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Electronic structure of intertwined kagome, honeycomb, and triangular sublattices
of the intermetallics M Co,Aly (M = Sr, Ba)
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Intermetallics are an important playground to stabilize a large variety of physical phenomena, arising from
their complex crystal structure. The ease of their chemical tunabilty makes them suitable platforms to realize
targeted electronic properties starting from the symmetries hidden in their unit cell. Here, we investigate the
family of the recently discovered intermetallics M Co,Aly (M = Sr, Ba) and we unveil their electronic structure.
By using angle-resolved photoelectron spectroscopy and density functional theory calculations, we discover
the existence of Dirac-like dispersions as ubiquitous features in this family, coming from the hidden kagome
and honeycomb symmetries embedded in the unit cell. Finally, from calculations, we expect that the spin-orbit
coupling is responsible for opening energy gaps in the electronic structure spectrum, which also affects the
majority of the observed Dirac-like states. Our study constitutes an experimental observation of the electronic
structure of MCo,Aly and proposes these systems as hosts of Dirac-like physics with intrinsic spin-orbit
coupling. The latter effect suggests MCo,Alg as a future platform for investigating the emergence of nontrivial

topology.

DOI: 10.1103/PhysRevB.108.075148

I. INTRODUCTION

An intermetallic is a conducting alloy comprising two or
more distinct metals, the crystal structure of which differs
from that of the constituents. They have attracted consid-
erable interest because of their ability to feature magnetic
orders [1-3], superconducting [4-6], and half-metal behavior
[7,8]. Their magnetic and electronic properties are generally
attributed to a mixture of metallic, covalent, and ionic atomic
bonding. Moreover, their structural complexity makes them
a tantalizing platform for chemical substitution, providing the
opportunity to tune their properties, often resulting in isostruc-
tural series with markedly different electronic and magnetic
behavior. One notable example is given by the Heusler alloys
[9,10], for which several magnetic orders have been demon-
strated [11-13], putting them at the top of the list for possible
candidates in spintronics applications [14—-16].

MCo,Aly (M = Ba, Sr) is a new class of intermetallics,
isostructural to the sister compound BaFe,Alg, which exhibits
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a so-called “catastrophic” charge density wave transition at
100 K, with a subsequent shattering of the crystal [17].
BaFe,;Alg has also been predicted to host a rich electronic
structure (both above and below the charge density wave
transition) with Dirac-like dispersions and flat bands, some-
what reminiscent of the electronic structure of kagome and
honeycomb systems [18-21] (see Fig. 1 as an example of how
these features can arise from the crystal structure). Motivated
by this observation, here, we study the electronic properties
of the intermetallic family M Co,Alg, and we demonstrate the
existence of Dirac-like bands, some of which are separated by
an energy gap due to the spin-orbit coupling (SOC). With this
work, we shed light on the electronic properties of MCo,Aly,
relating these to hidden structural metrics in the systems’
unit cell, and we ultimately propose these systems as pos-
sible hosts of SOC-derived nontrivial topological properties
[23-26].

Single crystals of MCo,Alg, with M being Sr and Ba,
were grown by using the self-flux method described in
Refs. [27-29]. A powder x-ray diffraction analysis showed
that both compounds crystallize into a hexagonal crystal struc-
ture belonging to the P6/mmm space group [30]. Contrary to
BaFe;Alg [17], both SrCo,Aly (SCA) and BaCo,Alg (BCA)
do not show any phase transition down to 1.8 K [27]. The
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FIG. 1. MCo,Aly crystal structure [22]: (a) Side view and (b) top view showing the atomic arrangement within a single unit cell. The
atoms arrange themselves in a complex planar geometry which could be thought as the combination of (c) Al kagome, (d) Co honeycomb,
and M triangular planes. (e) Example of an electronic structure expected for a kagome symmetry obtained by single-orbital first-neighbor
tight-binding calculations. Due to this particular metric, one can expect the electronic structure to exhibit Dirac-like dispersions and flat bands.

crystals were preoriented ex sifu along high-symmetry di-
rections and then cleaved perpendicularly to the ¢ axis in
ultrahigh vacuum (UHV) at a base pressure of 5x10~!! mbar
and at 77 K temperature, which was kept constant throughout
the data acquisition. The metallic bonds of these systems
result in a very high hardness, which makes the samples
very difficult to break along the ¢ axis. Nevertheless, we
were able to apply sufficient strength to the sample to cleave
it in the aforementioned conditions. We noticed that both
samples showed a similar and significant quality degradation
time of about 12 h, thus the angle-resolved photoelectron
spectroscopy (ARPES) measurements were performed within
that time range. Such a fast degradation time is consistent
with a high chemical reactivity of materials containing alkali-
earth metals, such as both BaCo,Alg and SrCo,Alg. After
the cleavage, all samples showed a uniform surface, with no
spectroscopic variation at several positions of the beam spot
(50x100 um?). This was also checked for multiple crystals,
always yielding the same result, thus with no evidence for a
termination-dependent electronic structure and no change in
the spectral weight across the surface.

II. RESULTS AND DISCUSSION

The ARPES measurements were performed with different
photon energies, and the electronic structure exhibits strongly
varying matrix elements as well as strong changes over the
photon energy range we used (40-80 eV; see Supplemental
Figs. S1 and S2 [31]). The latter indicates the strong three-
dimensional character of the electronic structure observed,
which is also revealed by density functional theory (DFT)
calculations [32-35] along the out-of-plane direction (see
Supplemental Figs. S3 and S4 [31]). Such a dispersion results
in a broadening of the electronic structure which is intrinsic
to the system and is generally referred to as k, broadening.
The spectral intensity was prominent at 70 eV, thus we used
this to better visualize the electronic structure of the MCo,Alg
compounds. The Fermi surfaces of MCo,Aly are shown in
Fig. 2 and display a nearly circular holelike pocket which
occupies a large portion of the Brillouin zone (BZ). We es-

timated a surface-projected carrier density of ~0.77¢~ /cell
[see methods and Fig. S1(a) [31]]. Interestingly, the matrix
elements create a destructive interference which suppresses
almost entirely the ARPES intensity within the first BZ. This
can be observed, for example, in Fig. 2(a), where the Fermi
surface of SrCo,Alg, centered in (ky, k,) = (0, 0), has no in-
tensity. Interference patterns such as the one measured for
these compounds are generally a consequence of the matching
between the initial and final states during the photoemission
process as well as the specific experimental geometry [which
we report in Fig. S1(c) [31]]. For details on these matrix
element effects, see Refs. [36—40]. At first glance, the Fermi
surfaces of SrCo,Alg [Fig. 2(b)] and BaCo,Alg [Fig. 2(d)]
appear very similar in shape and size. However, BaCo,Aly
exhibits additional spectral features located at the BZ center
[Fig. 2(d)]. Such an intensity, which is instead not detected in
the Fermi surface of SrCo,Aly [Fig. 2(b)], can be attributed
to the presence of a more p-doped holelike band in the Ba-
based compound, the intensity of which, likely helped by the
large broadening of the electronic structure, spills up to the
Fermi level. This can be also seen in the DFT [Figs. 2(c)
and 2(e)] and highlights one of the most prized properties of
isostructural intermetallics: the opportunity of sharing general
common features in their electronic, thermal, and mechanical
properties, but at the same time tuning such properties through
chemical substitution [41-43].

To better understand the origin of the observed spec-
tral weight, we measured the energy-momentum spectra by
ARPES for both compounds and we compared them to the
DFT calculations [44-46]. Overall, the DFT calculations
[orange lines in Figs. 2(c) and 2(e)] track the experimen-
tal bands satisfactorily. Such bands appear broad and this
is probably due to the strong chemical bonds between the
atoms, which in the out-of-plane direction can give rise to
an extended k, broadening [27]. A strong three-dimensional
electronic structure broadening, which is also common to
other intermetallics [47], might certainly contribute to such
large experimental linewidths. Plus, the three-dimensional
character of these systems is also demonstrated by the strong
variation along the k, direction obtained from DFT (see
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FIG. 2. (a) BZ and projected surface component along with the Fermi surface of SrCo,Alg collected at 70 eV and with linear horizontal
polarization. Strong matrix element effects hinder the detection of any photoemitted signal from the first BZ, therefore we carried out the
ARPES characterization in the second zone. (b) Second BZ collected for SrCo,Aly and (c) energy-momentum spectra along the high-symmetry
directions indicated. Dashed orange lines superimposed to the ARPES data are the DFT calculated bands (with SOC). Labeled arrows mark
the position of the Dirac crossings discussed in the text. (d) Second BZ collected for BaCo,Aly and (e) energy-momentum spectra and
DFT-calculated band dispersions (with SOC, dashed lines) along the high-symmetry directions indicated. Insets in (c) and (e) report the
two-dimensional curvature to show the additional spectral weight close to the Fermi level for BaCo,Aly.

along I'-A in Figs. S3 and S4 [31]). To help the data vi-
sualization, we plotted the curvature [48] signals along the
M-T'-M direction [see insets in Figs. 2(c) and 2(e)]. These
plots readily reveal the existence of the extra intensity ob-
served in BaCo,Aly and centered in I'. By comparing the
data with the DFT calculations, we ascribe such a feature
to the holelike bands dispersing with a maximum at I". No-
tably, the top is closer to the Fermi level for the Ba-derived
compound than the Sr one, consistent with the additional
spectral intensity observed in the BaCo,Alg Fermi surface
with respect to SrCo,Alg [Figs. 2(c) and 2(e)]. The observed
energy shift is large and estimated to be ~250 meV. We stress
that despite the observed holelike band being located below
the Fermi level, the large tails of spectral intensity extend
up to it, thus being still observable in the Fermi surface of
Fig. 2(d).

To better capture the details of the electronic structure of
both MCo,Alg, we show the DFT (without SOC) along with
the calculated projected electron density of states (p-DOS; see
Fig. 3). First, we notice that in both compounds, the main
orbital character projected on the eigenstates is provided by
the Al and the Co atoms, while the M metals seem to only
contribute (in a less prominent way) to the electronic structure
far away from the Fermi level (energies larger than —2 eV).
The M metals, despite being responsible for energetic shifts,
as discussed above, do not appear to contribute significantly to
the near-Fermi electronic structure and fermiology. In the p-
DOS [see Figs. 3(a) and 3(b)], several peaks with Co d-orbital
character contribute to the main signal at a binding energy
smaller than —1 eV and such peaks originate from nearly
dispersionless bands. Such Co-derived localized states are not
primarily linked to the flat band arising from the Al kagome
motif, but rather to the strong correlations experienced by

electrons in the d shell. Incidentally, we note that the sharp
and intense peaks at Ez ~ —1.1 eV and at Ez ~ —1.35 eV
in the Co d p-DOS are due to highly localized Co d bands
which lie at the edge of the Brillouin zone in the A-L-H plane
(see Figs. S3 and S4 where whole orbital-projected bulk bands
are provided [31]) rather than to the kagome’s flat band high-
lighted in red in Fig. 3(a) (“fb”). The latter possesses indeed
a mainly Al p-orbital character, with a marginal contribution
from Co, as shown in Fig. 3(c). The presence of flat bands in
these materials is somewhat different from what was reported
for kagome metals. In the latter, in fact, they arise from a
phase-cancellation process: In a kagome, the eigenstates of
the flat band have opposite sign at different sublattices, as dis-
cussed in Refs. [18,49-51]. Therefore, any electron hopping
outside the hexagonal part of the kagome lattice is canceled
out by a quantum destructive interference. This cancellation
gives rise (within a first-neighbor tight-binding model; see
Fig. 1) to a perfect localization of electrons within the BZ. In a
pure kagome, both the effects of hybridization with the next-
neighboring atoms and SOC can gap these states. However,
their major contribution will still be given by the geometrical
kagome pattern. Here, for our systems, while the Al atomic
arrangement is reminiscent of a kagome lattice, there is a
similar orbital contribution to such states given by the Co
atoms, which develop with a honeycomb motif. The strong hy-
bridization and overlap between the Al and Co is expected to
enable bands with a dispersion significantly different from the
expected textbook behavior of a pure kagome mesh. However,
our calculations indicate that the flat bands [highlighted with
red color in Fig. 3(a) with energy ~ — 1.2 eV and in Fig. 3(b)
with energy ~ — 1 eV for SrCo,Aly and BaCo,Aly, respec-
tively] are a genuine effect of the Al atomic arrangement,
since they are primarily Al derived [Fig. 3(c)]. Evidence for
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FIG. 3. Ab initio bulk electronic band dispersion extracted along high-symmetry directions in the I'-K-M-I" plane and orbital-projected
partial DOS for (a) SrCo,Aly and (b) BaCo,Aly. Labeled arrows (1)—(3) pin the Dirac-like crossings (“Dc”) while the flat band (“fb”) linked
to the hidden Al kagome lattice is highlighted in red and marked by the red arrows both in the band dispersion and in the p-DOS. (c) Orbital
character of the SrCo,Alg band structure along the same high-symmetry path shows that Al p, Co p, and Co d orbitals bring the highest

contribution to the states near Er.

such flat states is also visible in the ARPES spectra of Fig. 2,
however, they are better highlighted when linear vertical (LV)
polarization was used as this suppressed the intensity from the
highly dispersive bands (see Fig. S2 in where we report such
spectra together with their curvature [31]).

The intrinsic honeycomb and kagome motifs created by the
Co and Al respectively in both compounds is evident from a
pronounced Dirac-like dispersion with a crossing point at K.
Such a feature is clearly visible both in the experiment and in
the DFT calculations, e.g., see arrow (1) in Figs. 2(c) and 3(a)
(Eg ~ —0.6 eV) and also Fig. 3(c), indicating the hidden sym-
metries nestled in the crystal structure of both intermetallics.
This band crossing is present for both compounds and has a
van Hove singularity at the M point approximately 300 meV
(400 meV) below the Fermi level for SrCo,Alg (BaCo,Aly).
Due to strong matrix element effects its presence in Fig. 2 is
concealed by the intense highly dispersive states along K-M
(for better visualization, see Fig. S5 where we probe the van
Hove singularity in different geometries to better highlight
it [31]). According to our orbital-projected DFT, similarly
to graphene, such a Dirac dispersion appears to derive from
p-type orbitals, in this case with mixed Al-Co character. We
notice also that the same bands which develop into a Dirac-
like dispersion are the same that in the experiment give rise

to the largest circular Fermi surface as in Fig. 2. We notice
that such bands, in proximity of the Fermi level, are very
close to each other, thus giving rise, within our resolution,
to a single ring rather than the two that are theoretically
expected. If, on the one hand, the MCo,Aly bears several
similarities with graphene, we notice remarkable differences:
In graphene, the energy difference between the Dirac crossing
and the van Hove singularity is large, i.e., approximately 3 eV
[52,53]. Here, it is instead one order of magnitude smaller, i.e.,
approximately 0.3 eV. This strikingly different behavior could
be exploited by filling or depopulating the singularity point
owing to the ease of tunability offered by this family of ma-
terials. Once these states are brought to the Fermi level, they
could lead to a collective phase transition. A notable example
is BaFe,Alg where the Al-derived van Hove singularity and
Dirac cones cross the Fermi level and BaFe,Aly undergoes
a charge density wave transition so strong that the crystal
shatters [17]. Finally, the lower branch of the Dirac cone
intersects other highly dispersive bands along I'-K; see, for
example, Ep ~ —0.8 eV [green arrow (2)] and Eg ~ —1 eV
[green arrow (3)] in Fig. 3(a). These crossing bands are also
characterized by a strong intermixing of Al-Co orbitals, with
the only difference being that this time the Co d orbitals
hybridize with the Al p character.
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FIG. 4. Effects of SOC on the electronic band structure of (a) SrCo,Aly and (b) BaCo,Aly. Zoom-in of the colored boxes in (a) shows
details of the anticrossing opening gaps induced by SOC at the K and I" points. Labels (1)—(3) mark the positions of the Dirac crossings

discussed above.

SOC further mixes the orbital character of the bands, in-
troducing energy gaps in the MCo,Alg band structure (see
Fig. 4 for bands with and without SOC, orange and gray,
respectively). According to the DFT, the effect of the SOC
is stronger in the bands displaying a Co d character and
manifests by gapping Dirac-like states at both the K and I
points. Specifically, SrCo,Aly displays such energy gaps of
~70 meV at the K point (blue framed zoom) and of ~60 meV
at I' (red frame). In the kagome metals such as the recently
discovered X VSng family (X = Gd, Y, Tb) [54-56], spin-
orbit-induced gaps in the electronic structure have attracted
attention because they are expected to host a finite contri-
bution to the spin Berry curvature. This has been recently
proved by Di Sante ef al. in Ref. [57] and it applies also
to other systems as that partially discussed in Ref. [58] for
TaCoTe,. Our system, which intrinsically hosts this lattice,
is not expected to behave differently (and with the additional
ease of intermetallics to tune such properties even further by
chemical substitution), thus our work invites further study of
this topological aspect.

III. CONCLUSIONS

Summarizing, the combination of ARPES and DFT al-
lows us to discover the presence of several Dirac-like
dispersions in the MCoyAly intermetallic family, hidden
in the honeycomb/kagome substructures. Orbital-projected
DFT consistently pinpoints a strong Al-Co hybridization
across the whole Dirac-like band structure. Finally, our
DFT reveals the existence of sizable SOC-induced gaps in

most of the crossings. We therefore establish the bench-
marks of the electronic properties of these compounds
and pave the way for further studies of SOC-derived phe-
nomena and the development of nontrivial topology in
the series.

The research data supporting this publication can be ac-
cessed at Ref. [59].
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