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Revealing ultrafast domain wall motion in Mn,Au through permalloy capping
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Antiferromagnets offer much faster dynamics compared to their ferromagnetic counterparts but their order
parameter is extremely difficult to detect and control. So far, controlling the Néel order parameter electrically
is limited to only very few materials where Néel spin-orbit torques are allowed by symmetry. In this work, we
show that coupling a thin ferromagnet (permalloy) layer on top of an antiferromagnet (Mn,Au) solves a major
roadblock—the controlled reading, writing, and manipulation of antiferromagnetic domains. We confirm by
atomistic spin dynamics simulations that the domain wall patterns in the Mn, Au are imprinted on the permalloy,
therefore allowing for indirect imaging of the Néel order parameter. Our simulations show that the coupled
domain wall structures in Mn, Au-Py bilayers can be manipulated by either acting on the Néel order parameter
via Néel spin-orbit torques or by acting on the magnetization (the ferromagnetic order parameter) via magnetic
fields. In both cases, we predict ultrahigh domain wall speeds on the order of 8.5 km/s. Thus, employing a
thin ferromagnetic layer has the potential to easily control the Néel order parameter in antiferromagnets even
where Néel spin-orbit torques are forbidden by symmetry. The controlled manipulation of the antiferromagnetic
order parameter provides a promising basis for the development of high-density storage and efficient computing

technologies working in the THz regime.

DOLI: 10.1103/PhysRevB.109.224431

I. INTRODUCTION

Spintronics has revolutionized data storage technology
with spin current-based technologies such as hard disk drives.
However, these devices are reaching the limit of possible
technological advances in speed and size due to the intrin-
sic limits of ferromagnetic (FM) materials. In these devices,
antiferromagnetic (AFM) materials are typically only used to
provide a preferred direction of magnetization for the active
FM components. Using AFMs instead of FMs as the active
component could solve this problem due to their ultrafast
dynamics, lack of external magnetic fields, and tempera-
ture stability of the Néel ordered state [1-7]. This brings
massive advancements toward ultrafast and ultra-high-density
spintronics.

One of the most promising materials for AFM spintronic-
based devices is MnyAu due to its high Néel temperature,
moderate anisotropy, and layered two-sublattice spin struc-
ture. It has been predicted that in certain AFMs, current-
induced spin-orbit-torques (SOTs) can switch the sublattice
magnetic orientation [1,2]. Recently these so-called Néel
SOTs have been demonstrated experimentally for CuMnAs
[8-11] and Mn,Au [12-14], and materials with similar AFM
ordering [15-18]. However, detecting the AFM magnetic
signal is far more difficult due to the absence of a net mag-
netization.

Recently, a strong exchange coupling between Mn;Au
and thin layers of permalloy (NiggFeyp) has been observed
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[19,20]. As a consequence, the FM domain structure exactly
maps the AFM domain structure [4,19]. Notably, the coercive
field of Mn,Au-Py is an order of magnitude higher (5000 Oe
[19]) compared to other materials such as CuMnAs (~200 Oe
[21]). High coercive fields lead to long-term stability at room
temperature.

Due to the strong coupling, it is anticipated, that the AFM
Néel vector and the FM magnetization rotate coherently when
an external field is applied to the FM. While experimentally
the ultrafast dynamics (x THz) and current induced Néel
SOT switching have yet to be demonstrated in Mn, Au-Py, this
report aims to showcase the promising prospects of Mn,Au-
Py bilayers. Atomistic simulations are used to accurately
resemble realistic crystal structures and material parameters in
dynamics simulations. We derive a phenomenological model
which is in agreement with the simulation results. Besides
single domain states of the Mn,Au-Py bilayer system, we
simulate the driven dynamics of a domain wall percolating
the FM-AFM bilayer by an applied magnetic field and Néel
SOTs. In both cases, we observe a strongly coupled domain
wall motion with domain wall speeds on the order of 8.5 km/s.

II. MODEL OF Mn;Au-Py BILAYERS

Here, we model a Mn;Au-Py bilayer system containing
a 90-degree domain wall along the [100] direction which is
capped by a thin layer of Py. The domain wall from the
Mn;,Au permeates through to the permalloy due to the strong
interface coupling as shown in Fig. 1(a). The crystal struc-
tures of permalloy and Mn,Au are shown in Figs. 1(b) and
1(c), respectively. Although Py is amorphous in bulk, due to

©2024 American Physical Society
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(a) (b)

Mn2Au

FIG. 1. (a) Schematic diagram of a 90-degree magnetic domain
wall in a Mn, Au-Py bilayer. The Mn,Au layer is shown in blue and
is capped by permalloy shown in gray. (b) and (c) detail the magnetic
structures of permalloy and Mn,Au, respectively.

interface lattice matching with the Mn,Au we presume that
Py will have a BCC structure in the interface region of the
thin films we are simulating. The lattice structure of Mn,Au
has two AFM coupled planes of Mn atoms and a plane of
gold atoms. The Hamiltonian .7 of the Mn, Au-Py bilayer is
comprised of three contributions

H = %anAu + %y + %ﬂt : (1)

the Hamiltonian describing MnyAu (FAm,au), the Hamil-
tonian for permalloy (J%y), and the Hamiltonian for the
interface ().

The Hamiltonian for MnyAu up to the fourth order in
anisotropy is given by [22]

%anAu = — Z (Sl J?‘;IHZAU Sj + Slz j?;IHZAu Sj)

i<j

+3 (K (s)

Pk (8 (8)) + A @)

where S; ; are unit vectors describing the local spin directions
on sites i, j. The first term describes the exchange energy,
which incorporates the second order two-ion anisotropy [23].
The second term describes the anisotropy, and .57, repre-
sents the magnetostatic fields, which are calculated using an
effective macrocell approach [24]. The dominant anisotropy
in Mn,Au is the out-of-plane anisotropy k4 < O that cre-
ates an easy plane. The weaker in-plane anisotropy breaks
the in-plane rotational symmetry favoring the four symme-
try equivalent (110) directions, i.e., k, > 0 [22]. For the
atomistic spin dynamics, we take three nearest neighbors into
account: the first and second nearest neighbor interactions
are ferromagnetic and exist between atoms in the same Mn
sublattice. The third nearest neighbor interaction is antifer-
romagnetic between Mn atoms in different sublattices, see
Appendix A for details.

The Hamiltonian for Py is given by

My == 8IS, +—Z(Sj+S§+Sj)+%’ii.
i<j i

3

The first term describes the exchange energy of the permalloy,
and the second term is a weak cubic anisotropy.
The interface Hamiltonian

S == SIS, + A )

i<j

acts between the manganese and the permalloy atoms. It leads
to a strong coupling between the two layers and imprints the
magnetic structures of MnyAu in permalloy. For permalloy
[25] as well as for the interface we use a Heisenberg exchange
with a nearest neighbor approximation in the atomistic spin
dynamics simulations. In Appendix A we list the parameters
used for the simulations.
For investigations with an external field By, we add

Ay ==Y 1t:Si - Bex )

to the Hamiltonian 7 in Eq. (1). Note that the external
magnetic field is applied to every spin in the system where
s refers to the spin moment in the respective layer (upy and
U are given in Table I in Appendix A). As AFMs are largely
impervious to magnetic fields, the applied field mostly affects
the permalloy. However, due to the strong exchange coupling
between the FM and the AFM, the magnetic order in Mn, Au
is indirectly affected by an applied field as well.

III. STATIC PROPERTIES OF SINGLE DOMAIN STATES
IN THE BILAYER SYSTEM

We performed Monte Carlo simulations on the pure
Mn,Au system (for a system size of 8 nm x 8 nm x 5 nm)
which reproduced the low-temperature ground state spin
structure with the magnetization of the two Mn sublattices
180 degrees apart, see Fig. 1(c). The easy axes are along
the <110 > direction, in agreement with previous neutron
scattering experiments [26] and theoretical calculations
[22,27]. Because of the high Néel temperature of Mn,Au, the
magnetic state is largely independent from thermal effects at
room temperature.

For the bilayer system (of lateral size 8§ nm x 8 nm, and
thickness 5 nm of Mn,Au and 1 nm of permalloy) we find
that the ground state of Mn,Au is imprinted into the Py due
to the strong interface exchange coupling [19]. Performing
constrained Monte Carlo simulations [28], we computed the
energy surfaces for a single domain state in the bilayer system
[29]. When a magnetic field is applied, the fourfold degen-
eracy in the energy surface is broken. The applied magnetic
field was along the [110] direction, and the energy surface,
therefore, favors this easy axis over the other three easy axis
directions. To characterize the in-plane spin direction, we
introduce the angle ¢ as the angle from the [100] axis in
the xy plane, see Fig. 1. By scanning all angles ¢ we obtain
the energy surfaces for varying field strengths as shown in
Fig. 2. The field direction, i.e., ¢ = m /4, is energetically
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FIG. 2. Energy surfaces of a Mn, Au-Py bilayer (average energy
per atom) with an applied field of varying strength along the [110] di-
rection, with the critical field B, =~ 0.7555 T. The Mn,Au thickness
was 5 nm and the permalloy thickness was 1 nm.

preferred. For magnetic domains oriented perpendicular to the
field direction, i.e., ¢ = 3w /4 and ¢ = 7w /4, the energy of
the system is independent of the strength of the magnetic field.
The easy axis direction which is antiparallel to the magnetic
field, i.e., ¢ = 57 /4, gets enhanced in energy with increasing
field strength. A spherical version of Fig. 2 can be found in
Appendix B.

The strong in-plane anisotropy of Mn,Au and the strong
interface coupling causes the spins in the two layers to be
effectively in plane. For a single domain state with an applied
magnetic field along the [110] direction (as shown in Fig. 2),
the system can be described by an effective Hamiltonian
Hjiayer described by the angle ¢,

%ilayer(‘p) =Ey + Cop k¢ COos 4¢ — CB Upy Bex COS(¢ - TL’/4)
(6)

Here Ej is the energy of the system without the fourfold
in-plane anisotropy term. The magnetic field couples to the
magnetization, i.e., the average spin moment of permalloy
per atom upy, in the form of a cos ¢ + sin¢ term which can
be rewritten as a shifted cosine function, as cos ¢ + sin¢ =
V2 cos(¢p — /4). The constants ¢4 and cp depend on the
system. ¢ is proportional to the layer thickness of the Mn, Au,
whereas cp is proportional to the layer thickness of the
permalloy.

Upon increasing the magnetic field strength above a
critical field value B,, the metastable states (previously
oriented approximately perpendicular to the applied field)
disappear. At the critical field value B, the local minima
close to ¢ = 3w /4 and 77 /4 turn into saddle points, with
) 8%ilayer(¢)/a¢|¢:q§ =0, (i) azﬂ)ilayer(¢)/a¢2|¢:(ﬁ =0,
and (iii) a3<%‘gﬂuyer(¢)/a¢3|¢:¢; # 0. Solving these three
equations close to ¢ = 37 /4, we obtain

B. — 16\/6k¢€¢
o 9MPyCB

@)

with ¢ =37 /4 — 8¢ ~ 1.9357 being independent of the
model parameters. Using the parameters summarized in
Appendix A we obtain from the simulation results Ey ~
—34.1264 - 1072! J/atom, ¢, = 0.8375, and cp = 0.2603.
For the critical field value, we obtain B. ~ 0.7555 T.

IV. DOMAIN WALLS IN Mn,Au-Py BILAYER SYSTEMS

In this section, we study a static domain wall across a
ribbon bilayer system of dimensions 1000 nm along x and
40 nm along y. The z height of Mn,Au is kept constant at
5 nm, the Py height is initially 1 nm, but this is later varied.
A 90-degree domain wall from the [110] direction to the
[1-10] direction was initialized at x = 100 nm in both the
Mn,Au and the Py, see Figs. 1 and 3(a). Our key findings
are summarized below: (i) The domain wall of Mn,Au is
imprinted on the permalloy capping. (ii) The bilayer structure
has a net remaining magnetization from the permalloy which
then allows the observation of domain walls in the AFM via
the capping [19]. (iii) The permalloy capping increases the
average domain wall width of the bilayer system compared
to pure MnyAu. (iv) The domain wall width varies along the
vertical direction, with increasing domain wall width toward
the top (i.e., FM) surface.

We computed the domain wall profile of the bilayer using
a Monte Carlo integrator. The simulation was run for one
million Monte Carlo steps at 0 K until the magnetic structure
remained stationary. To characterize the domain wall, we then
computed the sublattice magnetization by averaging over the
atomic spins along z for each sublattice. For a macroscopic
description we associate this vector with the Néel order pa-
rameter n (|n| = 1). Figure 3 (a) shows the normalized (height
averaged) x component of the magnetic order parameter along
the ribbon for the bilayer system and a comparison to pure
Mn;Au. The domain wall width was extracted by fitting the
X component, n, = cos ®(x), to the expression of the profile

function
X — X0 b/
®(x) = arctan |exp + —. (8)
Saw 4

Here xy is the position of the domain wall, and 84y the domain
wall width. For the 90-degree domain wall, n, varies from
n, =1 /ﬁ on the left, over to n, = 0 in the center of the
domain wall to n, = —1/ V2 on the right end, as shown in
Figs. 3(a) and 3(b).

Our numerical results reveal a domain wall width of 84,y ~
29.3 nm for the case of pure Mn,Au. As the natural domain
wall width of permalloy is about an order of magnitude larger,
the average domain wall width of the bilayer system depends
on the relative thickness of the permalloy to Mn; Au. For 1 nm
permalloy on top of 5 nm Mn,Au, see Fig. 3, we obtain a
domain wall width of §3, ~ 38.2 nm, i.e., an increase of about
30%. For such a thin permalloy capping we do not observe
a significant change of the domain wall width along the z
direction.

Figure 3(c) displays the change of the domain wall width
with height (z direction) for the device for varying capping
layer thicknesses of permalloy. We find that the domain wall
becomes wider toward the FM and there is a larger do-
main wall width change for thicker permalloy capping. The
change in the domain wall width comes from the competition
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FIG. 3. Static domain wall structures in Mn,Au-Py bilayers.
(a) Sketch of a 90-degree domain wall. (b) Domain wall profiles
n, for a 5 nm thick Mn,Au layer with a 1 nm permalloy capping
and without permalloy capping. (c) Domain wall widths along the z
direction for varying permalloy capping layer thicknesses.

between the magnetocrystalline anisotropy and the exchange
interactions. The strength of the exchange interactions and
anisotropy vary from bulk MnyAu to bulk Py across the in-
terface, such that the domain wall widths vary. For thin Py
capping layers the domain wall width in the Py matches the
Mn, Au due to the strong interface exchange coupling.

V. MANIPULATING DOMAIN WALLS IN Mn,Au-Py
BILAYER SYSTEMS

In this section, we focus on the dynamics of the previously
considered domain walls in Mn, Au-Py bilayer systems. Two

external driving mechanisms to move the domain wall are in-
vestigated separately: an external magnetic field and a current,
which induces Néel SOTs. We disregard effects of thermal
noise. Despite recent experiments in pure MnyAu showing
that thermal noise plays an important role [13,14], in hybrid
systems [19,20], the interface exchange coupling appears to
be the most dominant effect.

The system dynamics were calculated by solving the
stochastic Landau-Lifshitz-Gilbert equation [30]

aSi . Ye
a1+ A2

[Si X Begr + A S; X (S; x Bege)],  (9)

which models the interaction of an atomic spin moment S;
with an effective field B.gf = —8.57°/68S;. The atomic moments
precess around the effective field, where the frequency of pre-
cession is determined by the gyromagnetic ratio of an electron
(v = 1.76 - 10! rad s~'T~!). The damping constant A is de-
fined in each of the two materials, see Table I in Appendix A.
For our numerical results, Eq. (9) was solved using a Heun
scheme [24].

In the following, we considered a 1 nm permalloy capping
on top of 5 nm Mn,Au. The lateral dimensions of our system
remain the same as in Sec. IV, i.e., 1000 nm along x, 40 nm
along y. Our starting point is a relaxed 90-degree domain wall
in the bilayer system from the [110] direction to the [1-10]
located at x = 100 nm.

A. Magnetic field-driven domain wall dynamics

To study the magnetic field-driven domain wall dynam-
ics, we apply a magnetic field along the [110] direction,
making this direction the energetically preferred one. To
reduce the energy of the bilayer system, the [110] do-
main in the permalloy is shifted via a domain wall motion.
Due to the strong interface exchange coupling between
the two layers, the domain wall in the Mn;Au is dragged
along by the permalloy, leading to a coupled domain wall
motion.

We analyze this coupled domain wall motion for different
magnetic field strengths. In Fig. 4(a) we show snapshots of
the domain wall profile at different times for various mag-
netic field strengths. Besides extending the [110] domain, the
field rotates the [1-10] domain such that the x component
of the magnetic order parameter assumes the shifted value
of ny = —1/+/2 4 8n,. In Fig. 4(b) we display 8¢ [31] as
a function of the applied field strength. At the critical field
B, the domain wall flips to a uniform state, which induces a
jump in 8n,. This is in agreement with Sec. III, where we find
a magnetic field induced shift §¢ in the position of the en-
ergy minimum for the domain that is oriented approximately
perpendicular to the magnetic field, with 8n, = 1/+/2 — cos
¢ —m/2).

In Fig. 4(c) we show the domain wall velocities as a func-
tion of the applied magnetic field strength. As expected, the
domain wall moves faster for stronger applied fields. The exis-
tence of a critical magnetic field above which the domain wall
is flipped into a single domain state, however, puts a boundary
on the maximally possible domain wall speed induced by
magnetic fields. We fitted our simulation data using Eq. (8)
from [32] from which we obtain a velocity of ¢ ~ 8.5 km/s.
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FIG. 4. Magnetic field-driven domain wall motion for a Py thickness of 1 nm. (a) Domain wall profile snapshots for varying field strengths.
This is the height-averaged magnetization of one AFM sublattice. (b) Change in domain orientation §¢ as a function of magnetic field strength.
(c) Domain wall velocity as a function of applied field strength. The simulation data was fitted using Eq. (9) from [32].

In our numerics, the magnetic field-driven domain walls have
velocities between 0.1-8.5 km/s with maximum possible val-
ues of 8.5 km/s close to B.. Here we disregard the Oersted
field generated by the charge current inside Mn,Au. In the
real experiment, both the effect of the NSOT and the magnetic
field will add up.

B. Néel spin-orbit torque driven domain wall dynamics

In the Mn, Au-Py bilayers, the SOTs are induced by the Au
atoms. The Au atoms cause spin-dependent scattering in the
Mn,Au and, due to the spin symmetry around the Au sites,
this leads to a Néel SOT acting in opposite directions on the
different sublattices. Contrary to SOTs, Néel SOTs are not a
surface effect, but act in the bulk. Therefore, the SOTs act only
on the Mn atoms and there are no SOTs in the Py capping layer
[1-3,33].

To study the domain wall dynamics induced by Néel SOTs,
we add the Néel SOT Bysor to the effective field in the LLG
equation, Eq. (9),

8

Bt = ——= + Bnsor,

55, (10)

where

Busor = BN (6 — AS x 0) + BRSO (S x 0 4 Aa), (11)

comprises both the fieldlike (BRF°T) and dampinglike Néel
SOTs (BRY3OT) [34,35] acting on the Mn,Au layers. The di-
rections of the SOTs are defined by the spin polarization unit
vector o. The spin polarization unit vector acts perpendicular
to the electron flow. Here the electron flow is along [001],
and the SOTs act along [110] and [—1-10] in the two Mn
sublattices, respectively, effectively shifting the domain wall
along the [100] axis. The Néel SOT field strengths BROT and
BR3°T for an atomistic monolayer are given by [34]

hj.0 2

B = o (12a)
Mn

BYY" = BnsorBrr, (12b)

where j, is the injected current density and a is the unit cell
size. The spin Hall angle 65y gives the conversion efficiency
of electrical current into spin current. Sysor is an empirical
scaling factor that relates the strength of the precessional term
with the relaxation term, here assumed to equal one.

In Fig. 5(a) we show the domain wall profiles at 0.00 ns,
0.01 ns, and 0.02 ns for low to higher spin current strengths;
jo = 0.049 MA /cm?, 0.098 MA/cm?, and 0.196 MA/cm?
corresponding to BNSOT = 0.01 T, 0.02 T, and 0.04 T. For
higher spin current strengths, the current causes deformations
in the shape of the domain wall profile over time. After the
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FIG. 5. Current driven domain wall motion for a Py thickness of 1 nm. (a) Domain wall profile snapshots for varying current strengths.
This is the height-averaged magnetization of one AFM sublattice. (b) Domain wall velocity as a function of the applied current strength. The

simulation data was fitted using Eq. (9) from [32].

initial transient dynamics due to switching on the current,
the domain wall reaches a steady state shape and motion in
which we compute the domain wall velocity as the average
of the gradient of position vs time. We fitted our simulation
data using Eq. (8) from [32] from which we obtain a velocity
of ¢ ~ 8.5 km/s. For our chosen parameters we find the
maximum velocity of Néel SOT-driven domain walls to be
again close to 8.5 km/s even for low currents on the order of
1 MA/cm?.

VI. DISCUSSION AND SUMMARY

We have shown that bilayer systems consisting of a thin
permalloy capping on top of Mn,Au display strongly coupled
domain wall structures, where the domain wall structure of the
AFM is imprinted on the FM. A clear advantage of the thin
permalloy capping is that the magnetic dynamics of Mn,Au

become experimentally observable via the magnetization of
the permalloy [19]. Recent experiments have discovered ther-
mally driven short range fluctuations in nanometer spatial
ranges in ferromagnets [36]. The influence of thermal effects
on our model system has not been studied yet. Furthermore,
we have shown that the coupled magnetic textures can be
manipulated by two mechanisms: magnetic fields and Néel
SOTs. While the applied magnetic field acts mainly in the
permalloy, the Néel SOTs act in the Mn,Au. In both cases,
the strong coupling between the layers causes the spin dy-
namics in one layer to affect the spin dynamics in the other
layer which finally induces a collective domain wall mo-
tion. Notably the domain wall motion is independent of the
driving mechanism and the material it originated from. For
both magnetic field and Néel SOT-driven domain walls we
obtain velocities on the order of 8.5 km/s. Such a controlled
manipulation of the AFM is a key requirement for AFM-based
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high-density storage and efficient THz information and com-
puting technologies.
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APPENDIX A: SIMULATION DETAILS

The parameters used for the atomistic simulations are sum-
marized in Table I and explained in more detail below.

The crystal structure of Mn,Au with unit cell dimensions
a, b, and c is shown in Fig. 6. J;, J», and J3 indicate the
isotropic exchange parameters for the nearest neighbor, next
nearest neighbor, and next-next nearest neighbor, at distances
2.180 A, 2.853 A, and 3.327 A, respectively.

In the simulations for the isotropic exchange in Mn,Au,
the exchange interactions were taken into account up to the
next-next nearest neighbor with parameters from

TABLE I. Model parameters for Mn, Au used in the simulations.
Isotropic exchange parameters are taken from Khmelevskyi et al.
[37] and magnetic anisotropies are taken from Shick et al. [22].
The magnetic moment of the Mn sites is taken from experimental
measurements of Barthem et al. [26].

Interaction Jix Jyy J Unit
B —1.094296 —1.094296 —1.086911 1072 J (per link)
JYmAT 1469234 —1.469234 —1.459319 102 J (per link)
JymaAe 0.318261  0.318261  0.318261 1072° J (per link)
JiimaA 0.0 0.0 0.007385 1072 J (per link)
JyimaA 0.0 0.0 0.009915 102 J (per link)
Jitmane 0.0 0.0 0.318261 102 J (per link)
I 0.009915  0.009915  0.009915 1072 J (per link)
Jim 0.318261  0.318261 0318261 1072 J (per link)
Parameter Value Unit
a,b 3.327 A
c 8.539 A
MMn 4.0 M“B
Ipy 1.6 B
Ky —~1.60218 x 10~ J/atom
ey A 8.00109 x 1072 J/atom
Kby 1.0 x 107 J/atom
AMnyAu 0.01
Apy 0.01

)

FIG. 6. Crystal structure of Mn,Au including the nearest, next,
and next-next nearest neighbor interactions.

Khmelevskyi et al. [37]. The magnetic anisotropies are
taken from Shick et al. [22] and the magnetic moment of the
manganese sites is taken from experimental measurements of
Barthem et al. [26].

For permalloy, we consider only the nearest neighbor FM
interaction and the weak cubic anisotropy with k2Y taken from
Ellis et al. [38].

/2
|
3n/4 /4
[-110] [110]
¢
T - k5 000s t]m AE(10721))
Hext= 0 —
Hoq=02T ——
b Y Hex=05T
Ho=07T
5n/4 7n/4 Hex:= 10T
[-1-10] i [1-10]
3n/2

FIG. 7. Spherical plot of energy surfaces of a Mn, Au-Py bilayer
(average energy per atom) with an applied field of varying strength
along the [110] direction. Larger radii correspond to larger energies.
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For the interface between Mn;Au and permalloy, we chose
an exchange constant of J™ = 0.31 - 1072° J (per link) being
roughly 20% of the bulk exchange value of MnjAu. This
value is motivated by recent experiments where the interface
coupling has been found to be strong [19]. For the damp-
ing parameters Apy and Amm,as We used 0.01 if not stated
otherwise.

APPENDIX B: SINGLE DOMAIN STATES / SPHERICAL
VERSION

Figure 7 shows the spherical version of Fig. 2 of the main
text. It reveals the transition from the fourfold rotational
symmetry in the absence of a magnetic field, to a remaining
mirror symmetry in the direction of the magnetic field.
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