throughout the system, the
emission of spin waves occurred as showed before.

Edge-mediated domain wall dynamics under magnetic fields
The control of the domain-wall motion in an antiferromagnetic
material via magnetic fields creates a playground in the
investigation of the role of edges on 2D magnetic materials. The
fundamental ingredient that enables such phenomena is based on
the underlying magnetic sublattices (e.g., A or B) composing the
honeycomb structure (Fig. 5a—c). Despite the border considered,
for edge atoms residing at different sublattices the magnetic field
induces a torque at each sublattice that mutually compensates
each other generating no net displacement of the domain-wall
(Supplementary Movie S11). For edge atoms at the same
sublattice the effect is additive inducing the translation of the
wall. Indeed, we can further confirm this mechanism analyzing the
spin interactions present in the system on a basis of a generalized

Table 1. Summary of the possible combinations of edges (zigzag (2Z),
armchair (ARM) and dangling bond (DB)) terminating a monolayer
MnPS; that may induce (Y) or not (N) the domain wall motion under
current (spin-transfer torque (STT)) or magnetic field.

7Z-7Z ZZ-DB DB-DB ARM-ARM
STT motion Y Y Y N
Field-driven motion N Y N N
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XXZ Heisenberg Hamiltonian in the form of:
Ho==UiSi S =D NS DY () —u Y Si-B (g
(i) (i) i i

where J;; is the bilinear exchange interactions between spins §;
and §; at sites i and j, A; is the anisotropic exchange, D is the on-
site magnetic anisotropy and B; is the external magnetic field
applied along the easy-axis (e.g., B,). We only include bilinear
exchange terms in Eq. (8) since biquadratic exchange interactions
are negligible in MnPS33°. We considered pair-wise interactions in

i,j> up to the third nearest neighbors (3NN) (Supplementary
Table 1). All parameters are calculated using strongly correlated
density functional theory based on Hubbard-U methods. Supple-
mentary Notes 1-4 convey the full details of the approaches
employed. Eq. (8) is then applied to calculate the spin interactions
into the system taking into account any angular variations 9 of
the spins induced by the field. We determine the stability of the
system before and after the application of B, distinguishing the
atoms away from the domain wall from those at the wall (Fig. 6a).
Such procedure is instrumental to unveil the influence of the
edges on the energetics of the domain-wall dynamics as the
atoms at these two spatial regions may respond differently to a
magnetic perturbation. In fact, we found that spins that are
distanced from the domain-wall (i.e., spin-up for 6 =0, and spin-
down for 8 =180°) do not suffer any angular variation with B, as
the layer reached an additional ground-state. Nevertheless, for
spins at the domain-wall the ground-state under a finite field (B, #
0) is obtained at a value of 8 different to that at B, =0 (Fig. 6b, c).
This indicates that the wall spins tend to rotate under magnetic
fields and the effect is particularly strong for atoms at the edges.
The variations in energy —AE show that when the two edges are
similar (Fig. 6b) two different sublattices will be localized at the
borders which will respond likewise generating similar variation of
energies. As the atoms at the edges are more uncoordinated
relative to those in the bulk of the system, they gain more energy
from aligning with B, which allows the spins to rotate more freely
but in opposite direction compensating any displacement of the
domain-wall. The scenario is completely different when the atoms
at the edges belong to the same sublattice such as in a ZZ-DB
layer (Fig. 6¢). In this case, —AE has a larger variation at the DB
edge due to the lesser coordination with neighboring atoms and
consequently less exchange energy. This results in a more prompt
rotation of the spins at the DB edge than that at the ZZ edge
dragging the wall slightly ahead with the field (Supplementary
Movie S8). Even though our analysis has been applied for MnPS; it
should be universal for any antiferromagnetic layered material
with a honeycomb lattice.

DB edge

Fig. 5 Edge-induced domain wall dynamics in a 2D antiferromagnet under magnetic fields. a Schematic of the intended wall motion
taking place in opposite directions at different sublattices (i.e., A or B) under an external field B,. Only atoms at one sublattice (green or violet)
are shown around each edge to facilitate the view. The rotation of the spins over time at sublattices A (green) and B (violet) are represented
with the arrows changing systematically in the background. Only Mn atoms are shown. b, ¢ Monolayer MnPS; terminated with both edges in
zig-zag (ZZ) configuration, and with a combination of ZZ and dangling-bond (DB) arrangements, respectively. The domain wall is shown at the

faint atoms in the middle of the layer.
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Fig. 6 Sublattice energetics. a Diagram of the energy versus the angle 6 defined relative to the z-axis. Away from the domain wall, 6 can be
either 0° or 180° depending on what sublattice is considered. At the wall, 6 can range within 0-180° for one sublattice, and 180-0° for the
other. B, points along of z< 0. Spins at the wall (0° < 8 < 180°, which excludes fully spin-up and spin-down states) react differently than those
away from the wall (i.e., 6 =0 for spin-up or theta = 180° for spin down) to an external magnetic field. Only for those at the wall, a finite B,
changes the energetic stability of the system inducing a rotation of the spins as the magnitude of 6 changes to an additional energy minimum
(e.9., 65,—0%0g,20). AE shows the energy gained through a rotation to the additional minimum once the field is applied. For the spins away
from the wall, B, causes a rigid shift of the energy curve while preserving its shape. This results in no change in the value of 6 for the minimum
energy, and thus, no rotation induced locally by the magnetic field. The energy is calculated via Eq. (8). b, ¢ Plots of —AE for few atoms at
different regions of the layer such as at the edges, near the edges and middle of the sheet for systems with ZZ-ZZ and ZZ-DB edges,
respectively. The different sublattices (A and B) are shown individually in different colored curves. We plot —AE instead of AE to better display
the variations of energy at different parts of the system. The inset in f shows a side view of the layer with the dimensions considered in

the model.

DISCUSSION

One of the implications for having uncompensated spins at the
edges selectively controlling domain-wall motion in 2D vdW
antiferromagnets is that depending how the layer is oriented in a
device-platform we can have many possibilities to induce domain
wall dynamics. By engineering the type of edges in MnPSz we can
either induce a fast domain-wall dynamics through both current
and magnetic fields, or no motion whatsoever via geometrical
constrictions. Our findings also indicate that 2D layered antiferro-
magnets would not be invisible to common magnetic probes.
Indeed, the recent experimental demonstration of field-
dependent tunneling magneto resistance observed in MnPS;'*
is a substantial evidence that a net magnetization is present into
the system, which following our findings is due to edges. Such
characteristic could be critical to generate localized magnetic
moments that would allow further control of magnetic processes
involving interfaces and heterostructures. In this case the
antiferromagnetic layer can play a more active role in magnetic
structures rather than induce exchange bias in an adjacent
ferromagnetic layer'3. We foreseen that compounds that would
have edges with similar sub-lattices would develop a response to
a magnetic field despite their atomic composition.

On the experimental realization of our theoretical results,
several approaches may be borrowed from those already
established and successfully applied to control and characterize
edges in other 2D materials, such as in graphene***' and
transition metal dichalcogenides*>*3. The recent demonstration
of etching process along certain crystallographic axes allows to
obtain atomically sharp edges and exclusively of one type*?. This
opens the prospects of developments of such method in 2D vdW
magnets taking into account the stability, degradation and the
magnetic properties of the systems. For practical implementa-
tions, metallic substrates (e.g., Pt, Ta, W) can be used to induce
spin-transfer torque on MnPS; as recently demonstrated for
insulating oxide layers*’. Indeed, the range of domain-wall
velocities predicted in our simulations at low densities (e.g.,
~100m s~ ' at ~108 A cm~2) and fields of <0.8 T can be achieved
at similar setup®® (Supplementary Fig. 18). Such speeds are
sufficient to operate domain-wall technologies (e.g., racetracks) at
clock rates competitive with existing materials in similar current
densities, i.e, permalloy nanowires'®?°, The field-driven domain
wall velocities calculated are also at the same magnitude as those
found in magnetic semiconducting thin films, e.g., (Ga,Mn)(As,P)
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(4-24m s7' within 25-125 mT)**® and TbFe (~4.72m s~ ' at
382 mT) films*°. The insulating character of MnPS; may also not be
considered as an disadvantage relative to metallic thin films where
low heating dissipation and low power consumption can be
explored as recently demonstrated for magnetic insulators**4”, In
addition, the low domain wall mass within 0.55-0.75 x 10~2¢ kg
and the narrow domain wall width in 3.4-2.5 nm suggest fast logic
on memory devices. The former is at least 4 order of magnitude
smaller than those observed on standard magnetic compounds
with much larger width*®, This indicates that massless domain
walls may be achieved on 2D magnets where transient effects
induced by current pulses can be negligible*. This calls for further
investigations using the methods developed in our study on
different families of 2D vdW magnetic materials. With the rapid
integration of magnetic layered materials into device-related
applications and the discovery of more compounds with similar
characteristics, our predictions set a horizon of possibilities on the
investigations of domain wall-mediated 2D antiferromagnetic
spintronics.

METHODS

Hubbard-corrected ab initio simulations

Ab-initio calculations were performed using Density Functional Theory
(DFT) as implemented in the VASP package®®°'. Within the generalized
gradient approximation (GGA), the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional was used. No van der Waals interactions
were taken into account given that the system of interest is a monolayer. A
Hubbard U correction was included through the Dudarev formulation®2.
The exchange parameter J was fixed as J= 0.9 eV while the U energy was
calculated through the linear response method resulting in a magnitude of
U=2.58 eV>3-5, These values of J and U were used in all calculations.
Additional details on the DFT calculations, parametrization of the
spin Hamiltonian used in the simulations are included in Supplementary
Notes 1-4.

Large scale spin dynamics

Macromagnetic quantities such as magnetization, susceptibility or Néel
temperature were calculated by atomistic methods previously implemen-
ted as described in refs. '3 A 50 nm x 50 nm square flake (15580 sites in
total) with periodic boundary conditions was utilized for these simulations.
Additional details are included in Supplementary Notes 5 and 6.
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