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We conduct a comprehensive density functional theory study to explore the intricate magnetic properties of
frustrated Mn monolayer on the Ag(111) surface. Spin-polarized scanning tunneling microscopy demonstrates
that a Néel magnetic state characterizes such an interface, which contradicts systematic ab initio predictions
made in the last two decades indicating that the ground state is collinear row-wise antiferromagnetic (RW-
AFM) state. Here, we employ the all-electron full-potential Korringa-Kohn-Rostoker Green’s function method
and find that the ground state is a chiral magnetic Néel state, with magnetic moments rotating in the surface
plane following a unique sense of rotation, as dictated by the underlying in-plane magnetic anisotropy and
Dzyaloshinskii-Moriya interaction. Changing the stacking of the Mn monolayer from fcc to hep switches the
chiral nature of the Néel state. Once allowing disordered magnetic states, as described within the disordered
local moment approach, we reveal the possibility of stabilization of a RW-AFM state. We conjecture that at low
temperatures, the chiral Néel state prevails, while at higher temperatures, the magnetic exchange interactions are
modified by magnetic disorder, which can then induce a transition towards a RW-AFM state. Our work addresses
a long-term experimental-theoretical controversy and provides significant insights into the magnetic interactions
and stability of Mn films on noble metal substrates, contributing to the broader understanding of the different

magnetic facets of frustrated magnetism in thin films.

DOI: 10.1103/twpb-shbv

I. INTRODUCTION

Frustrated magnets, where competing interactions between
neighboring spins cannot be simultaneously satisfied, give
rise to complex and intriguing phenomena. This frustration
creates a highly degenerate ground state and lies at the heart of
noncollinear antiferromagnetism, giving rise to exciting prop-
erties such as Hall effects [1], torques [2], and topological spin
textures [3-5]. A classic example is a two-dimensional hexag-
onal lattice of antiferromagnetic atoms, where the topological
constraints make it impossible to align all neighboring spins in
an antiparallel arrangement. In certain conditions, frustration
can lead to the formation of spin liquid states, exhibiting
remarkable collective behaviors, in which spins remain highly
correlated but continue to fluctuate, even at absolute zero
[6]. The study of these frustrated spin structures is not only
fundamental to understanding exotic magnetic states but also
critical for advancing spintronics applications [7].

The exploration of magnetic frustration in the limit of
two-dimensional materials has been pursued for decades. A
two-dimensional hexagonal (or triangular) arrangement of an-
tiferromagnetic atoms is typically achieved by depositing a
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single monolayer (ML) of magnetic elements, expected to be
antiferromagnetic such as manganese (Mn), onto hexagonal
surfaces initially nonmagnetic, e.g., (111) surfaces of fcc crys-
tals. For instance, a Mn ML on Ag(111) surface has been
the subject of extensive study over the years, encompassing
both theoretical and experimental approaches. Intuitively and
due to magnetic frustration induced by nearest-neighboring
(NN) antiferromagnetic (AFM) interactions, a 120° Néel state
is anticipated as the ground state [see the comparison il-
lustrated in Fig. 1 between a Néel state and a row-wise
antiferromagnetic (RW-AFM) configuration]. In the former,
the NN magnetic moments are rotated by an angle of 120°.
However, early first-principles investigations [8,9] based on
the Full-potential Linearized Augmented Plane Wave method
predicted a different ground state for Mn/Ag(111): a RW-
AFM state [Fig. 1(a)]. The latter was consistently supported
by subsequent studies employing various ab initio methods
based on density functional theory (DFT). Notable examples
include the use of pseudopotentials [10], tight-binding linear
muffin-tin orbitals [11], and the all-electron Korringa-Kohn-
Rostoker (KKR) Green’s function formalism in the atomic
sphere approximation [12].

Despite the consistency of these theoretical findings, state-
of-the-art spin-polarized scanning tunneling spectroscopy
measurements undoubtedly indicate that a Mn ML grown on
Ag(111) hosts a Néel magnetic state [13]. This long-standing
discrepancy between theoretical predictions and experimen-
tal observations, persisting for several decades, presents an
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FIG. 1. (a) Illustration of a row-wise antiferromagnetic (RW-AFM) state on a triangular lattice, where adjacent rows exhibit alternating
spin orientations. (b) Illustration of a Néel state on a triangular lattice, characterized by a spin arrangement where neighboring spins are aligned
in a noncollinear configuration with a rotation angle of 120°, minimizing frustration in the triangular geometry.

intriguing puzzle and underscores the complexities of mod-
eling such systems. More recently, the Néel state of a Mn
monolayer has been observed on a different substrate, the
Ir(111) surface [14], which as predicted theoretically can host
frustrated topological spin textures [3].

In this paper, we aim to address the persistent issue in
describing the magnetic ground state of a Mn ML on Ag(111).
We compare our findings to previous studies and discuss the
decisive mechanisms for the emergence of the Néel state.
While we recover the measured magnetic state utilizing the
all-electron full-potential KKR method, we demonstrate the
chiral nature of the Néel state and explore the impact of
magnetic disorder within the disordered local moment (DLM)
approach. The latter enables one to mimic the impact of tem-
perature, and shows that the RW-AFM state can be recovered
if disorder is incorporated.

II. METHODS

A. First-principles calculations

We use a combination of ab initio methods based on
DFT to explore the magnetic behavior of Mn monolayer on
Ag(111) surface.

We start by assessing the interlayer atomic distances by
employing the projector augmented-wave pseudopotential
method [15], as implemented in the quantum espresso) pack-
age [16], which is efficient to treat atomic relaxations. We
employed a slab geometry consisting of five layers of Ag
atoms and one additional Mn overlayer. Each atomic layer
contains one atom, corresponding to a 1 x 1 hexagonal surface
unit cell. A vacuum region of approximately 13.6 A (equiv-
alent to roughly four Ag layers) was added along the surface
normal to prevent interactions between periodic images.

We assumed a k-mesh resolution of 20x20x 1, while the
plane-wave and energy cutoffs are considered to be 110 Ry
and the convergence criterion for the total energy is set to 0.01
uRy. During the relaxation process, the atomic positions were
optimized to ensure that the residual forces on the atoms were
less than 1 mRy a,, L

Once the geometry is optimized, we explore the magnetic
properties adopting the DFT-based all-electron full-potential
KKR method, utilizing the jukkr code [17] where spin-orbit
coupling is included self-consistently. The method enables the
exploration of noncollinear structures as well as the inclusion
of the coherent potential approximation (CPA), which permits
the investigation of magnetic disorder in the so-called DLM
approach [18-20]. DLM describes how the electronic struc-
ture responds to thermal fluctuations of the local moments.
The Mn layer is then assumed to be an alloy Mn,Mn;_,
made of magnetic moments pointing either in one 1 or the
opposite direction |, with p = 50% being the paramagnetic
state expected at high temperatures. We treated the exchange-
correlation interactions with the local density approximation,
as formulated by Vosko et al. [21].

In the KKR calculations, the surface was modeled as a
finite slab consisting of five layers of Ag atoms and one
Mn layer adsorbed on one side. The slab is embedded in
vacuum, with a thickness equivalent to four Ag layers on each
side. Similarly to the pseudopotential method, we employed
a k-points grid mesh of 20x20x 1 for the self-consistent cal-
culations. The angular momentum expansion of the Green’s
function was truncated at /;,,,x = 3, and energy integration was
performed along the complex plane including a Fermi-Dirac
smearing of 502.78 K. To extract the exchange interac-
tion parameters such as the Heisenberg exchange and the
Dzyaloshinskii-Moriya interaction (DMI) [22,23], we used
the infinitesimal rotation method [24,25] starting from the fer-
romagnetic reference configuration in the case of an ordered
state (see Appendix A for a succinct description) with a finer
k-points grid mesh of 200x200x 1 and a Fermi-Dirac smear-
ing of 502.78 and 200 K. The magnetic interactions were
found unaffected by the different explored temperatures. This
approach was also applied within the DLM framework (see
Appendix B), ensuring methodological consistency between
the ordered and disordered magnetic configurations [26-28].

B. Magnetic interactions and atomistic spin dynamics

The magnetic interactions obtained from the first-
principles calculations are used to parametrize the following
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classical extended Heisenberg Hamiltonian (see Appendix A):
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Here i and j label different magnetic sites carrying a mag-
netic moment, whose orientation is defined by the unit vector
S, while J denotes the exchange interaction tensor.

The tensor elements can be decomposed into the isotropic
Heisenberg exchange coupling J and the DMI vector D.

The symmetric anisotropic contribution, which is quadratic
in spin-orbit coupling, has not been considered in the previous
equations since it is found negligible from our ab initio sim-
ulations. The positive sign of the magnetic anisotropy energy
K indicates a preference for an out-of-plane orientation of the
moments.

After extraction of the magnetic interactions, a Fourier
transformation is performed: 7;;(q) = > j Jo je‘iq'ROf, where
Ry, is a vector connecting unit cells atom 0 and j.

By evaluating the associated eigenvalues, one obtains the
dispersion curves of spin spirals characterized by the wave
vector .

Furthermore, atomistic spin dynamic simulations using the
Landau-Lifshitz-Gilbert equation equation as implemented in
the spirit code [29,30] are performed in order to explore the
existence and stability of various trivial and complex magnetic
states. Once the magnetic ground state was identified using the
atomistic spin model, the stability of the spin texture has been
once more studied via DFT.

III. RESULTS AND DISCUSSION
A. Atomic relaxations

We examine two possible stacking configurations for the
Mn ML on the Ag(111) surface: fcc and hep. Upon structural
relaxation, the Mn layer shifts inward toward the Ag substrate
by 2.48% (fcc) and 2.29% (hcp) relative to the ideal Ag
interlayer distance. This inward relaxation of the Mn ML is
accompanied by a moderate outward relaxation of the topmost
Ag layers: the spacing between the surface and subsurface Ag
layers increases by 3.39% for fcc stacking and 3.74% for hep
stacking, again with respect to the ideal bulk spacing. Com-
paring the two configurations, we find that the fcc stacking is
energetically more favorable than the hcp one, with an energy
difference of 6.83 meV.

B. Heisenberg exchange interactions

We now turn our attention to the analysis of the mag-
netic exchange interactions as a function of interatomic
distances, illustrated in Fig. 2(a). Specifically, we investi-
gate two scenarios: first, a freestanding hexagonal Mn ML
with the Ag lattice parameter imposed (as done previously
in Refs. [8,9]), and second, a configuration in which the Mn
layer is supported by the Ag(111) substrate, assuming an fcc
stacking. Figure 2(a) clearly reveals the presence of significant
antiferromagnetic Heisenberg exchange interactions extend-

ing up to the fourth-nearest neighbors. At larger distances,
the interactions exhibit an oscillatory behavior, as expected
for Ruderman-Kittel-Kasuya-Yosida interactions in metallic
systems. The figure unambiguously demonstrates that hy-
bridization with the substrate strongly affects the Heisenberg
exchange interactions.

Notably, the exchange interactions involving the first-,
second-, and third-nearest neighbors are markedly reduced
when manganese is interfaced with silver. As will be shown
later, this reduction plays a crucial role in driving the transition
of the system’s ground state from one magnetic configuration
to a completely different one. Interestingly, this reduction fol-
lows a nearly identical trend for both fcc- and hep-stacked Mn
layers on Ag(111), suggesting that the stacking sequence has
only a minor influence on the magnetic exchange parameters.
This observation is further supported by comparing the local
density of states (LDOS) and exchange interactions for both
stacking types [see Figs. 3(a) and 3(b)].

Equipped with the exchange parameters, we can now ex-
plore the magnetic ground state dictated by the full exchange
tensor. This can be investigated by analyzing the eigenvalues
of the Fourier-transformed exchange matrix, as illustrated in
Fig. 2(c) for the fcc stacking. The minimum is located at
the K point, which corresponds to the Néel magnetic state—
consistent with spin-polarized scanning tunneling microscopy
(SP-STM) measurements reported by Gao et al. [13]. Al-
though this represents the ground state, the dispersion exhibits
a rather flat energy landscape in the surrounding region,
indicating the presence of energetically close metastable spin-
spiral states of antiferromagnetic nature. Note that Fig. 2(c)
shows two dispersion curves corresponding to spin spirals
propagating along opposite high-symmetry directions in the
Brillouin zone. The observed asymmetry is a consequence of
the DMI, which is discussed in the next subsection. For the
fcc stacking, the energy difference between the minimum and
the RW-AFM configuration amounts to 27.5 meV.

In contrast, for the hcp-stacked Mn layer on Ag(111), the
minimum is shifted to the —K point of the Brillouin zone, as
shown in Fig. 3(c). This subtle change indicates a different
preferred propagation direction of the spin spiral. The associ-
ated energy difference between the Néel and RW-AFM states
is slightly smaller in this case, amounting to —26.3 meV.
These findings underline that while the stacking sequence (fcc
vs hep) has a minor impact on the overall magnetic interaction
strength (as reflected in similar LDOS and exchange parame-
ters), it can influence the detailed symmetry and directionality
of the magnetic ground state.

To further interpret these results, it is instructive to ex-
amine the phase diagram of an antiferromagnetic hexagonal
monolayer by considering up to third-nearest-neighbor inter-
actions, in line with previous work [8,9]. This is a simplified
model in that we cut out the long-range magnetic interac-
tions obtained from DFT. Assuming an antiferromagnetic
first-nearest-neighbor exchange interaction J;, we obtain the
phase diagram shown in Fig. 4. One can observe that for
sufficiently strong ferromagnetic second (J>) and third (J3)
nearest-neighbor interactions, the system adopts a ferromag-
netic ground state despite the antiferromagnetic J;. Upon
decreasing J, while keeping J; ferromagnetic, the system
transitions into the RW-AFM phase, which has also been
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FIG. 2. (a) The Heisenberg exchange interactions as a function of distance for Mn/Ag(111) (blue) and the unsupported Monolayer Mn
(red) while the inset shows the DMIs. (b) Spin-resolved local density of states (LDOS) of Mn/Ag(111) (blue) and Mn (red). (c) Eigenvalues
of the Fourier-transformed tensor of exchange interactions high-symmetry paths for Mn/Ag(111). The lowest values indicate the ground state.
The DMI-induced split blue and red curves in (c) correspond to spin spirals along opposite high-symmetry directions. (d) Zoom-in of the
low-energy region of (c) along the relevant high-symmetry path, highlighting the DMI-induced splitting of the lowest eigenvalues.

observed experimentally by SP-STM in fcc-stacked Mn on
Re(0001) [31].

Interestingly, a similar magnetic state has been predicted
for a Cr monolayer interfaced with a PdFe bilayer grown on
Ir(111) [32]. Reversing the sign of J; induces a transition
to a spin-spiral antiferromagnetic state. Further reducing J,
stabilizes the Néel state. Based on the exchange parameters
obtained from our simulations, and considering interactions
up to third-nearest neighbors, we find that the Néel state is
the ground state for Mn on Ag(111) for both the fcc- and the
hcp-stacked Mn.

Removing the Ag(111) substrate leads to an increase in
the relative strength of J, compared to J, thereby stabilizing
the antiferromagnetic spin-spiral phase close to the phase
boundary with the Néel state. This behavior can be attributed
to substrate-induced changes in the electronic structure, as
shown in Fig. 2(b). In the absence of the substrate, the
exchange splitting increases, leading to enhanced magnetic
moments and stronger effective nearest-neighbor couplings,
while the interaction between second-nearest neighbors
becomes relatively weaker. Utilizing previously published

data [8,9], we confirm that the magnetic ground state shifts
from the RW-AFM configuration to a spin-spiral state near the
RW-AFM boundary when considering exchange interactions
up to the third-nearest neighbors (see Fig. 4).

C. Impact of spin-orbit coupling and spin chirality

The magnetic anisotropy energy (MAE) favors an in-plane
orientation of the magnetic moments for both stacking con-
figurations. The calculated MAE amounts to —0.13 meV. In
addition to the MAE, spin-orbit coupling from the Ag(111)
substrate induces a substantial DMI, as depicted in the insets
of Figs. 2(a) and 3(a).

For the fcc stacking, the DMI vectors, which mediate chiral
interactions between nearest neighbors, rotate in a clockwise
fashion [see Fig. 5(c)], with a magnitude of approximately
0.22 meV. This chiral interaction stabilizes a Néel-type spin
configuration, shown in Fig. (5). It is energetically favored
over its counterpart displayed in Fig. 5(b) by 0.95 meV. The
latter state is constructed by reversing the sign of the z com-
ponent of the DMI vectors [cf. Fig. 5(d)], which effectively
switches the chirality of the spin configuration—altering the
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FIG. 3. (a) The Heisenberg exchange interactions as a function of distance for the fcc-Mn/Ag(111) (blue) and the hcp-Mn/Ag(111) (red)
while the inset shows the DM interactions. (b) Spin-resolved local density of states (LDOS) of fcc-Mn/Ag(111) (blue) and hcp-Mn/Ag(111)
(red). (c) Eigenvalues of the Fourier-transformed tensor of exchange interactions high-symmetry paths for Mn/Ag(111). The lowest values
indicate the ground state. The DMI-induced split blue and red curves in (c) correspond to spin spirals along opposite high-symmetry directions.
(d) Zoom-in of the low-energy region of (c) along the relevant high-symmetry path, highlighting the DMI-induced splitting of the lowest

eigenvalues.

orientation of two spins within the trimer motifs highlighted
in Figs. 5(a) and 5(b). Dark- (light-) blue DMI vectors in
Figs. 5(c) and 5(d) indicate a negative (positive) z component
of the DMI vector. One notices that Fig. 5(d) can be recovered
from Fig. 5(c) by rotating the pair of atoms by F with respect
to the central one.

The impact of chiral interactions is also apparent in
Fig. 2(c), where the degeneracy of the eigenvalues of the
Fourier-transformed exchange tensor [J(q) is lifted. This is
observed when plotting the eigenvalues along opposite high-
symmetry directions in the Brillouin zone:

r-Mm—-K—1~I versus I' > -M— —-K-—>T.

The energy difference between the two chiral Néel states is
consistently reproduced using both the SPIRIT simulations and
the eigenvalue spectra of J(q), confirming the reliability of
the results. According to our simulations, Mn/Ag(111) in fcc
stacking hosts a chiral Néel ground state with in-plane rotating
moments, as depicted in Fig. 5(a).

Turning to the hcp stacking, the spin configuration illus-
trated in Fig. 5(b) becomes surprisingly the magnetic ground
state, while the configuration shown in Fig. 5(a) is now the
higher-energy chiral counterpart. This inversion of chiral pref-
erence highlights the sensitivity of the magnetic ground state
to the detailed stacking arrangement, despite the similarity in
the overall interaction strengths. Indeed, the DMI values—
shown in Fig. 3(a)—are found to be nearly identical to those
of the fcc configuration, with a slight enhancement of the hcp
NN DMI. The sign of the D, component switches, however,
when changing the stacking while the D, and D, components
remain nearly unaffected.

Since the DMI is induced by the Ag surface atoms, this be-
havior can be attributed to the stacking-dependent geometrical
chirality of Mn-Ag-Mn triangles, formed by two neighboring
Mn atoms sharing a common nearest-neighboring Ag atom.
This chirality, x, which dictates the direction of the DMI vec-
tor according to the Fert-Lévy model [33] (although derived
for large separations) is defined as X = €agmn, X €ag-Mn,»
with e denoting unit vectors from the Ag atom to each Mn
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FIG. 4. Phase diagram for the Heisenberg model on a triangular lattice without spin-orbit-induced interactions, considering magnetic
exchange interactions up to the third-nearest neighbors. The interactions are illustrated on the right-hand side for a two-dimensional hexagonal
lattice. J; (assumed antiferromagnetic), J,, and J5 are the interactions between the central atom and the first (blue), second (red), and third
(black) NN atoms, respectively. Four phases emerge: ferromagnetic (FM), RW-AFM, Néel, and AFM spin spirals. Our simulations locate the
ground state for Mn/Ag(111) in the Néel sector while the Mn freestanding case hosts AFM spin spirals. The result of previous simulations

[8,9] when limited to the three/new NN interactions is also indicated.

atom. As seen in Figs. 5(e) and 5(f), the fcc and hep stack-
ing geometries, considering only the Mn monolayer and top
Ag layer, are related by a % rotation, resulting in the DMI
vector pattern shown in Fig. 5(d). As an example, for Mn
pairs along the x direction, the change of stacking mirrors
the Ag atom across the xz plane containing the Mn pair,
thereby reversing the sign of x, while maintaining the in-plane
components.

D. Energy differences from full ab initio simulations

In the previous sections, we used the tensor of magnetic
exchange interactions and the MAE extracted from ab initio
to explore the magnetic ground state. We identified the chi-
ral in-plane Néel magnetic state to be the ground state. For
completeness, it is important to check whether this behavior is
confirmed by full ab initio simulations, where we impose the
different chiral in-plane Néel magnetic states and compare the
total energies to that of the RW-AFM state.

This requires the use of a supercell that is larger than the
one assumed for the extraction of the magnetic exchange in-
teractions. We employed a 3 x2 surface supercell in the lateral
directions, each atomic layer containing six atoms, with a slab
thickness similar to what we used previously.

Assuming a temperature of 200 K, identical to that used for
extracting the magnetic interactions, we find an energy differ-
ence of 17.44 and 19.49 meV/Mn for the fcc- and hep-stacked
Mn monolayers, respectively, between the chiral in-plane
Néel and the RW-AFM magnetic states. These values are in
qualitative agreement with the energy differences obtained
from the atomistic spin model, which yield 27.50 meV/Mn for
the fcc and 26.30 meV/Mn for the hep stacking. In addition,
the DFT calculations show that reversing the chirality of the
in-plane Néel state requires 0.50 meV/Mn for the fcc and 0.91
meV/Mn for the hep stacking, in excellent agreement with the
results of the spirit simulations.

E. Disordered local moment approximation

Next, we examine the influence of temperature on the
exchange interaction within the DLM framework briefly de-
scribed in Appendix B [18-20,34]. Increasing temperature
induces spin fluctuations that gradually disrupt the long-range
magnetic order and reduce the overall spin polarization of
the system’s electronic structure. As described in the method
section, magnetic disorder is modeled via the concentration
of magnetic moments pointing in either direction on each Mn
site. Figures 6(a) and 7(a) show the evolution of the Heisen-
berg exchange interactions with increasing magnetic disorder
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highlight the different vertical registries of the substrate, the Ag layer (Agg_,) beneath the interfacial Ag layer (Agg) is also shown. The DMI
between the Mn atoms is mainly mediated by the Ag atoms of the Agg layer. Considering only the two layers, Mn and Agg, the two geometries
are related by an in-plane rotation of the Agg layer by - while keeping the Mn layer fixed. This change alters the geometrical chirality x of the
Mn-Ag-Mn triangles, which governs the direction of the Dzyaloshinskii-Moriya interaction vectors according to the Fert-Lévy model [33].

for fcc- and hep-stacked Mn/Ag(111), respectively. The con-
centration varies from 50% (paramagnetic limit) to 100%
(fully ordered), in steps of 10%. Here, 50% corresponds to an
equal mixture of moments pointing up or down on each site.

The data reveal qualitatively similar trends for both stack-
ing types. While the nearest-neighbor Heisenberg and DMI
interactions remain nearly constant across the disorder range,
the second- and third-nearest-neighbor interactions change
significantly: J, increases with disorder, whereas J3 decreases
and even reverses sign below 70% magnetic order. This mod-
ifies the magnetic ground state, shifting it from a chiral Néel
state towards a collinear RW-AFM phase, as summarized in
the phase diagrams in Figs. 6(b) and 7(b) based on the simpli-
fied Heisenberg model limited to three NN interactions.

Notably, the MAE is strongly suppressed even by small
amounts of disorder, indicating that the in-plane orientation of
the moments is not preserved at elevated temperatures, despite
stable spin moments.

The eigenvalue spectra of the Fourier-transformed ex-
change interactions in Figs. 6(c) and 7(c) confirm this
transition. For disorder concentrations between 50% and
80%, the global minimum lies at the M point, correspond-
ing to the RW-AFM ground state. Above 90% concentration,
the minimum shifts to the K point, signaling the Néel
state as the preferred ground state. The reversed path in

Fig. 7(c) for the hcp stacking reflects the inverted symmetry
compared to the fcc case, yet the qualitative behavior of the
eigenvalue evolution is nearly identical.

Furthermore, the chirality of the magnetic moments
changes with disorder. For fcc stacking, the Néel state de-
picted in Fig. 5(a) is stable at high order, while its mirror
image [Fig. 5(b)] appears at intermediate disorder. In the hcp
stacking, this behavior is reversed, consistent with the sign
switching of the z component of the DMI vector.

Table I lists the numerical values of exchange interactions
and anisotropies for fcc and hcp stackings, respectively, cor-
roborating these findings and highlighting the crucial role of
stacking geometry in the temperature-driven evolution of the
magnetic ground state.

IV. CONCLUSIONS

We performed extensive ab initio simulations to address
the magnetic ground state of a Mn monolayer on the Ag(111)
surface. This AFM material was previously predicted from ab
initio to host a RW-AFM ground state, which was contradicted
by SP-STM measurements that demonstrate a Néel magnetic
state. Our work addresses a long-standing puzzle in magnetic
thin films.
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FIG. 6. (a)—(d) All results refer to fcc-stacked Mn on Ag(111) (a) Heisenberg exchange interactions as a function of distance for different
DLM concentrations. (b) Phase diagram including the three nearest-neighbor (NN) interactions illustrating the impact of magnetic disorder
on the ground state. (c) Eigenvalues of the Fourier-transformed exchange interactions along the high-symmetry path ' — M — K — I". The

lowest values indicate the ground state.

Utilizing the all-electron KKR Green’s function method,
we find that the Mn monolayer, whether stacked on fcc
or hcp sites, is characterized by a Néel magnetic state in
full agreement with experimental observations. Our pre-
dictions indicate that this noncollinear magnetic state is
in-plane and stacking-dependent chiral. The ground state
chirality is dictated by the DMI, induced by the broken in-
version symmetry at the interface and the spin-orbit coupling
of the heavy Ag atoms, in combination with an in-plane
MAE. Notably, the sense of chirality differs between the
two stacking configurations due to their inverted structural
symmetry.

We analyzed our results in terms of extracted mag-
netic interactions and the electronic structure. Interestingly,
small variations in the exchange interactions—particularly the
second- and third-nearest neighbors—are sufficient to switch
the ground state between the Néel and the RW-AFM state.
This explains the discrepancies in previously reported ab initio
results and demonstrates the system’s sensitivity to computa-
tional details and external conditions.

Subsequently, we extended our study to investigate the
impact of magnetic disorder using the DLM approach,
which mimics the effect of temperature on the electronic
structure and magnetic interactions. For both fcc and hcp
stacking, the DLM analysis reveals similar trends: while
the nearest-neighbor Heisenberg exchange and DMI remain
nearly constant, the MAE is strongly reduced with increasing
disorder, and the third-nearest-neighbor interaction J3 changes
sign. This leads to a temperature-driven transition from a
chiral Néel state to a collinear RW-AFM state, as supported
by phase diagrams and Fourier-transformed exchange spectra.

In conclusion, our study demonstrates that for both fcc-
and hep-stacked Mn/Ag(111), the Néel state is the energeti-
cally favored ground state at low temperatures, in agreement
with SP-STM experiments. With increasing temperature (or
magnetic disorder), the system undergoes a transition to a
RW-AFM state, driven by the sign change of J;3 and the
suppression of MAE. Moreover, the stacking type not only
influences the quantitative values of the magnetic interactions
but also determines the chirality of the ground state. These
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insights reconcile the contradictions in prior theoretical and
experimental studies and highlight the role of stacking and
temperature in stabilizing competing magnetic orders.
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APPENDIX A: MAGNETIC INTERACTIONS VIA
THE INFINITESIMAL ROTATION METHOD

Magnetic exchange interactions can be extracted within
multiple-scattering theory using the infinitesimal rotation
method [24,25], later extended to include spin-orbit-induced
interactions [25,35]. This approach maps the second-order
variation of the total energy, obtained from DFT, onto
infinitesimal rotations of magnetic moments, providing direct
access to the exchange interaction tensor.

According to the magnetic force theorem [36], the change
in total energy upon infinitesimal rotation of magnetic mo-
ments simplifies to a change in single-particle energies:

EF EF
8§ = | (E — Ep)Sn(E)IE = — / SN(E)dE,

—00 —00

(AD)
where n(E) = ’fiAE/ is the density of states, AV/(E) the inte-
grated density of states, and Er the Fermi energy. Variations
8n(E),8N (E) arise from infinitesimal rotations from a refer-
ence collinear magnetic configuration.
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TABLE I. Spin magnetic moments m, magnetic exchange interactions J, magnetic anisotropy energies (K) and Dzyaloshinskii-Moriya
interaction (D) of the Mn monolayer fcc and hcp stacked on Ag(111) surface. The energy differences between the RW-AFM and the two
chiral Néel states 1 [Fig. 5(a)] and 2 [Fig. 5(b)] are listed as obtained with spirit, with negative values indicating that the Néel state is lower

energetically.
100% 90% 80% 70% 60% 50%
m (i) 4.07 4.06 4.04 4.03 4.02 4.03
K (meV) —0.13 —0.05 —0.02 0.00 —0.01 0.01
foc-Mn/Ag(111) J; (meV) ~7.68 ~7.56 ~7.38 ~7.36 ~7.53 —7.88
Jo (meV) —1.13 —-1.95 —2.44 =275 —2.87 —-2.82
J3 (meV) -3.17 —1.61 —0.63 —0.03 0.30 0.42
D, | (meV) 0.22 0.17 0.15 0.14 0.16 0.19
[D, | (meV) 0.03 0.01 0.00 0.02 0.05 0.07
D3| (meV) 0.07 0.04 0.02 0.01 0.00 0.01
AENgei1-rw-apum (meV) —27.50 —8.79 424 12.61 16.69 17.22
AENéelZ-RW—AFM (rneV) —26.55 —-9.40 3.95 12.49 16.69 17.35
m (ip) 4.07 4.06 4.05 4.03 4.03 4.04
K (meV) —0.10 —0.05 —0.01 0.01 0.02 0.02
J; (meV) ~7.77 773 ~7.63 ~7.69 ~7.94 ~8.35
J, (meV) —1.30 —2.08 —2.52 —2.78 —2.85 —2.78
hep-Mn/Ag(111) J5 (meV) —3.24 ~1.68 ~0.68 ~0.05 0.30 0.43
D] (meV) 0.24 0.19 0.17 0.16 0.18 0.21
[D>| (meV) 0.03 0.01 0.00 0.02 0.05 0.08
D3] (meV) 0.06 0.04 0.03 0.01 0.00 0.02
AENgeii-rw-apm (meV) —25.48 -9.02 4.08 12.53 16.48 16.84
AENgen-rw-apm (meV) —26.30 —8.38 4.50 12.81 16.66 16.90

Using Lloyd’s formula [37], the energy variation can be
recast in terms of the scattering 7 matrix:

1 [Er
88 = __/ ImTr InT(E)dE, (A2)
T

—0o0
where the trace runs over site, orbital, and spin indices. The
inverse T-matrix variation reads

ST Y =@t 8

ao,fo’ T aoo’ 9]

ao,fBo’
Gt (A
with G;; the structural Green’s function and ¢ the single-site
scattering matrix.
The pairwise exchange interaction tensor J;; is extracted
from the second-order energy change due to infinitesimal

rotations at sites i and j:

(Sgij = —(SS,T . \.7ij ' 5Sj’ (A4)

where S; denotes the unit vector of the local moment m; at site
i. The tensor components are

(AS5)

I

1
op o B
J.l = gfImTr[Bti Gij(Stj Gji]dEa

with 8t = 2L and 8t; = Y, 81285¢.
The variation dtf is related to the exchange potential B;(r)
defined in the local spin frame of reference of atom i via
8t? = [drR"(r)o“B(r)R(r), where R' (r) and R(r) are, re-
spectively, the left and right scattering solutions of the Dirac
or Schrodinger equation including spin-orbit coupling [38],
and o are the Pauli matrices.
The exchange tensor J;; is decomposed into isotropic,
symmetric traceless, and antisymmetric components:
».7ij=1ij]l+.,7,-§+ 2

ij

(A6)

with J;; = 1Tr(J;;),

T = 5y + Tj) = il (A7)
T =3(Ti = T)-

The antisymmetric part relates to the Dzyaloshinskii-Moriya
vector D via

(A8)

0 D, -D
Ji=|-D. 0 D
D, -D, O

(A9)

When proceeding to the infinitesimal rotation of the mag-
netic moments, only certain components of 7;; are accessible
given the initial magnetic moment direction. For instance:

(1) m || x: accessible yz block,

? ? ?
Yy yz
gi=\? 7 7y
) Z
» g

(2) m | y: accessible xz block,
T Iy

Jj={?? ? T
Iz 1 I
(3) m || z: accessible xy block,
TR
gi=\ar gy e
ij = ij i
? ? ?

Therefore, to extract the elements of the tensor of exchange
interactions, the magnetic moments are rotated in the three
directions, x, y, and z.
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APPENDIX B: MAGNETIC INTERACTION
FROM THE DLM METHOD

In the DLM method, the material is treated as a substitu-
tional binary alloy within CPA. Each lattice site is occupied
either by an atom with its magnetic moment aligned along a
given direction, say the z axis, in the 1 direction, with concen-
tration p4, or in the opposite direction (| ), with concentration
py=1=py.

The 1 and | atoms are introduced at site i in the effective
CPA medium through defect matrices X;, (u =1, ) [39].
The effective CPA medium is characterized by the structural
Green’s function GiCjPA, which enters the infinitesimal rotation

formulation of the exchange interactions via
Ginjv = Xiu G X (B1)

This leads to the following expression for the components
of the tensor of magnetic exchange interaction tensor:

(jw = / Im Tr| atmG,,”v G]vm]dE (B2)

Here, 81, denotes the variation of the single-site scattering
matrix with respect to the @ component of the local moment
orientation at site i with configuration .
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