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We predict topological magnetic properties of B20 systems, that are organized in atomically thin multilayers.
In particular, we focus on FeSi/CoSi and FeSi/FeGe superlattices with different numbers of layers and interface
structures. We demonstrate that the absence of long-range magnetic order, previously observed in bulk FeSi
and CoSi, is broken near the FeSi/CoSi interface, where a magnetic state with a nontrivial topological texture
appears. Using the Heisenberg and Dzyaloshinskii-Moriya (DM) interactions calculated from first principles,
we perform finite-temperature atomistic spin dynamics simulations for up to 2 x 10° spins to capture the
complexity of noncollinear textures. Our simulations predict the formation of antiskyrmions in a [001]-oriented
FeSi/CoSi multilayer, intermediate skyrmions in a [111]-oriented FeSi/CoSi system, and Bloch skyrmions in the
FeSi/FeGe (001) system, with a size between 7 and 37 nm. These varieties of topological magnetic textures in the
studied systems can be attributed to the complex asymmetric structure of the DM matrix, which is different from
previously known magnetic materials. We demonstrate that through structural engineering both ferromagnetic
and antiferromagnetic skyrmions can be stabilized, where the latter are especially appealing for applications due
to the zero skyrmion Hall effect. The proposed B20 multilayers show a potential for further exploration and call

for experimental confirmation.

DOI: 10.1103/PhysRevB.110.L060407

Introduction. A large part of information is nowadays
stored magnetically in hard disk drives where oppositely po-
larized ferromagnetic domains encode the “1” and “0” bits.
While this simple idea has significantly shaped the computer
technology during the last decades, it has almost reached its
limit in terms of information density and data access time [1].
New ways of magnetic information storage were suggested
in 2013 [2] and later on extended in Ref. [3] where the idea
is to use nanoscale topological magnetic objects [skyrmions,
Figs. 1(a) and 1(b)] formed by winding atomic spins in a race-
track to store and process information. Topological magnetic
textures can be used not just for storage but also for new types
of computing (neuromorphic [4,5] and stochastic [6]). Un-
derstandably, searching for new systems hosting topological
magnetic textures is an ongoing active effort in the research
community (for a review, see Ref. [7]).

The B20 compound MnSi was the first observed bulk, solid
state system with magnetic skyrmions [8]. Due to its cubic
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but noncentrosymmetric crystal structure, MnSi shows the
Dzyaloshinskii-Moriya interaction (DMI) of well-known bulk
type which corresponds to the micromagnetic energy density

eouk = Dt - (V x 1), (D

where m = m(7) is a continuous function describing the mag-
netization in different points of space and D is the strength of
the DML. It is only due to this kind of DMI that Bloch-type
skyrmions, where spins rotate perpendicular to the radial di-
rection [Fig. 1(a)], are stabilized in MnSi. This skyrmion type
is observed in most bulk magnets with topological magnetic
textures, except for lacunar spinels [9,10].

Skyrmions have also been found in transition metal
multilayers, e.g., Ir/Fe/Co/Pt [11], Fe/Ir(111) [12], and
Pd/Fe/Ir(111) [13], where the crystal symmetry is quite dif-
ferent. In many cases, these multilayers have a Cz, symmetry
which leads to the so-called interfacial DMI [for details, see
Ref. [14], Eq. (8)] described by the interfacial micromagnetic
energy density

Eint = D[mx% —m oy + m, om; mz%} . 2
ax ox Sy ay

This interaction, when sufficiently strong, stabilizes Néel

skyrmions where spins rotate along the radial direction

[Fig. 1(b)]. One can notice that the compounds building these

nanoscale multilayers have no DMI in the bulk, and nonzero
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(a) Bloch skyrmion

(b) Néel skyrmion
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FIG. 1. Schematic spin configurations of (a) Bloch and (b) Néel
skyrmions usually found in topological magnets. Examples of tex-
tures that we predict for B20 FeSi/CoSi multilayers based on
atomistic spin dynamics in applied magnetic field: (c) antiskyrmion
(d =7 nm) and (d) intermediate skyrmion (d = 12 nm). The color
code shows the z component of the magnetization.

DMI is induced by atomically sharp interfaces. Other inter-
face symmetries (e.g., C4) compatible with skyrmions have
been analyzed as well for oxides [15] and Mn/W(001)-based
multilayers [16].

The materials science community with a focus on systems
with nontrivial magnetic topology has the ambition to find
suitable materials with optimal size and stability of skyrmions
to allow for technological applications. Theoretical calcula-
tions based on density functional theory offer a fast and rather
reliable route to achieve this goal, although most successful
predictions have been for magnetic materials where topology
is not considered important. A notable example here is the
tunneling magnetoresistance (TMR) effect that was predicted
[17] before it was confirmed experimentally [18]. Other exam-
ples can be found in thin films and surfaces, where predictions
of the enhancement of both spin- and orbital magnetic mo-
ments [19,20] preceded experiments [21,22]. Interestingly,
new magnetic materials may be formed by a combination of
elements that are nonmagnetic; ZrZn; and UGe, are perhaps
the most well-known examples of this and, furthermore, they
also exhibit ferromagnetism in combination with supercon-
ductivity [23].

The analysis above leads to the main idea of this Letter,
which is to consider skyrmion magnetism in materials that
are not even magnetic as bulk, but where the consideration of
multilayers may induce magnetism and even topological mag-
netism. Examples of materials relevant here are pure FeSi [24]
and CoSi [25]. Neither compound shows long-range magnetic
order. However, magnetism is found in the alloy Fe,_,Co,Si,
something which is due to a Stoner instability induced by
the change of the electron count combined with peaks in the
density of states.

The first example that we consider is the FeSi/CoSi
multilayer. Based on crystal symmetry considerations, its con-
stituents have a potential to host DMI in the bulk phase,
at least when they are alloyed with each other to form the
magnetic bulk Fe,_,Co,Si compound, which is known to host
Bloch skyrmions [26] and has a bulk-type DMI. For com-
parison, we also investigate another system, the FeSi/FeGe
multilayer, where FeGe already has significant magnetic
moments and nonzero DMI in the bulk. The underlying hy-
pothesis of our work is that the interfaces in B20 multilayers
can induce magnetism in the FeSi/CoSi system and overall a
more complex DMI compared to the bulk B20 systems, and
that this DMI will be tunable in a wide range in terms of
magnitude and character, for example, by the thickness of the
multilayer and interface structure.

It is necessary to note that thin films of FeGe were con-
sidered in the literature [27] and a huge enhancement of
skyrmionic stability has been found when the film thickness is
below the skyrmion lattice spacing ~70 nm. However, for the
thicknesses 15-75 nm considered in Ref. [27], the atomistic
interface effects do not yet play any role. In our theoretical
work, we focus on the FeSi/CoSi and FeSi/FeGe multilayers,
which have not yet been studied experimentally and where
the interface phenomena are important, with a goal to propose
new topological magnetic systems.

Methods. To address the complex magnetic behavior of
B20 multilayers that we propose in this Letter, we use a
multiscale approach which describes the system step by step
on increasing length scales (detailed accounts can be found in
our recent works [28,29]). The first step is the calculation of
the electronic properties using density functional theory [30]
and the generalized gradient approximation in Perdew-Burke-
Ernzerhof (GGA-PBE) parametrization [31] [a comparison
with the local-spin-density approximation (LSDA) is con-
sidered in the Supplemental Material (SM) [32]; see also
Refs. [33-38] therein], available in the full-potential linear
muffin-tin orbital RSPT software [39-41]. We have verified
that LSDA and GGA approximations predict similar magnetic
moments (see discussion in Sec. VII in the SM [32]). For bulk
Fe,_,Co,Si we have also checked that the LSDA plus dy-
namical mean-field theory (LSDA 4 DMFT) approach (FLEX
approximation) basically does not change the moments com-
pared to LSDA. The FeSi/CoSi multilayer is modeled by a
supercell with n unit cells of CoSi in the z direction and m unit
cells of FeSi attached to CoSi. Periodic boundary conditions
along the x, y, and z directions are imposed, meaning that
the chosen model represents a superlattice with a repeated
(FeSi),,/(CoSi), block. For brevity, we will also refer to this
kind of structures as m/n superlattices.

We consider two different interface orientations, [001] and
[111]. The former is constructed directly by stacking the bulk
unit cells along one of the cubic lattice vectors, while the [111]
structure is obtained using the atomic simulation environment
[42,43]. In all cases, the crystal structure is fully optimized
using the VASP code [44]. The same procedure is applied for
the [001]-FeSi/FeGe multilayers. It is worth noting that the
literature values of the lattice parameters of the correspond-
ing bulk compounds are 4.485 A (FeSi), 4.45 A (CoSi), and
4.70 A (FeGe). This means that the FeSi/CoSi multilayers are
relatively weakly strained due to a small lattice mismatch of
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0.8% between FeSi and CoSi. The FeSi/FeGe superlattices
show a larger lattice mismatch of 4.8%.

To evaluate the changes of magnetic interactions between
the Fe and Co moments near the interfaces compared to the
bulk case, we calculated the Heisenberg and DM magnetic
interactions using the Liechtenstein-Katsnelson-Antropov-
Gubanov (LKAG) approach [45] (review in Ref. [46]),
available in the RSPT software [39,40]. The system is then
mapped onto an effective spin Hamiltonian,

HZ_ZLj(Si'gj)_ZDij'(ging)v 3)
J# JF#

which contains several hundred interaction parameters J;; and
D; ; between different spin neighbors. With this information,
we simulate the magnetic properties of the B20 multilayers at
finite temperature and applied magnetic field using atomistic
spin dynamics (ASD) and Monte Carlo simulations, available
in the UPPASD code [47,48]. The ASD simulations are based
on the Landau-Lifshitz-Gilbert equation [49,50],

am;
a 14+a?

[m,» x B + L x (g x Ei)], )
m

which describes the time evolution of the magnetization 7;
of a given spin i under the influence of the effective field
E,-. The latter is determined from the spin model [Eq. (3)]
where, to a first approximation, we assume a zero on-site
anisotropy. As is usual for Langevin dynamics, a random
field proportional to /a7 was added to B; to simulate
finite-temperature fluctuations, and the damping constant o
is set to 1.0 to enable a fast convergence to the (quasi)
equilibrium state. We perform these ASD simulations for
a (500 x 500 x 1) supercell with periodic boundary condi-
tions, which contains 10° spins for the (FeSi)3/(CoSi); and
2 x 10° spins for the (FeSi)4/(CoSi); superlattice. The super-
cell cross sections correspond to a simulated region of around
(220 x 220) nm? which allows to accommodate spin spiral
and skyrmion phases.

While in the main text we focus on results obtained using
spin model (3) where the character of DMI is important and
is in the focus of the discussion, we also discuss the effect of
moderate magnetocrystalline anisotropy that we calculate for
the B20 multilayers on the magnetic textures in Sec. VIII of
the SM [32].

(FeSi),,/(CoSi),, superlattices. For these systems, we find
the formation of finite magnetic moments on Fe and Co within
a few atomic layers near the interfaces due to a changed
electron count and Stoner instability, similarly to the bulk
Fe;_,Co,Si alloy. Further away from the interfaces, both FeSi
and CoSi show no intrinsic magnetic moments, which is con-
sistent with the magnetism for the bulk counterparts. This is
illustrated in Fig. 2 on the example of the 3/3 superlattice
where the induced moments are below 0.6 uy and localized
around each FeSi/CoSi interface. Even for the 2/2 super-
lattice with a smaller thickness of FeSi and CoSi we find
that the middle parts of the slabs are basically nonmagnetic
and the overall profile of magnetization near the interfaces is
very similar to that of the 3/3 superlattice (data not shown).
However, for the 4/1 superlattice, where the CoSi layer is just
1 unit cell thick, we find that the whole CoSi becomes
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FIG. 2. Layer-resolved magnetic moments on the Fe and Co sites
in the (a) (FeSi);/(CoSi); and (b) (FeSi),/(CoSi); superlattices; the
interfaces are marked by vertical dashed lines. Below each plot, a

structural sketch of the system is shown, where Fe (light brown) and
Co (green) sites are connected by Si (red brown).

4/1 superlattice

magnetic but the two interfaces are antiferromagnetically cou-
pled, so the resulting magnetization of the system is zero
[Fig. 2(b)]. The AFM ordering in the 4/1 superlattice, how-
ever, indicates significantly different magnetic interactions
compared to the 3/3 system.

We note that the emergence of magnetism at the interfaces
which we find in the studied B20 multilayers is predicted both
by GGA and by LSDA approximations of density functional
theory, as discussed in Sec. VII of the SM [32], which sup-
ports the conclusions of our theoretical study.

The simulated annealing procedure, where one goes from
high to low temperatures in the ASD simulations, allows to
predict the magnetic state of the (FeSi);/(CoSi); system at
zero external field, which is a spin spiral with a period around
45 nm, as shown in Fig. 3(a). When a finite magnetic field
is applied to the system perpendicular to the interfaces (z
direction), the spirals start to split [Figs. S1(b) and S1(c)] and
around 300 mT one sees the formation of multiple isolated,
elongated along the [110] direction, antiskyrmions with a size
~14 nm [Fig. 3(b)] as well as one intermediate skyrmion
with a size ~8 nm [Fig. S3(a)]. The 2/2 superlattice shows a
very similar behavior [Figs. S1(e)-S1(h)]. Usually, skyrmions
have a helicity of either 0 (Néel skyrmion) or 7 /2 (Bloch
skyrmion). For the intermediate skyrmion, the helicity devi-
ates from these two limits, but is closer to the Bloch limit for
the (FeSi);/(CoSi); multilayer, as can be seen from a close-up
of this texture [Fig. S3(a)]. Using the methodology discussed
in Ref. [51], we calculate the topological charge —1 for the
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FIG. 3. Predicted magnetic state of the (a), (b) (FeSi);/(CoSi);
and (c), (d) (FeSi),/(CoSi); superlattices at zero and finite external
magnetic field perpendicular to the interfaces from atomistic spin
dynamics simulations of annealing from 300 K to zero temperature.
The size of the simulated region is around (220 x 220) nm? and
includes 10° spins for (a) and (b) and 2 x 10° spins for (c) and
(d). The color code depicts the z component of spin, which varies
between —1 and +1.

observed antiskyrmions and +1 for the intermediate
skyrmions. At higher fields around 400-500 mT the anti-
skyrmions become smaller and less distorted [~7-8 nm in
Fig. 1(c)] and, finally, above 600 mT the system becomes
fully ferromagnetic (FM phase). Monte Carlo simulations
for the FM state in zero field allow to estimate the critical
temperature 7¢c for magnetic ordering to be around 40 K
[Fig. S4(a)]. It may seem lower than 7¢ of bulk Fe( 5Co 5Si
seen in Fig. S4(e), but the latter is overestimated by theory
compared to the measured values around 30 K. Based on this,
we expect that the thermal stability of the [001]-FeSi/CoSi
superlattice is similar to the bulk counterpart.

In contrast, for the (FeSi)4/(CoSi); superlattice we find
antiferromagnetically (AFM) coupled interfaces with zero
net magnetization, as mentioned already above and shown
in Fig. 2(b). However, the distribution of magnetization
near each interface contains interesting features, shown in
Figs. 3(c) and 3(d) for one of the interfaces (the other interface
nearby has opposite magnetization but the same distribution in
real space). At zero field, we find a number of distorted anti-
skyrmions ~18-37 nm with topological charge —1 embedded
in locally ferromagnetic (FM) domains and their number
changes in an applied magnetic field, but their average size is
barely affected and the total magnetization of each interface
is around or below 0.15ug per (500 x 500 x 1) supercell,
meaning that it is magnetically almost compensated. In a
way, this FeSi/CoSi system represents a synthetic antiferro-
magnet with topological magnetic textures. Due to the strong

(b) H = 150 mT
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FIG. 4. Predicted magnetic state of the [111]-oriented
(FeSi);/(CoSi); superlattice at (a) zero and (b) finite external
magnetic field H = 150 mT along the [111] direction from atomistic
spin dynamics simulations of annealing from 300 K to zero
temperature. The simulated region has a side length of around
157 nm and 60° angle in between and includes 8.75 x 103 spins.
In both plots, the pointlike topological objects are intermediate
skyrmions. The color code depicts the z component of spin, which
varies between —1 and +1.

AFM coupling between the interfaces, the system is not easy
to polarize even by external magnetic field up to 1 T [see
Fig. 3(d) and Figs. S2(b)-S2(d)], nor is it easy to manipulate
the antiskyrmions, compared to the 3/3 and 2/2 superlat-
tices. This unusual resilience to perturbations from a magnetic
field may offer unique advantages for applications. Based on
the temperature-dependent simulations of the collinear AFM
phase [Fig. S4(c)], we expect that antiskyrmions in the 4/1
superlattice can be stable below 90 K. Note that magnetic
anisotropy effects in this system can be important, as our
calculations show (see details in Sec. VIII of the SM [32]).

We also considered the [111]-oriented (FeSi);/(CoSi)s
multilayer where, similarly to the [001] interfaces, magnetism
emerges at the interfaces, while the interfaces are separated by
almost nonmagnetic regions. From the ASD simulations using
a (250 x 250 x 1) supercell with 875000 atomic moments
we find the zero-field magnetic state containing intermediate
skyrmions with topological charge +1 [Fig. 4(a)], which is in
contrast to the zero-field spin-spiral phase of the [001] inter-
face. In an external magnetic field between 100 and 200 mT,
these skyrmions become more compact [Fig. 4(b)]; their di-
ameter varies monotonically between 24 nm at H = 100 mT
and 12 nm at H = 200 mT. At fields above 300 mT, the sys-
tem becomes fully ferromagnetic, and the critical temperature
of the FM phase in zero field from Monte Carlo simulations is
similar to the [001]-oriented superlattice [Fig. S4(a)].

For comparison, we consider also the (FeSi),,/(FeGe),, su-
perlattices (all figures are in the SM [32]). The main difference
between the FeSi/FeGe and FeSi/CoSi systems is that FeGe
already shows finite magnetic moments in the bulk, while
CoSi does not. Near the [001]-oriented interface, however,
we find that the FeGe magnetization is reduced considerably
compared to the bulk material (Fig. S5), which decreases the
critical temperature for the 3/1 superlattice compared to bulk,
while the 3/3 superlattice is more reminiscent of bulk [com-
pare Figs. S4(b), S4(d), and S4(f)]. Also, nonzero moments
~0.3 ug are induced in the neighboring FeSi layer; these are,
however, not included in our spin model due to their much
smaller magnitude compared to the Fe moments in FeGe.
For the [111]-oriented (FeSi);/(FeGe); multilayer, we could
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not stabilize any sizable moments on Fe sites in the RSPT
calculations.

The ASD annealing simulations for the (FeSi);/(FeGe),
superlattice using a (500 x 500 x 1) supercell containing 10°
spins predict a spin spiral phase at zero field with a com-
parably large spatial period of around 100 nm [Fig. S2(e)].
Interestingly, this system appears to be more sensitive to ex-
ternal magnetic field than the other systems that we studied,
since already for H =40 mT it becomes fully ferromag-
netic. At a slightly smaller field H = 30 mT we see isolated
Bloch skyrmions with topological charge +1 [Figs. S2(h) and
S3(d)], which are also known for bulk FeGe in a similar range
of fields [schematic view in Fig. 1(a)]. In our multilayer, how-
ever, the skyrmions are much more compact (~8 nm) than in
bulk FeGe where the characteristic magnetic length scale is
70 nm [27,52,53]. These results hold irrespective of whether
the induced Fe moments in FeSi are included or excluded
from the spin model (see Sec. IX in the SM [32]).

To analyze the origin of the magnetic topological textures
observed in our simulations, we calculate and compare the
micromagnetic parameters of the studied multilayers, which is
easier than analyzing the corresponding atomistic interactions
for hundreds of atomic neighbors. We do not perform actual
micromagnetic simulations in this work, because the atomistic
spin dynamics is a more accurate and straightforward way
to simulate these systems with several magnetic atoms per
unit cell and quite small skyrmions of the order of several
nanometers. Nevertheless, we make a note on how to calculate
the micromagnetic parameters and effective field in Secs. IV
and VI of the SM [32].

The micromagnetic quantities A and (D) = )" D, for the
different B20 superlattices are collected in Table I in the SM
[32] and give an overall impression of the strength of Heisen-
berg and Dzyaloshinskii-Moriya interactions. First, we notice
that the 4/1 superlattice appears to show a somewhat smaller
A/(D) ratio (i.e., more pronounced DM interaction) compared
to the 3/3 superlattice. We argue that this is related to the
smaller distance between the interfaces in the 4/1 system,
which probably enhances their symmetry breaking effect. Im-
portantly, for bulk Fe( 5Cog 5Si (see Table I in the SM [32]) we
find weaker bulk-type DMI and A/(D) ratio which is almost
an order of magnitude larger than the corresponding values
for the FeSi/CoSi superlattices, suggesting that nanoscale
B20 multilayers can be, indeed, more promising in terms of
topological magnetism. For FeSi/FeGe, the increase of DMI
compared to bulk is less pronounced, but the structure of
the DM matrix is changed and we find rather small Bloch
skyrmions in a narrow field range. The important finding of
our work is that the B20 multilayers show a more complicated
DM matrix compared to the diagonal D,g of bulk B20 com-
pounds (see Table I in the SM [32]) or simple D,-type matrix
of transition metal multilayers, leading to stabilization of spin
textures beyond Néel or Bloch skyrmions (Fig. 1).

In conclusion, the B20 multilayers, studied here using
state-of-the-art first-principles methods, show a potential for
interesting topological magnetism, that can be different both
from that of the bulk B20 compounds and many other metallic
multilayers. While our theoretical predictions may be quanti-
tatively off in terms of value of magnetic moments induced
at the interfaces and Curie temperature, we believe that the
theoretical results provide strong indications of a large vari-
ety of topological magnetic characters of the proposed B20
multilayers. The interface orientation and layer thicknesses
appear to change the character of the magnetism as well
as the topological textures, which include antiskyrmions and
intermediate skyrmions coexisting near FeSi/CoSi interfaces
and Bloch skyrmions in FeSi/FeGe multilayer, all in the
range of sizes ~(7-37) nm. Further opportunities for tuning
the DMI in these multilayers systems could be, for example,
chemical doping, which is known to be effective for bulk B20
compounds (see, e.g., Ref. [54]). For most systems that we
propose here, it is not necessary to have atomically thin B20
layers; instead, a single interface between two B20 films can
host skyrmions too, as our results suggest. For technological
applications we highlight the (FeSi)4/(CoSi); system due to
its stability in magnetic field and the AFM skyrmions that
should have zero skyrmion Hall effect [55]. Our theoretical
predictions call for experimental verifications and motivate
studies of similar systems where both magnetism and chiral
interactions are induced by nanoscale interfaces.
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