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Abstract

We report a theoretical investigation of effects of Mn and Co substitution in the transition metal
sites of the kagomé-lattice ferromagnet, Fe;Sn,. Herein, hole- and electron-doping effects of
Fe3;Sn, have been studied by density-functional theory calculations on the parent phase and on
the substituted structural models of Fe;_,M,Sn, (M = Mn, Co; x = 0.5, 1.0). All optimized
structures favor the ferromagnetic ground state. Analysis of the electronic density of states
(DOS) and band structure plots reveals that the hole (electron) doping leads to a progressive
decrease (increase) in the magnetic moment per Fe atom and per unit cell overall. The high
DOS is retained nearby the Fermi level in the case of both Mn and Co substitutions. The
electron doping with Co results in the loss of nodal band degeneracies, while in the case of hole
doping with Mn emergent nodal band degeneracies and flatbands initially are suppressed in

Fe, sMng sSn; but re-emerge in Fe;MnSn;. These results provide key insights into potential
modifications of intriguing coupling between electronic and spin degrees of freedom observed
in Fe3Sn;.
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1. Introduction

The kagomé lattice has served as one of the main testbeds
for studies on the physics of spin frustration [1, 2], allow-
ing fundamental theoretical and experimental insights into
such unconventional states of matter as spin ice [3] and spin
liquid [3, 4]. Pairwise antiferromagnetic (AFM) interactions
between nearest neighbors cannot be simultaneously satisfied
in the kagomé-lattice arrangement of magnetic moments [5],
as AFM alignment of two spins on a single triangle leads
to ambiguous orientation of the third spin on the same tri-
angle, thus disrupting magnetic ordering [6]. Such frustration
propagating through a solid-state lattice leads to fragile mag-
netism, i.e. even small external perturbations might have a
strong effect on the long-range magnetic behavior across the
periodic structure [7, 8]. Thus, the kagomé-type materials hold
great potential not only for insight into fundamental proper-
ties of spin-frustrated systems but also for practical applic-
ations in future spintronic devices with low-energy power
consumption [9].

The recent growth of research on topological materials has
reinvigorated interest to the kagomé lattice due to its tendency
to host unique electronic correlations [6, 10]. The network
of hexagons enclosed by corner-sharing triangles creates the
topological condition for destructive interference of the elec-
tron wavefunctions around each hexagon. As a result, disper-
sionless flatbands are observed in the electronic band structure
[11-14]. Charge carriers occupying these highly degener-
ate flatbands are rendered ‘superheavy’ by self-localization.
Driven by these considerations, research efforts on kagomé
lattices have ventured beyond AFM-correlated materials, as
even ferromagnetic (FM) kagomé materials have been shown
to exhibit intriguing topological properties [15]. For example,
a giant anomalous Hall effect [16], massive Dirac fermions
[17], and skyrmion bubbles [18] have been reported for the
kagomé-lattice metal, Fe;Sn,. This material crystallizes in the
filled NiAs structure type [19] (the space group R3m). The
crystal structure features kagomé layers of Fe atoms altern-
ating with hexagonal layers of Sn atoms, while additional
Sn atoms center hexagons of the kagomé layer (figure 1). A
2009 report classifying Fe;Sn, as a frustrated ferromagnet
with the ordering temperature (7'¢) of 640 K and temperature-
dependent non-collinear spin texture [20], followed by the
report of the giant anomalous Hall effect [16], spurred extens-
ive studies of the electronic structure and topological proper-
ties of this material. Dirac cones at symmetry point K were
revealed experimentally by ARPES measurements [17], while
further analysis identified dispersionless flatbands at ~0.2 eV
below the Fermi level along the I'-K and I'-M directions [21].
Isolation of these bands is of great interest for the realization
of new magnetically driven fractionalized phases of matter. A
possible approach to achieve this objective is to tune the elec-
tronic structure by chemical substitutions. Till now, however,
essentially all studies of Fe3Sn, have focused on the pristine
composition.

In this work, we report a theoretical evaluation of the effects
of hole and electron doping on the magnetic properties and
electronic structure of Fe3Sn,. These effects are achieved

Figure 1. The crystal structure of Fe3Sn, viewed perpendicular to
the ac plane (left) to reveal alternating Fe3Sn and Sn layers, shown
on the right. The Fe3;Sn slab is formed by stacking of two kagomé
layers of Fe atoms, with the Sn atoms centering hexagons of each
layer. In the image of the bilayer, the brighter and duller colors
indicate atoms located in different kagomé layers.

by partial replacement of Fe with Mn and Co, respectively.
The compositional analogues, Mn3Sn; [22] and Co3Sn; [23],
are known ferromagnets that belong to the orthorhombic
Ni3Sn; structure type (space group Pnma), although the high-
temperature modification of CosSn,, obtained by quenching
from above 900 K, does exhibit the hexagonal filled NiAs-
type structure [23]. Effects of Fe for Mn substitution on the
properties of Mn3Sn, were studied by Recour et al in a report
on magnetic and magnetocaloric properties of Fe;_,M,Sn, on
the Mn-rich side (0.1 < x < 0.8) [24], but no such studies have
been performed for the other limiting composition, i.e. when
substituting Mn for Fe in Fe;Sn,. The present work, to the
best of our knowledge, is the first attempt to explore possible
effects of chemical substitutions on the properties of Fe;Sn;.

2. Methods

Electronic structure calculations were performed at the
density-functional theory (DFT) level with Quantum Espresso
(version 7.0) [25], using scalar relativistic projector-
augmented wave pseudopotentials within the Perdew—Burke—
Ernzerhof generalized gradient approximation (PBE-GGA)
[26]. (We did not use the common GGA + U option, since
previous work demonstrated that the GGA approach provided
a good agreement between the calculated and observed proper-
ties of Fe3Sn, [27].) The self-consistent energy convergence
criterion was set to 10~° eV, with a T'-centered 8 x 8 x 8
k-point mesh. The reported unit cell and atomic parameters
of Fe;Sn, were taken as the starting point for calculations
[19]. Lattice relaxations were conducted with convergence
thresholds of 0.5 kbar for pressure, 0.001 eV A~ for forces,
and 107> eV for the total energy per unit cell. Fermi—Dirac
smearing was used with a smearing energy of 0.1 eV. The
plane wave kinetic energy cutoff was set at 500 eV. A dense
16 x 16 x 16 k-point mesh was used to calculate the density
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of states (DOS). Crystal structure visualization and plotting
were performed with VESTA [28].

The influence of hole- and electron-doping effects on the
electronic structure of Fe;Sn, was modeled by partially substi-
tuting Mn and Co, respectively, for Fe. Since we are interested
in perturbations of the electronic structure in the vicinity of the
Fermi level, and since M3Sn, (M = Mn, Co) exhibit a differ-
ent structure type, we have restricted these calculations to the
smaller levels of substitution, i.e. to compositions Fe;_,M,Sn,
with x = 0.5 and 1.0. To implement such models, the 30 atoms
in the unit cell of Fe3Sn, were described as unique positions
by lowering the symmetry to P1. Calculations performed on
Fe3Sn;, in both the original R3m and the P1 space groups yiel-
ded comparable results, thus confirming the validity of such
an approach.

3. Results and discussion

3.1. Substitution models

Our initial DFT calculations on the unsubstituted Fe;Sn,
revealed that the FM state is stabilized by 0.089 eV per unit cell
relative to the paramagnetic (PM) state. The calculated mag-
netic moments were 2.24 g per Fe atom and —0.08 up per Sn
atom, giving the total magnetic moment of 6.56 pg per formula
unit (f.u.). These values are essentially the same as those repor-
ted recently by Fayyazi et al [27]. They also compare well to
the magnetic moment of 2.17 ug per Fe atom determined by
neutron diffraction experiments at 10 K [29]. The most pro-
nounced features of the band structure near the Fermi level are
also commensurate with the previous reports, as will be dis-
cussed below in the section on the hole- and electron-doping
effects.

Given the good agreement between our calculations and
previous experimental and theoretical results on Fe;Sn,, we
proceeded to calculating the electronic structures and mag-
netic properties of Fe;_,M,Sn, (M = Mn, Co; x = 0.5 and
1.0). To model such substitutions, we lowered the symmetry
to P1 and confirmed that the electronic structure and magnetic
parameters of Fe3;Sn, remained essentially the same when
calculated in this space group. Then, the substitution mod-
els were calculated for several random distributions of the Fe
and M atoms, according to the desired compositions. The sim-
ilar energies of different configurations, with the maximum
energy difference of 7.1 ueV, confirmed that neither Mn nor
Co atoms showed preference for a specific substitution pat-
tern (table S1). Subsequent calculations were performed using
a single substitution pattern for each of the studied composi-
tions; the pattern was chosen in such a way as to achieve the
most random distribution of the Fe and M atoms (figure S1 and
tables S2 and S3).

The optimized crystal structures showed that the replace-
ment of Fe with Mn or Co led, respectively, to the increase and
decrease in the unit cell volume (table 1), in agreement with
expectations based on the relative size of the transition metal
atoms. The only exception is the small increase in the unit cell
volume when going from Fe3Sn, to Fe; 5Cog5Sn;. Interest-
ingly, the hole- and electron-doping have different effects on

Table 1. Unit cell parameters and interatomic distances in the
optimized structures of Fe;_,M,Sn, (M = Mn, Co; x = 0.5, 1.0).

Unit cell params. dM-M) (A)?

Composition a, ¢ (A) V(A% Intralayer Interlayer

Fe;MnSn; 5.353 492.24  2.623,2.731 2.587
19.836

Fe,sMngsSn,  5.338 489.46  2.607,2.777 2.581
19.835

FesSny (cale.)  5.327 486.04  2.551,2.777 2.556
19.778

(exp.) (5.344 (490.81) (2.590, 2.754) (2.590)
19.845)

Fe;5CopsSny  5.338 486.92  2.537,2.791 2.549
19.732

Fe;CoSn; 5.320 479.33  2.575,2.745 2.552
19.556

2 The average distances between transition metal atoms.

the average distances between the transition metal atoms. The
experimental Fe;Sn, structure has two types of such distances:
there are shorter (2.590 A) and longer (2.754 A) Fe-Fe dis-
tances within the kagomé layer and the same shorter distance
(2.590 A) between the layers in the bilayer kagomé structure.
Since we performed the crystal structure optimization without
symmetry restrictions, we observe three different values for
two shorter and one longer distances (table 1). The calculated
shorter intralayer distance shows a pronounced increase, from
2.551 A t0 2.623 A, upon substitution of Mn for Fe but is
less affected by the substitution of Co for Fe, varying between
2.537 A and 2.575 A. On the contrary, the shorter interlayer
distance shows smaller changes, varying between 2.556 A and
2.587 A upon Mn doping and between 2.556 A and 2.549 A
upon Co doping. Although the largest changes in the dis-
tances between transition metals appear to take place within
the kagomé layer, the unit cell shows much larger changes
along the c axis, i.e. perpendicular to the layers. This differ-
ence is explained by the pronounced changes in the distances
between the transition metal and tin atoms along the ¢ axis
(table S4).

3.2. Magnetic properties of Fez_xMxSn,

Results of calculations on the effects of hole and electron dop-
ing on the electronic structure of Fe;Sn, are summarized in
table 2. The FM ground state remains favorable for all substi-
tuted compositions, as can be seen from the values of AEgy; pM,
defined as the difference in the calculated total energy of the
spin-polarized (FM) and non-spin-polarized (PM) models (the
negative value of this difference indicates the stabilization
provided by the FM configuration). The relative stability of
the FM state decreases only slightly upon substitution of Mn
for Fe, but the substitution of Co for Fe causes a substantial
decrease in the magnitude of IAEgy pml-

Upon substitution of Mn for Fe (the hole doping), the mag-
netic moment per Mn atom, m(Mn), increases from 2.35 ug
in Fep sMngsSn, to 2.37 pupg in Fe;MnSn,. Meanwhile, the
magnetic moment per Fe atom, m(Fe), initially decreases from
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Table 2. Calculated magnetic properties of Fes_M,Sn, (M = Mn, Co; x = 0.5 and 1.0).

Composition =

Calcd. parameter FEZMHSHQ FeszIl()As Sl‘l2 Fe3 Sl‘l2 Fez‘5C00ASSn2 Fe2C05n2
AErm-pm, meV/cell —0.089 —0.093 —0.099 —0.085 —0.074
mM), us 2.37 2.35 — 1.04 0.81
m(Fe), up 2.19 2.16 2.24 225 2.26
m(Sn), 1B —0.08 —0.08 —0.08 —0.06 —0.06
m(f.u.), us 6.59 6.42 6.56 6.03 5.21
5
p a) Fe;MnSn, b) Fe, sMn, 5Sn, c) Fe;Sn, d) Fe,sCo, 5Sn, e)Fe,CoSn,
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Figure 2. Partial DOS of the majority-spin (red) and minority-spin (blue) 3d electrons of the transition metal sites in Fez_,M,Sn; (the
Fermi level is indicated with a dashed gray line). Expanded plots of the region near Er are shown in the bottom panel.

2.24 ug in FesSn; to 2.16 in Fe; sMng 5Sn,, and then increases
to 2.19 in Fe;MnSn;,. This increase in the magnetic moment
per Fe atom leads to anomalous behavior of the total moment
per f.u., which initially decreases from 6.56 up in Fe;Sn; to
6.42 pp in FeysMngsSn, but then increases to 6.59 up in
Fe,MnSn,. Magnetic properties of Co-substituted (electron-
doped) Fe;Sn, exhibit an opposite trend, as m(Fe) increases
and m(Co) decreases with the increasing Co content. As a
result, the total moment per f.u. decreases from 6.03 up in
Fe, sCog5Sn, to 5.21 UB in Fe,CoSn,.

Examination of the majority- and minority-spin partial
DOS (pDOS) curves of the 3d electrons near the Fermi level
provides a justification for these observations. In the unsub-
stituted Fe;Sn,, the spin polarization leads to the Fermi level
falling in a pseudo-gap between the nearly completely popu-
lated majority-spin states (shown with red curves in figure 2)
and the minority-spin states (shown with blue curves), a large
fraction of which remains depopulated. Such a scenario justi-
fies the stabilization of the FM ground state in this compound.
The pDOS curves near the Fermi level exhibit obvious changes

in the population of the minority-spin states as the value of x is
increased. Substitution of Mn for Fe slightly lowers the pop-
ulation of the minority-spin states in Fe, sMngsSn, but also
appears to destabilize some of the majority-spin states, push-
ing them above the Fermi level. The result of such changes is
a decrease in moment per f.u. as compared to that calculated
for Fe;Sn,. Upon going to Fe,MnSn;, the minority-spin states
are depopulated even more, while the majority-spin states
remain relatively unchanged, thus resulting in the increased
magnetic moment per f.u. (figures 2(a) and (b)). On the other
hand, substitution of Co gradually fills the minority states at
Er contributing to a consistently lower magnetic moment per
f.u. with increasing Co content (figures 2(d) and (e)). High-
density pDOS peaks indicate localization of electrons lead-
ing to high effective masses and low mobility; Fe,MnSn;
exhibits the greatest energy dispersion of states, suggest-
ing it may possess the most favorable conductive properties.
Indeed, these expectations are confirmed by examination of
features in the electronic band structures, which we discuss
next.
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Figure 3. Calculated electronic band structures of Fe;_Mn,Sn;, with enlarged areas near the Fermi level shown in the bottom panel.
Degeneracies observed in Fe3Sn; (a) are broken in Fe, sMng sSn, (b) but appear to re-emerge in Fe;MnSn; (c¢) alongside the emergence of
new nodal and linear degeneracies at and below Er. The solid and dashed curves correspond to the majority-spin and minority-spin states,
respectively. The green ovals highlight the desirable degeneracies while the red ones indicate the potential loss of those degeneracies.

3.3. Hole- and electron-doping effects

As already mentioned above, the features observed in the
calculated electronic band structure of Fe;Sn, are comparable
to those reported in previous theoretical studies of this
compound. Thus, a set of Weyl nodes centered around the sym-
metry point I' is located at ~0.4 eV below Ef, and a set of
Dirac points is observed along the V-T'-T k-path at ~0.1 eV
below Ep (figure 3(a)). These degeneracies are accompanied
by high average dispersion of energy bands and large hole
pockets at I

The substitution of Mn for Fe has remarkable effects on the
electronic band structure. In the case of Fe, sMng 5Sn,, there
is a loss of the Dirac points that were observed in Fe;Sn, at
~0.1 eV below Ef along the I'-V and I'-T lines and an open-
ing gap of ~0.02 eV between the Weyl nodes at ~0.4 eV below
Er (indicated with red ovals in figure 3(b)). A low-dispersion
flatband, however, is observed where these nodes previously
resided. Moreover, additional flatbands emerge across the k-
path at the same energy, and bands below these points exhibit
lower average dispersion, consistent with the loss of symmetry
and increased localization of the electron wavefunctions.

Upon further increase in the Mn content, i.e. in Fe;MnSnj,
the degeneracies originally observed in Fe3;Sn, and broken
in Fe, sMng sSn, appear to re-emerge as potential Weyl-type
and Dirac-type points apparent at Er and ~0.3 eV below Ef,
respectively (indicated with green ovals in figure 3(c)). The
emergent Weyl-type cones at Er are separated by a gap of
~0.03 eV, and the gap between the former Dirac points at
~0.4 eV below Ef also opens to ~0.03 eV. Nevertheless,
a new set of Dirac points emerges approximately 0.05 eV

below on either side of these split nodes along the V-I'-T
k-path. The appearance of degenerate states and high disper-
sion in the electronic band structure, most likely, correlate with
the more symmetric atomic arrangement in the unit cell of
Fe;MnSn; as compared to that of Fe, sMng5Sn, (figure S1).
These changes result in greater electron delocalization which
promotes increased interaction through FM exchange. Delo-
calization also facilitates the emergence of degenerate elec-
tronic states with potential for high carrier mobility. The
expected retention of FM ordering and the high density of
degenerate states near Er make Fe,MnSn; a promising candid-
ate for further studies, suggesting that hole-doping of Fe;Sn,,
in general, may yield non-trivial physical properties.
Electronic band structures of Fe;_,Co,Sn, are shown in
figure 4, where the band structure of Fe;Sn; is also repro-
duced for the sake of comparison (figure 4(a)). As in the case
of Fe, sMng sSnj,, the Dirac points observed for Fe;Snj, are lost
in Fe, sCopsSn, (figure 4(b)), and two sets of cones are open
with gaps of 0.01 and 0.07 eV (indicated with red ovals). Low-
dispersion bands are observed across the k-path at ~0.7 eV
below Ef. Further substitution of Co for Fe maintains these
energy gaps between the previously degenerate points along
the I'-V and I'-T lines, as can be seen in the electronic struc-
ture of Fe,CoSn, (figure 4(c)), although EF is shifted to a
higher energy relative to these points, due to filling of the 3d
states. Thus, the band structure of Fe,CoSn, does not exhibit
a recovery of emergent degeneracies, as was observed for
Fe,MnSn;. In fact, the 0.01 eV and 0.07 eV gaps between
the cones observed in Fe, sCogsSn, are nearly unaffected in
the band structure of Fe,CoSn,. While nodal degeneracies
appear at ~0.9 eV below Ep, such degeneracies between
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Figure 4. Calculated electronic band structures of Fe;_,Co,Sn,, with enlarged areas near the Fermi level shown in the bottom panel.
Degeneracies observed in Fe3Sn; (a) are split in Fe, sCog 5Sn; (b) and remain non-degenerate in Fe;CoSn; (c). The solid and dashed curves
correspond to the majority-spin and minority-spin states, respectively. The green ovals highlight the desirable degeneracies while the red

ones indicate the potential loss of those degeneracies.

valence bands are relatively trivial and consistent with the
more symmetric atomic arrangement. For both Fe, 5Cog 5Sn;
and Fe,CoSn,, the lower average dispersion near Ep, as com-
pared to that in Fe3Sn,, indicates reduced carrier mobility with
higher effective masses. These results suggest that electron
doping does not enhance the magnetic or conductive proper-
ties of Fe;Sny, but rather suppresses these characteristics and
removes non-trivial features of the band structure.

4. Concluding remarks

Our theoretical investigation clearly reveals the immediate
impact of hole- and electron-doping substitutions on the mag-
netic and electronic properties of frustrated kagomé ferromag-
net Fe3Sn,. Hole-doping through substitution of Mn for Fe
initially breaks the nodal degeneracies observed in Fe;Sny,
but at higher Mn content such degeneracies re-emerge. Espe-
cially interesting is the appearance of nearly degenerate Weyl
points at the Fermi level, which could lead to exotic conduct-
ing and magnetic properties. The retention and emergence of
degenerate states might indicate strong coupling between the
electronic and spin degrees of freedom in the kagomé lattice,
which could result both in anomalous transport effects and
multiple magnetic ground states with non-collinear spin tex-
tures. In contrast, electron doping eliminates the nodal degen-
eracies and does not lead to appearance of any re-emergent
features of interest in the electronic band structure. Thus, we
conclude that the present study identifies Fe;_,Mn,Sn, as a
suitable candidate for further investigations of magnetic and
topological properties of Fe;Sn;-based kagomé metals. Exper-
imental studies of such hole-doping effects are currently under

way in our laboratories, and their results will be reported in due
course.
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