PHYSICAL REVIEW LETTERS 125, 026401 (2020)

Interplay of Magnetism and Topological Superconductivity in Bilayer Kagome Metals
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The binary intermetallic materials, M;Sn, (M = 3d transition metal) present a new class of strongly
correlated systems that naturally allows for the interplay of magnetism and metallicity. Using first
principles calculations we confirm that bulk Fe;Sn, is a ferromagnetic metal, and show that M = Ni and
Cu are paramagnetic metals with nontrivial band structures. Focusing on Fe;Sn, to understand the effect of
enhanced correlations in an experimentally relevant atomistically thin single kagome bilayer, our ab initio
results show that dimensional confinement naturally exposes the flatness of band structure associated with
the bilayer kagome geometry in a resultant ferromagnetic Chern metal. We use a multistage minimal
modeling of the magnetic bands progressively closer to the Fermi energy. This effectively captures the
physics of the Chern metal with a nonzero anomalous Hall response over a material relevant parameter
regime along with a possible superconducting instability of the spin-polarized band resulting in a

topological superconductor.
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Introduction.—Accentuated quantum fluctuations due to
dimensional confinement and electron-electron correlations
are at the heart of some of the novel electronic phases of
condensed matter—e.g., high temperature superconductiv-
ity in cuprates [1] and iron pnictides [2]; the low-
dimensional frustrated magnets [3]; easily exfoliable
materials such as monolayer and bilayer graphene [4,5];
and two-dimensional (2D) electron gas leading to integer
and fractional quantum Hall effects [6] in synthetic hetero-
structures [7,8].

A recent addition to this ongoing research is the binary
intermetallic series M,,X, with M = 3d transition metals
(TMs) forming stacked kagome layers, separated by X =
Sn, Ge spacer layers in stoichiometric ratios of m:n = 3:1,
3:2, or 1:1. Recent experiments report the observation of
bulk Dirac cones in the electron band structure [9,10], large
anomalous Hall response [11-14] as well as magnetic Weyl
excitations [15] in them. Diverging density of states,
probed by scanning tunneling spectroscopy, have been
reported for Fe;Sn, [16] as well as for the ternary kagome
ferromagnetic compound, Cos3Sn,S, [17], though the
existence of flatband, a characteristic of kagome geometry,
has remained inconclusive possibly due to hybridization
with other bands in the 3D material. Recently synthesized,
[18] bulk FeSn has been claimed to have flatbands at
energies few hundreds of meV below and above Fermi
level. In this backdrop, it is curious to explore the
consequence of dimensional confinement in these inter-
metallics by considering the atomistically thin limit of these
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materials which is expected to further enhance the strong
correlation physics and thereby providing a platform for
the interplay of flatband physics and fluctuating magnetism
in the low-dimensional itinerant systems containing
3d TMs.

In this Letter, we explore the above possibility within the
framework of ab initio density functional theory (DFT) and
effective low-energy minimal models inspired by the DFT
band structure. To probe the effect of dimensional confine-
ment, we consider one unit of kagome bilayer derived from
the bulk structure [Fig. 1(a)], sandwiched between two Sn
layers [Fig. 1(b)]. Also, in addition to Fe compound which
is already synthesized as a bulk material, we consider two
more late TM based compounds—Ni and Cu—which are
yet to be synthesized, in order to understand the generic
behavior of this family of materials. The calculated
cleavage energy [19,20] costs involved in the creation of
a bilayer is 1-2 J/m? [21]—similar to that required for
creating 2D MXenes, the 2D counterparts of MAX phases
[25,26], which have already been successfully synthesized
through chemical etching.

Analysis of the electronic structure of bulk M;Sn,
(M =Fe, Ni, and Cu) prompts us to conclude that
Fe;Sn, is the natural choice to search for fluctuation driven
physics in magnetic flatbands, as both NizSn, and Cu;Sn,
turn out to be nonmagnetic within our DFT calculations.
Thus, while Ni;Sn, and Cu;Sn, have interesting band
structures (see below) and hence deserve attention, Fe
appears to be in a sweet spot of the interplay of correlations
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FIG. 1. (a) Layered arrangement in bulk M3Sn,. (b) Bilayer
MSng derived out of the bulk layered structure. (c) Stacking of
two kagome layers within the bilayer, viewed along the out-of-
plane direction.

and band physics in the late 3d TM series. Our DFT
calculations for bilayer Fe;Sn, reveal that confinement to
the bilayer limit results in the formation of near flatbands
within =10 meV of the Fermi level, together with massive
Weyl-like band features. Interestingly, the ferromagnetic
correlations in the 3D compound are found to survive down
to bilayer limit. The resulting almost flatbands have non-
zero Chern number, realizing a Chern metal in the bilayer
system. Inclusion of magnetic fluctuation effects within the
model calculations of the kagome bilayer lead to a
fluctuation-driven topological superconductor.

Electronic structure of bulk M;Sn,.—Rhombohedrally
structured bulk M;Sn, consists of kagome bilayers of M
atoms sandwiched between stanene layers (Sn” atoms) as
shown in Fig. 1(a) [27]. The crystal structure [21] allows for
a breathing anisotropy in each kagome plane resulting in
unequal sizes of the up and down triangles in the kagome
planes [Fig. 1(c)]. The crystal structures of Ni3Sn, and
CuzSn, are obtained from that of Fe;Sn, through sym-
metry-allowed relaxation.

The DFT calculations were performed in plane wave
basis using the Vienna Ab initio Simulation Package
[28,29] with exchange-correlation functional within gen-
eralized gradient approximation (GGA) [30]. Also, the
correlation effect at TM sites is included within GGA + U
[31] with U =0.5eV [32]. Weak spin-orbit coupling
(SOC) is also included for the TM 3d states which appears
to be a crucial ingredient to drive the topological behavior
as well as the stability of magnetism in the bilayer limit (see
below). Further details are provided in the Supplemental
Material (SM) [21]. Figures 2(a)-2(c) show the GGA +
U + SOC band structure of Fe;Sn,, NizSn,, and Cu;Sn,
plotted along the high symmetry directions of the hexago-
nal Brillouin zone (BZ) [33].

Interestingly, while the DFT calculations for Fe;Sn,
stabilize a ferromagnet at the Fe sites with moment ~2.2up,
in agreement with reported experiments [32], both Ni and
Cu compounds turned out to be paramagnetic. Focusing on

(a)

. —(b)
0.4/ %>

i

K

=(d) -

£ Fed | Nid Cud
&08 Snp Snp Snp
S

2 0.6

2 :

§ 0.4 MWM 1 :

Lo2 L}% ’VQ \k N “

8 Wil Wt AP i AN

e -4-32101234432101234432101234
E-E; (V) E-Ef (eV) E-E (eV)

—

FIG.2. GGA + U + SOC band structure of bulk ferromagnetic
Fe;Sn, (a), paramagnetic NizSn, (b), and CuzSn, (c). The
nontrivial Weyl and Dirac-like crossings are encircled. In
(a) the Fe d orbital character is shown—red, d,,; green, d,;
cyan, d; blue, d32_,2; yellow, d,2_,2. The corresponding non-
spin-polarized projected DOS are shown for the Fe (d), Ni (e),

and Cu (f) compounds.

the corresponding density of states (DOS) [Figs. 2(d)-2(f)],
we find that while in case of Fe;Sn,, the low-energy states
are primarily dominated by Fe d states with a small
admixture from Sn p due the covalency, for NizSn, and
Cu;Sn, there is a progressively higher contribution of the
Sn p orbitals such that for Cu it is almost entirely of Sn p
character. The Stoner criteria of magnetism, appropriate for
metallic systems, gives I x N(Ey) [l = Stoner parameter,
N(Er) =DOS at Eg] to be larger than one (1.4) for
Fe;Sn,, and significantly less than 1 for Ni;Sn, and
CusSn, (0.3 and 0.1, respectively), justifying the ferro-
magnetic (paramagnetic) ground state in the Fe (Ni and Cu)
system(s). The band structures of Fe;Sn,, which is in good
agreement with literature [32], and that of NizSn, and
Cu;3Sn, show topologically nontrivial Weyl and Dirac
points [Figs. 2(a)-2(c)]. The electronic structure of
Ni;Sn, and Cu3Sn, compounds though appears interesting
and deserves further attention, in keeping the focus on the
interplay of magnetic fluctuations, topological properties,
and low dimensionality, we discuss the properties of
bilayers of Fe;Sn, in the rest of this Letter.

Electronic structure of bilayer FeSn.—The Sn” termi-
nated FegSng bilayer is shown in Fig. 1(b). The kagome
bilayer, which in this case is isolated, consists of two
kagome layers of Fe atoms, shifted with respect to each
other. It is important to note that the bulk FeSn structure
studied recently [18] consists of alternate Fe-kagome layers
and Sn layers and hence is different from the present case.

The GGA + SOC + U band structure of the Sn-termi-
nated bilayer FeSn [cf. Fig. 1(b)] is shown in Fig. 3 along
with the orbital characters of the bands projected to the Fe
d. DFT estimate for intra- and interkagome layer magnetic
interactions for the above bilayer are both ferromagnetic—
as in bulk Fe;Sn,—with magnitudes ~10 meV and

026401-2



PHYSICAL REVIEW LETTERS 125, 026401 (2020)

—~
(=)
-~

FIG. 3. GGA + SOC + U band structure (a) and Fe d projected
spin-polarized DOS, with positive (negative) axis corresponding
to DOS in up (down) spin channel (b) of bilayer Fe compound in
the FM state. In (a) the Fe d orbital characters are denoted with
different colors—red, d,(y; green, dyz; cyan, d,.; blue, ds»_,2; and
yellow, d,2_ 2. (b) Shows a comparison between the bilayer and
bulk DOS, while the inset shows the van Hove features of the
two-dimensional electronic structure of the bilayer. (c) Band
structure of bilayer in nonmagnetic state. (d) The Fermi surface in
the nonmagnetic (blue) and ferromagnetic states (red).

~0.3 meV, respectively. This is in contrast to magnetic
behavior of bulk FeSn reported recently [18], where the
ferromagnetic Fe  kagome layers are coupled
antiferromagnetically.

The bilayer band structure shown in Fig. 3(a) should
be contrasted with the bulk electronic band structure
[Fig. 2(a)]. The latter is characterized by several low-
energy bands having non-Fe character as expected for a
three-dimensional network of the Sn atoms in the bulk. In
comparison, the band structure of bilayer FeSn within
+10 meV is primarily of Fe do_2, d,, and ds2_p
characters, with little contribution from Sn p. While the
basic features of the bilayer DOS, presented in Fig. 3(b), is
similar to that of bulk, close observation reveals [inset of
Fig. 3(b)] formation of van Hove-like singularities in the
DOS of the bilayer arising from dimensional confinement.
This is further confirmed by calculating effective masses of
the low-energy bands. While the parallel components of
effective masses range between 3-5m,, that in
perpendicular direction is 1000-2000m,.

Most importantly, in contrast to the bulk band structure,
the bilayer band structure shows a couple of somewhat
flatbands, arising due to destructive interference of hop-
pings in the kagome bilayers, in an energy window of
410 meV around the Fermi level Er in a forced para-
magnetic state [Fig. 3(c)]. They survive, albeit somewhat
dispersive, in the magnetic state [Fig. 3(a)]. The Fermi

surface of the paramagnetic and ferromagnetic states are
shown in Fig. 3(d). The reconstruction of the Fermi surface
due to ferromagnetic order resulting in small electron- and
holelike pockets is apparent.

The nearly flatbands span a significant portion of the BZ
and should be contrasted with the case of bulk FeSn
structure [18] consisting of kagome monolayers, where
the flatband features occur at few hundred meV from Ep.
Because of ferromagnetic order, time-reversal symmetry is
broken and these flatish bands acquire a finite Chern
number. Constructing the maximally localized Wannier
functions using WANNIER90 [34], we calculated the inte-
grated Berry curvature over the 2D BZ. This gives a Chern
number of —1 for the flatband closest to Er. Thus, the DFT
results show that bilayer FeSn may stabilize a ferromag-
netic Chern metal [35,36] with nonquantized but large
anomalous Hall response.

Effective tight-binding model—Based on our DFT
findings, we conclude that geometric confinement to
bilayer results in (a) quasi-2D electronic structure, (b) sur-
vival of ferromagnetic correlation, and (c) realization of
almost flatbands. The effect of fluctuations on almost
flatbands is expected to be strong, opening up possibilities
for stabilizing novel phases. The intricate features of the
low-energy DFT bands near Ey [cf. Fig. 3(a)] require a
detailed tight-binding model accounting for the various
hopping processes involved. Here instead, we construct
simpler tight-binding models with the right orbital char-
acter and short-range hopping that capture qualitatively the
low-energy DFT band structure and use them to study the
effect of correlation and band properties.

To this end we introduce two related symmetry-allowed
models, (1) a three orbital (plus spin)-site model in which
we account for the magnetization within mean field
decomposition of on site Hubbard interactions in the
ferromagnetic channel. This captures the large anomalous
Hall response in the Chern metal phase [Fig. 4(b)] in a
material relevant parameter regime; and (2) an even more
simplified one spin-polarized orbital-site tight-binding
model which captures the flatish band near the Fermi level
which we use to study the possible superconductivity driven
by magnetic fluctuations within a self consistent Bardeen-
Cooper-Schrieffer (BCS) mean field theory. We expect that
since the superconductivity arises from the instability of the
Fermi surface the minimal one orbital model gives a valid
qualitative description of such phases. The parameters of
both the models reveal that while the nearest neighbor
hopping within each kagome layer dominates [21], further
neighbor and interlayer hoppings are non-negligible—
indicating differences in the nature of the almost flatbands
in bilayers from that in a single-layer kagome.

Our minimal tight-binding modeling starts by [21,37]
including three Fe d orbitals per site—ds52_,2, d,2_,2, and
d,,—which contribute to the electronic states within
+10 meV of the DFT band structure [cf. Fig. 3(a)]. This
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generic symmetry-allowed model allows intra- and inter-
kagome layer first, second, and third nearest neighbor
hopping among the orbitals, along with (weak) SOC
projected to the above orbitals. As noted above, the
breathing anisotropy within each kagome layer generically
leads to a difference in the hopping amplitude on bigger
triangles compared to smaller triangles. We introduce a
parameter r in the tight-binding model as the ratio of the
nearest neighbor hopping amplitudes on bigger triangles to
that on smaller triangles. Generically, we do not know the
value of r in bilayer FeSn and related materials. Further, it
is possible that the actual value may depend on synthesis
process and substrate and therefore is an experimentally
relevant parameter which we vary to study various proper-
ties. Tuning the parameters of this model [21] lead to a
representative tight-binding band structure in Fig. 4(a) with
r = 1.25 which is in semiquantitative agreement with the
DFT results [Fig. 3(a)].

Chern metal and anomalous Hall effect.—As suggested
by our WANNIER90 Chern number calculation mentioned
above, the bands close to the Fermi level in Fig. 4(a) also
have nonzero Chern numbers. While it is complicated to
calculate the Chern numbers of the individual bands since
they cross, a more robust quantity is the anomalous Hall
response of the resultant Chern metal. We plot the anoma-
lous Hall conductivity (6,,) as a function of the asymmetry
parameter r in Fig. 4(b) where other band parameters are
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FIG. 4. Panel (a) shows tight-binding bands obtained for a three
orbital model with parameters tuned to reproduce qualitative
agreement with the DFT results. Panel (b) shows the evolution of
oy, as a function of the breathing anisotropy parameter r (see
text). Panel (c) shows the superconducting order parameter in the
reduced one orbital spin-polarized tight-binding model with
nearest neighbor attractive interactions mediated by ferromag-
netic fluctuations. The thickness of the bonds is proportional to
the amplitude of the superconducting order parameter and the
colors encode its phase. Panel (d) shows the topological super-
conductor and magnetic metal (with o,, # 0) as a function of r
for the one-orbital tight-binding model.

kept fixed. The resultant finite response over a wide
parameter regime r € (0.7 — 1.4) indicates that the anoma-
lous Hall response is a robust feature of Chern metal in
bilayer FeSn and allied materials.

The Chern metal is an extremely interesting phase where
the partially filled band has a topological invariant. The
instability of such a metallic phase therefore involves an
intricate interplay of band topology and correlations. In the
presence of small SOC, we expect the ferromagnetic order
to be stable at finite temperatures even in the bilayer, albeit
with enhanced magnetic fluctuations. These magnetic
fluctuations can then act as a pairing glue leading to
superconductivity in the spin-polarized band. We now
focus on the possibility of realizing such a magnetic
fluctuation driven superconductor.

Superconductivity.—Both the DFT and the tight-binding
model show the presence of small Fermi pockets near the K
and the I" points of the BZ arising from the almost flat low-
energy bands [Figs. 3(d) and 4(a)]. Magnetic fluctuations
lead to effective attractive interactions for electrons—
driving a superconducting instability naturally in the triplet
channel for the spin-polarized bands [38—42]. This super-
conductivity can be explored within a self-consistent BCS
mean field theory. For this purpose we use a symmetry-
allowed effective tight-binding model with one spin-polar-
ized orbital-site of the kagome bilayer, with parameters
chosen such that the DFT bands close to Ep are well
represented [21]. Further, integrating out the magnetic
fluctuations leads to short-range (nearest neighbor in our
case) attractive interactions V between the electronic
densities, ~ — V', n;n;. Within a multiband BCS mean
field theory, the above model indeed stabilizes a super-
conductor for a wide regime of the parameter » when V ~ ¢
[21], where ¢ is the nearest neighbor hopping of the
effective low-energy one-orbital tight-binding model.
The fairly large value of the interaction can be attributed
to the small density of states at Er due to the small Fermi
pockets. Here, we plot the results for the representative
choice of V = 2¢. A rough estimate of effective low-energy
scales gives t~0.13eV and hence V ~0.26¢eV
0.5U [21].

In our analysis, we incorporate eighteen pairing order
parameters corresponding to the nearest neighbor bonds
associated with a unit cell [21]. In Fig. 4(c) we show the
superconducting order with the thickness of a bond being
proportional to its magnitude and the color of the bond
encoding its phase. The maximum pairing amplitude is
~0.02¢ which would correspond to a mean field transition
temperature of ~10 K. A straightforward analysis reveals
that the pairing amplitudes in Fig. 4(c) transform like a
[, = 1 orbital under a rotation by 2z/3 about the center of
the hexagon of the bilayer akin to p, + ip, superconductor
[39]. The topological nature of superconductivity in this
system is easily confirmed by computing the net Chern
number of the negative energy Bogoliubov bands [43—46].

026401-4



PHYSICAL REVIEW LETTERS 125, 026401 (2020)

Remarkably, this topological superconductor is stable over
a wide range of the breathing anisotropy parameter r, which
is promising in regard to its experimental detection. For
sufficiently small values of r superconductivity ceases to
exist and one recovers a magnetic metal exhibiting anoma-
lous Hall response. This is shown in Fig. 4(d).

Summary and outlook.—Our DFT results show that
kagome intermetallic series derived from bulk M;Sn,
(M = Fe, Ni, Cu) can host a rich interplay of band physics
and correlations. To the best of our knowledge, while only
bulk Fe;Sn, has been synthesized, the Ni and Cu counter-
parts provide future avenues to explore. The above inter-
play is most prominent in the case of Fe where dimensional
confinement in the bilayer limit enhances it by stabilizing a
ferromagnetic metal with nearly flatbands near the Fermi
level and thereby giving a Chern metal with large anoma-
lous Hall conductivity. Instability of this Chern metal,
within a low-energy tight-binding model and BCS mean
field theory results in a topological superconductor in a
material relevant parameter regime. A related instability,
particularly relevant for the nearly flatband Chern metal, is
a magnetic fluctuation driven fractional Chern insulator. It
would be interesting to investigate the relevance of such a
novel phase in the present context. All the above ingre-
dients have close similarity with the rich physics of twisted
bilayer graphene and hence experimental progress in
isolating bilayer Fe;Sn, and related materials may open
up newer playgrounds of novel correlated physics probing
the interplay of band topology, electron-electron correla-
tions, and spontaneous symmetry breaking.
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