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Tuning skyrmions in B20 compounds by 4d and 5d doping
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Skyrmion stabilization in novel magnetic systems with the B20 crystal structure is reported here, primarily
based on theoretical results. The focus is on the effect of alloying on the 3d sublattice of the B20 structure by
substitution of heavier 4d and 5d elements, with the ambition to tune the spin-orbit coupling and its influence
on magnetic interactions. State-of-the-art methods based on density functional theory are used to calculate
both isotropic and anisotropic exchange interactions. Significant enhancement of the Dzyaloshinskii-Moriya
interaction is reported for 5d-doped FeSi and CoSi, accompanied by a large modification of the spin stiffness and
spiralization. Micromagnetic simulations coupled to atomistic spin-dynamics and ab initio magnetic interactions
reveal the spin-spiral nature of the magnetic ground state and field-induced skyrmions for all these systems.
Especially small skyrmions ~50 nm are predicted for Cog750s¢ 2551, compared to ~148 nm for Fe75Coq25Si.
Convex-hull analysis suggests that all B20 compounds considered here are structurally stable at elevated
temperatures and should be possible to synthesize. This prediction is confirmed experimentally by synthesis
and structural analysis of the Ru-doped CoSi systems discussed here, both in powder and in single-crystal forms.

DOI: 10.1103/PhysRevMaterials.6.084401

I. INTRODUCTION

Alloy mixtures can sometimes show unexpected properties
compared to those of pure components that are used to make
up the alloyed state. This is, for example, the case for the
Kondo insulator FeSi [1] and the diamagnetic metal CoSi [2],
both having the chiral crystal structure of B20 type (Fig. 1).
This cubic structure belongs to the P2;3 space group, and
its chirality becomes apparent when the nearest-neighbor Si
atoms for each magnetic transition metal (TM) site are consid-
ered in terms of the direction of TM-Si bonds. While pure FeSi
and CoSi do not show any long-range magnetism, an alloyed
mixture of them, Fe;_,Co,Si, reveals surprisingly a helical
magnetic order in a wide range of concentrations x [3.4].
The dependence of these two quantities as well as the helical
spatial period on the Co concentration is rather nontrivial,
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with the maximal Curie temperature of 50 K and an ordered
moment ~0.2 ug/f.u. around x = 40 %. For a certain range
of concentrations, the application of an external magnetic field
can induce a skyrmion lattice in these alloys [5,6], similarly to
the B20 compound MnSi [7].

The skyrmionic properties of such systems rely on the
interplay between the Heisenberg and Dzyaloshinskii-Moriya
[8,9] (DM) exchange interactions. The DM interaction (DMI)
can actually be significant even if the alloy does not con-
tain heavy elements, which usually contribute to the DMI
via their large spin-orbit coupling. Examples of such un-
expectedly large DMI are reported in the literature for the
oxygen/ferromagnet interface [10] and B20 compounds with
3d transition metals [11,12]. For the latter, first-principles
calculations [13,14] confirm a significant DM interaction of
the order of 1 meV. However, it is natural to expect that the
DMI would be further enhanced if the system could con-
tain 4d or 5d elements, since heavier elements are known to
have larger spin-orbit interaction. This idea is corroborated by
the experimental observation of robust skyrmions in transi-
tion metal multilayers with heavy elements, e.g., Fe/Ir(111)
[15], Pt/Co/Ta [16], and Ir/Fe/Co/Pt [17]. Several attempts
have been undertaken to synthesize and study the magnetic
properties of B20 compounds doped by heavy elements, for
example, Rh- and Fe-doped MnGe [18,19] as well as Ir-doped
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(a) 3d-doped (b) 5d-doped

Y0

FIG. 1. Dzyaloshinskii-Moriya  vectors  (D;) for the
nearest-neighbor Fe-Fe bonds in the doped B20 compounds:
(a) Fey.75C00.25Si and (b) Fe 751r( »5Si. The direction and size of the
DM vectors are given by red arrows, where the arrow length scales
with the DMI strength.

MnSi [20] and FeSi [21]. From the study of Mn;_,Ir,Si
[20], it was, however, unclear whether there is any significant
change of the DMI with Ir doping, and more accurate ways of
extracting the DMI strength from experiment were claimed
to be necessary. Concerning Fe;_,Ir,Si [21], its magnetic
properties have been studied experimentally only up to x =
0.1, where no long-range order was observed. In general, the
effect of 4d and 5d doping on the magnetic interactions and
skyrmions in different B20 compounds has not been system-
atically explored so far.

In this work, we study theoretically the possibility of im-
proving the skyrmionic properties of FeSi- and CoSi-based
B20 compounds by means of 4d and 5d doping, compared to
3d doping. The investigation uses ab initio electronic structure
theory with a focus on magnetic moments, isotropic Heisen-
berg exchange, as well as anisotropic interactions (Symmetric
exchange and DMI). We find a significant enhancement of the
calculated DM interaction in FeSi, when 25% Ir is alloyed
on the Fe sublattice (Fig. 1), and in Ru- and Os-doped CoSi.
This causes the ratio between the DM and Heisenberg in-
teractions to increase substantially, especially for CoSi-based
systems. Using these ab initio interactions, our simulations
of the magnetization dynamics show the spin-spiral nature
of the magnetic ground state in zero field and the formation
of magnetic skyrmions with topological number 1 when a
magnetic field is applied. Convex-hull analysis shows that
the considered doped B20 compounds are structurally stable
and should be possible to synthesize at elevated temperature,
around 1000 K, where the mixing entropy increases the sta-
bility. This result is corroborated by a successful synthesis of
Co;_,Ru,Si single crystals that we achieved, which is a class
of B20 systems not reported before in the literature.

II. METHODS

The essential aspects of our theoretical simulations are
described further below, while all the technical details are
discussed in the supporting information (SI) [22].

The structural, electronic, and magnetic properties of
doped B20 compounds Fe;_,TM,Si and Co;_,TM,Si are
studied theoretically using density functional theory (DFT)
[23,24] within the generalized-gradient approximation in the
PBE parametrization [25]. Previous studies, including our

most recent work [14], suggest that electronic correlations are
not crucial for describing the magnetic properties of B20 com-
pounds. Since we are mostly interested in general trends, we
do not take into account additional correlation effects beyond
the generalized gradient approximation (GGA) in this work.

The doping is simulated within the supercell approach
where one of the four Fe or Co magnetic sites in the unit cell
is replaced by another 3d, 4d, or 5d element (Fig. 1), which
are Co, Rh, and Ir for FeSi, and Fe, Ru, and Os for CoSi.
The supercell structure is optimized using DFT, as available
in the VASP code [26], and the calculated structural parameters
are summarized in Table I in the SI. Ferromagnetic order
is imposed in these and the subsequent DFT calculations.
Electronic properties, magnetic moments, and interatomic
exchange interactions of the optimized structures are cal-
culated within the all-electron full-potential fully relativistic
approach, with linear muffin-tin orbitals as basis functions, as
implemented in the RSPt electronic structure code [27-29].

We have calculated magnetic interactions using the rela-
tivistic generalization [30-32] of the Lichtenstein-Katsnelson-
Antropov-Gubanov (LKAG) formula [33], which we have
recently applied to different systems [14]. This involves cal-
culations of all components of the general interaction tensor J
in the classical Heisenberg model:

_ ap o B _
H=-Y Jslee, op=xyz (1)
i#]
where the unit vectors ¢; indicate the direction of local spins,
and the exchange tensor ij‘.ﬁ contains contributions from the
Heisenberg exchange in the diagonal components as well as

the DM interaction D and the symmetric anisotropic exchange
I' in the off-diagonal components:
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While the DM interaction is a subject of intense research,

the symmetric anisotropic exchange I" is seldom discussed

in the literature, even though it can be important for the

magnetic properties, as demonstrated in the present work.

The calculations presented in this section are consistent with

previous work [14] and indicate nonzero values of [* for the

B20 compounds, suggesting that this type of exchange can
play an important role for the magnetic properties.

With the first-principles values of the magnetic interac-
tions, the magnetic state is determined as a function of
external magnetic field using micromagnetic simulations as
implemented in the multiscale module ©-ASD [34] of the
UPPASD code [35,36], where the chosen size of the simulated
region is (500 x 500 x 100) nm. The micromagnetic energy
density functional, derived starting from (1), reads

E[in] = A(Vin) + T¥myVmg + D - (V x in).  (3)

The effective micromagnetic parameters in this model,
namely the spin stiffness A, spiralization D, and symmet-
ric exchange r*f (a, g =x, y,z), are determined from the
u — 0 limit of direct sums of the atomistic exchange
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parameters defined in Eqgs. (1) and (2), using the following
expressions:

1 2 iR S SR
A= z ;Jinije MR”, D= ;(DU . R,-j)e MR'-’, “4)
7] 7]

ref = % > TRy e R 5)
i#]

The contribution of the symmetric anisotropic exchange
r*f to (3) and expression (5) are derived by us for this work.

For 25%-doped B20 compounds, all components I'*# are
the same due to the lattice symmetry and the supercells con-
sidered in this work. The exponential factor in (4) and (5)
is needed for the convergence of the sums with respect to
the real-space cutoff radius for R;; (see Sec. IV of SI for
technical details), and it was also discussed for evaluations
of the spin-stiffness constant [37].

To estimate the possibility of synthesis of the studied B20
compounds, we performed a structural stability analysis using
the convex-hull method (workflow in Fig. S6). First, all the
competing phases of the target B20 systems were determined
by means of data mining with a data-driven high-throughput
framework Python Materials Genomics (PYMATGEN) [38],
and only records with Inorganic Crystal Structure Database
(ICSD) numbers in the Materials Project (MP) Database are
selected. Then, the formation energy AU for each competing
phase was calculated within DFT using open-source ma-
terial information infrastructure AiiDA [39] and QUANTUM
ESPRESSO (QE) software [40,41] (see Sec. V of SI for further
details). The formation energy AU is defined as the difference
between the total energy of the target compound and the total
energy of the stoichiometric combination of its constituent
pure elements in their standard ground states, e.g., ferro-
magnetic bcc Fe and hep Co, and nonmagnetic Si (diamond
structure). Based on the obtained AU values (Fig. S8), the
convex hull diagram (Fig. S7) is constructed from all compet-
ing phases using the phase diagram method from PYMATGEN.
We also take into account the mixing entropy contribution
AS to the free energy within the random-alloy approximation:
AS = —kg[xIn(x) + (1 — x) In(1 — x)], where x is the dopant
concentration. Since material synthesis usually takes place at
elevated temperatures, we set 7 = 1000 K in our calculations
to get an estimate of the characteristic magnitude of AS.

III. EXPERIMENTAL SECTION
A. Synthesis

Samples of Co;_,Ru,Si were synthesized by arc melting
of stoichiometric quantities of Co (Goodfellow, purity 99.9%),
Ru (Cerac, purity 99.95%), and Si (Goodfellow, purity 99.5%)
with a 5 at. % excess of Si. Oxidation was minimized by
flushing with Ar gas five times and melting a Ti getter before
the sample synthesis. The samples were flipped and remelted
three times to ensure good homogeneity. The sample was
sealed under vacuum in a tantalum tube before annealing at
1773 K for 1 h, slow cooling at 0.1 K/min to 1473 K, and
subsequently to room temperature. Single crystals were grown
from the as-cast samples, which were crushed and heated in
an induction furnace at 1673 K using the Bridgman method.

B. Composition and structure analysis

Powder x-ray diffraction data were measured on a Bruker
D8 x-ray diffractometer equipped with a lynx-eye position
sensitive detector using Cu K« radiation (A = 1.5418 A). The
sample was placed on a zero background single-crystal sili-
con sample holder during data collection, and the diffraction
pattern was collected between 10° and 100° with a step size
of 0.01°. The data were analyzed using Rietveld refinement
[42] within the TOPAS6 software suite [43]. Single-crystal
x-ray diffraction data were recorded on a Bruker D8 VEN-
TURE diffractometer at 293 K using Mo K« radiation (A =
0.7107 A). The data were processed using the APEX III
software [44] and subsequently solved and refined using the
SHELX package within the WINGX program [45,46]. The
composition of the compounds was investigated by scanning
electron microscopy (SEM) using a Zeiss Leo 1550 field emis-
sion SEM equipped with an AZtec energy-dispersive x-ray
detector (EDS). The samples were prepared by grinding with
SiC paper and subsequent polishing with SiO, and H,O. Data
were collected on at least 10 points using an accelerating
voltage of 20 kV.

IV. RESULTS

A. Heisenberg and DM interactions

The effect of 3d, 4d, and 5d alloying on the magnetic
interactions in FeSi- and CoSi-based B20 compounds is con-
sidered first. The main result is a significant enhancement
of the DM interaction, which is most pronounced for the
5d doping (a comparison between Co- and Ir-doped FeSi
is illustrated in Fig. 1, where the size of the interactions is
represented by the length of the arrows). Below, we elaborate
on this result and discuss further aspects of the exchange
interactions of doped B20 compounds.

The calculated element-specific magnetic moments,
Heisenberg exchange (J), DM interactions (D), and
anisotropic symmetric exchange (I'*?) are shown in Fig. 2
for 25%-doping of Co, Rh, and Ir in FeSi (similarly, Fig. 3
shows doped CoSi). Significant interactions are observed for
spins within a short distance not extending much beyond 6 A.
The short-range character of the interactions is somewhat
surprising, given the metallic nature of these systems.
On the other hand, for some compounds the simplistic
picture with only nearest-neighbor interaction would not
be sufficient, since a few further neighboring shells show
non-negligible interactions. In terms of the magnitude of
the Heisenberg exchange, the Co- and Ir-doped cases are
similar [Fig. 2(a)], while Rh doping increases the maximal
value of the Heisenberg exchange by ~34 % [Fig. 2(a)]. This
can be explained by the relatively large Fe moment of the
Rh-doped system (0.97 up in Table I in SI), which is larger
than the Co- and Ir-doped systems. Note that in our formalism
the lengths of the magnetic moments are incorporated in
the exchange interaction; see Eq. (1). In contrast, the DM
interaction is only slightly affected by Rh doping compared
to Co doping, and a significant enhancement of the largest D;;
by ~214 % is only achieved in the Ir-doped case [Fig. 2(b)].

The micromagnetic % ratio (Table I in SI and the inverse ratio

% in Fig. 4) characterizes the relative energy scales of the
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FIG. 2. Evolution of (a) Heisenberg, (b) Dzyaloshinskii-Moriya,
and (c) symmetric anisotropic interactions in the doped series
Fey75TMy25Si (TM = Co, Rh, Ir). The D and I' parameters are
defined as D =+/D; + D; + D} and ' = ~T; + T +T,.. The
magnetic interactions are calculated for the ferromagnetic reference
configuration and are plotted as functions of the distance between the
interacting spins. The horizontal green lines mark the maximal value
of interaction for each case, and the relative change for the 4d- and
5d-doped cases compared to the 3d-doped case is given in percent.

DM and Heisenberg interactions and is seen to increase in the
series 3d-4d-5d, similar to the nearest-neighbor ratio of atomic
interactions D =L (Table I in the SI). Such an enhancement of the
DM 1nteract10n can lead to skyrmions with smaller geometry.
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FIG. 3. Evolution of (a) Heisenberg, (b) Dzyaloshinskii-Moriya,
and (c) symmetric anisotropic interactions in the doped series
Cog75TMy 551 (TM = Fe, Ru, Os). The D and I" parameters are
defined as D =+/D; +D; 4+ D; and I' =T}, 4+ T, +T}.. The
magnetic interactions are calculated for the ferromagnetlc reference
configuration and are plotted as functions of the distance between the
interacting spins. The horizontal green lines mark the maximal value
of interaction for each case, and the relative change for the 4d- and
5d-doped cases compared to the 3d-doped case is given in percent.
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FIG. 4. Relation between the spiral wavelength (left axis, green),
skyrmion size (right axis, red), and the % ratio for the doped B20
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compounds.

Interestingly, the symmetric anisotropic exchange is relatively
small in 3d- and 4d-doped FeSi but shows an unexpected
increase by 409% for the S5d-doped system [Fig. 2(c)].
However, this exchange interaction is still below 0.3 meV and
is not expected to compete with the DM interaction.

In the CoSi-based B20 compounds [Fig. 3(a)], 25%-doping
of Fe, Ru, and Os results in a Heisenberg exchange that
is a factor of 3 or 4 smaller than in the FeSi-based sys-
tems [Fig. 2(a)]. This is related to the significantly weaker
magnetic moments of the cobalt-rich systems, as shown in
Table I of the SI. We also observe that the Heisenberg ex-
change J in Cog 75TMj »5Si is much more sensitive to doping
than in Fey75TMg5Si. Compared to the Fe-doped CoSi, the
nearest-neighbor (NN) J-parameter is enhanced by 139% in
the Ru-doped CoSi and by 92% in the Os-doped case. Sur-
prisingly, also the DM interaction for some of the NN bonds
is increased by up to 157% due to the 4d dopants, while
the 5d doping provides an increase of 95% but for several
interactions within 5.5 A [Fig. 3(b)]. It is worth noticing that
not only the magnitude but also the direction of the DM
vectors is important for noncollinear magnetic textures, and
this fact is taken into account in micromagnetic expression
(4). The % ratio increases considerably for the CoSi systems,
reaching 0.015 for the Os-doped case, which, together with
the results for FeSi systems, suggests that 5d doping is es-
pecially effective for tuning the chiral magnetic interactions
in B20 compounds. This conclusion holds for the symmetric
anisotropic exchange I'*# as well, described by Eq. (5). The
magnitude of this symmetric exchange increases by 520% for
the Os-doped case compared to the Fe-doped system, remain-
ing, however, below 0.3 meV, similarly to the FeSi systems.
The difference is that the DM interactions (D) and symmet-
ric exchange (I') are on the same scale for Cog 750502551
[Figs. 3(b) and 3(c)], which may, in principle, produce inter-
esting magnetic effects. The comparable magnitudes of D and
I' make Coy 750502551 a unique system, since the symmetric
exchange I is rarely discussed in the literature, in contrast
to the DM interaction. We note that the reason for the pre-
dicted increase of the symmetric anisotropic exchange is not
clear yet, and although this interaction requires the spin-orbit
coupling similarly to the DM interaction, these two types
of interactions are not proportional to each other, as can be
observed in Table I in the SI.
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FIG. 5. (a) Helical magnetic state of Feg 751r( 2551, and (b),(c) sta-
bilized skyrmion after the application of magnetic field of 5mT.
(b) Real-space slice of the magnetization showing one skyrmion.
(c) The calculated magnetization distribution in the skyrmion shown
by arrows. The color indicates the z-component of the magnetic mo-
ment, such that the blue (red) color represents the moments pointing
fully along the +z direction (—z direction). The total size of the
simulation box is (a) (3 x 3 x 1) um and (b) (0.4 x 0.4 x 0.1) um.

The magnetic ordering temperatures were calculated from
Monte Carlo simulations and Binder cumulant analysis (see
Figs. S1 and S2), and they are summarized in Table I in SI.
We see that the ordering temperature 7 is slightly increased
by 4d doping both for FeSi and for CoSi compounds, while
the 5d doping reduces 7. moderately due to smaller induced
moments on 5d atoms and consequently weaker magnetic
exchange. While the 7. for CoSi-based systems is around
52 — 56 K, the critical temperature for FeSi-based systems is
overestimated in the DFT calculations, as we discuss in more
detail in Sec. 3 of SI. Based on the previous experimental stud-
ies of Fe;_,Co,Si, one may expect the actual 7, that would
be measured for the studied B20 compounds in the future to
be below 30 K. For completeness, we have also calculated the
adiabatic magnon spectra of all investigated systems (Fig. S3),
following the methodology described in [47], with the most
distinct result being a significant magnon band gap around
1.5meV for Feq751rg.25Si, which may have implications for
magnonics.

B. Micromagnetic simulations

Since the wavelength of the spin-spiral ground state of
known B20 compounds is of the order of tens or hundreds
of nanometers and is too large for atomistic spin dynamics
simulations, we have performed micromagnetic simulations
with the multiscale module w-ASD [34] of the UPPASD
code [35,36]. The micromagnetic simulation results for the
Feg.75T My 25Si and Cog 75T My 25Si compounds in zero mag-
netic field are depicted in Figs. 5 and S5inthe (3 x 3 x 1) um

region, where the helical domain structure can be appreciated.
These results suggest the spin-spiral nature of the magnetic
ground state of these B20 compounds. It is apparent that
Rh-doped FeSi (Fig. S5b) has the largest spiral wavelength
(L = 357 nm) while Feov75C00,25Si and FC()_75II‘0_QSSi reveal
similar spiral patterns (Table II in SI). We find that the cal-
culated magnetic wavelength L is roughly proportional to
the % ratio, as illustrated by Fig. 4. We notice that D/A is
visibly increased for the Ir-doped FeSi compared to the other
two systems (see Table I in SI), indicating a stronger relative
contribution of the DM interaction to the magnetic properties.
For doped CoSi, the lengthscale of the calculated helical states
in Fig. S5 is substantially shorter, which is a consequence
of larger D/A ratios. Interestingly, the trends shown by the
micromagnetic |[D/A| and nearest-neighbor atomistic D, /J;
ratios are different, which indicates that an accurate picture
of magnetic phenomena must take into account not just the
nearest but also further neighbor shells and the direction of
the DM vectors that affects D; x R; ;in Eq. (4).

As an example of a usual procedure to stabilize skyrmions
in chiral materials, we show in Fig. 5 the skyrmion state found
in Feg75Irg,5Si after the application of an external field of
5mT. The system does not show the formation of a skyrmion
lattice but rather of individual Bloch-type skyrmions, which
could be, in principle, manipulated by means of spin currents.
The diameter of the stabilized skyrmions is around 131 nm,
while the smallest skyrmions are predicted for Cog 750s0.25Si.
As expected, we find an increasing linear trend of the
skyrmion size as a function of the f—) ratio (Fig. 4). The
skyrmion number is 1 for all compounds studied in this work,
and, interestingly, the formation of skyrmions in the Co-based
B20 systems requires higher magnetic fields compared to
FeSi-doped compounds.

C. Phase stability and structural stability from theory

So far, we have discussed the magnetic properties of
doped B20 compounds predicted by DFT calculations com-
bined with effective spin Hamiltonians and magnetization
dynamics. Since most of these systems have not been studied
experimentally yet, it is important to estimate their struc-
tural stability, which would indicate whether it is possible
to synthesize these doped systems. The previously studied
Fe;_,Co,Si system, which is known from experiments to be
stable for 0 < x < 1 [4], can be a reference for validating the
chosen theoretical approach and to assess its accuracy.

For all studied B20 compounds, we obtain a negative for-
mation energy around —0.5 eV /f.u. (Fig. S8), which indicates
a stability with respect to the decomposition into the pure
elements. This condition is necessary but not sufficient, since
it does not exclude the decomposition into more complex
competing phases, for example, FeSi, CoSi, Fe;Si, CoSi,,
etc., in the case of Fe;_,Co,Si (further phases are in Fig. S7e).
A large number of possible decomposition scenarios can be
systematically taken into account by means of a convex hull
analysis, the results of which we present in Figs. 6 and S7.

In Fig. S7, the corners of the triangles correspond to the
pure constituent elements. Any point inside the triangle is
characterized by the projections onto the triangle edges, which
indicate the amount of each element in the compound. The
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FIG. 6. Distance from the convex hull for doped B20 com-
pounds (from left to right): Fe;_,Co,Si (x = 1, 1, 3), Feg5Rhq 5 Si,

Feo.751r0425Si, C00475Ru0.255i, and C00475OS0'25Si. Filled and open
symbols correspond to zero-temperature distance AU, (without
entropy) and finite-temperature AF, (with mixing entropy, T =
1000 K). AF, < 0 indicates a phase and structural stability.

associated formation energy AU or free energy AF are either
above or below the convex hull. The distance from the hull
(AU, or AF) is the main parameter which allows us to judge
how stable a particular compound is. Our results summarized
in Fig. 6 suggest that AF, are negative for the Fe;_,Co,Si
compounds with x = }‘, %, and %, which are known to be
stable. Since these systems are known to exist, this part of
the calculation serves to validate the chosen approach for
studying phase and structural stability. It should be noted that
AU, > 0 suggests an instability of the system under study.
However, the mixing entropy contribution, AS, leads to a neg-
ative AFj, at the chosen temperature, 7 = 1000 K, implying
that high-temperature synthesis should be possible. This is
indeed the case, as we elaborate in the next paragraph. The
mixing entropy, in general, improves the stability of doped
systems where a random distribution of impurities is assumed,
because AS is always positive. Similarly, the 4d- and 5d-
doped systems are expected to be stable (AF;, < 0; see Fig. 6)
when the mixing entropy contribution at 7 = 1000 K is taken
into account.

D. Synthesis and structure analysis

A series of samples with composition Co;_,Ru,Si and x
= 0.25, 0.5, and 0.75 was synthesized by arc melting and
analyzed by x-ray diffraction. The powder x-ray diffraction
patterns (Figs. S12-S14) confirm that the new compositions
adopt the cubic B20 structure type (P2,3 space group). The
diffraction patterns did not show any evidence of a secondary
phase in Cog 75Rug 2551 and Cop sRug sSi samples, while the
Cog.25Rug 7551 contained around 2 wt. % of Ru,Si3 as pre-
viously reported in undoped RuSi [48]. Crystal structure
refinement from the powder x-ray diffraction (PXRD) data
resulted in unit cell parameters a = 4.5270 (1), 4.5919 (1),
and 4.6528 (1) A for compositions with x = 0.25, 0.5, and
0.75, respectively. The unit cell parameter increases linearly
with Ru content, see Fig. S15, indicating the inclusion of Ru
into the crystal structure, and the refined occupancies of the
Co/Ru sites were 0.8/0.2, 0.6/0.4, and 0.3/0.7, respectively.

The atomic coordinates and occupancies are given in full
in Tables IV, V, and VI in SI and the Rietveld refinement
plots in Figs. S12-S14. The composition of the sample was
also investigated using energy-dispersive x-ray spectroscopy
(EDS) analysis giving values within 2 at. % of the nominal
composition (Table IX in SI). Small regions of a secondary
phase were observed in the CogysRug75Si sample, which
corresponded to the Ru,Si3 present in the x-ray diffraction
pattern. The structure type and space group of Cog75Rug 2551
were also confirmed by the single-crystal x-ray diffraction
data, the refined unit cell parameter was slightly larger than
from PXRD, a = 4.5629(6) A, and it coincides with a slightly
higher refined Ru content of 0.39. The full crystallographic
data and refinement details are shown in Tables VII and VIII
in SL.

V. CONCLUSION

Using state-of-the-art theoretical methods, we have stud-
ied the magnetic interactions and topological textures in 3d-,
4d-, and 5d-doped B20 compounds based on FeSi and CoSi.
The most significant finding is that 54 doping (by Ir or
Os) enhances the Dzyaloshinskii-Moriya interaction consid-
erably, especially for the CoSi systems where the smallest
skyrmions around 50 nm are predicted for Cog750s0.25Si.
Interestingly, CoSi-based compounds require a larger mag-
netic field for skyrmion formation, and in general they show
smaller skyrmions compared to the FeSi systems. The mag-
netic ordering temperature is found to be sensitive to doping,
in agreement with the literature, and it is expected to be
below 30 K. Based on the convex-hull analysis, we predict
that all the studied B20 compounds are structurally stable
and can be synthesized at high temperature. For Co;_,Ru,Si
withx = %, % %, we actually report a successful synthesis and
characterization.

Our work predicts that 4d- and 5d-doped B20 compounds
are promising as systems holding skyrmions, with varying
size of the skyrmions depending on the system. Our results
suggest that Cog soRug 50Si is optimal in terms of the magne-
tization, 2 ratio, and skyrmion diameter compared to other
studied systems. Experimental synthesis shows that several of
these compounds can be formed, in particular the Co;_,Ru,Si
system with up to 75% Ru concentration. The results reported
here hence demonstrate several new compounds in the family
of materials crystallizing in the B20 structure. Theory sug-
gests that several of these are magnetic and can hold magnetic
structures with nontrivial topology.
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