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Electronic correlations and universal long-range scaling in kagome metals
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We investigate the real-space profile of effective Coulomb interactions in correlated kagome materials. By
particularizing to KV3Sbs, Co3Sn,S,, FeSn, and NisIn, we analyze representative cases that exhibit a large span
of correlation-mediated phenomena, and contrast them to prototypical perovskite transition metal oxides. From
our constrained random phase approximation studies we find that the on-site interaction strength in kagome
metals not only depends on the screening processes at high energy, but also on the low-energy hybridization
profile of the electronic density of states. Our results indicate that rescaled by the on-site interaction amplitude,
all kagome metals exhibit a universal long-range Coulomb behavior.
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Introduction. The kagome lattice [Fig. 1(a)] has emerged
as a prototypical playground for sought-after quantum phe-
nomena of electronic matter. From the perspective of localized
spins and quantum magnetism, the geometric frustration pro-
moted by the corner-sharing triangles triggers interesting
quantum phases such as spin liquids [1]. From the viewpoint
of band structure and itinerant electrons, the kagome lattice
offers a whole variety of appealing features at different fill-
ings. These range from Dirac cones and van Hove singularities
to flat bands, where the latter have been suggested as a natural
host for ferromagnetism owing to the quenching of kinetic
energy and increase of the density of states [2], as well as for
topological physics [3-5]. Kagome Dirac cones, on the other
hand, have become a paradigmatic tool to accomplish corre-
lated Dirac fermions [6,7], possibly leading to hydrodynamic
electron flows meeting the criteria for accessing the turbulent
regime [8]. Most recently, exotic electron instabilities have
been reported at, or close to, van Hove filling, where the nest-
ing properties of the kagome Fermi surface, combined with its
sublattice interference, are preeminently suited for enhancing
exotic two-particle effective interaction profiles [9,10].

Despite all these peculiar features tied to the lattice and
hence the kinetic theory related to the kagome compounds, the
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common denominator behind this surprisingly rich and diver-
sified physics and plethora of collective phenomena still is the
Coulomb repulsion between electrons. It is self-evident that
reliable first-principles estimations of the Coulomb interaction
parameters of kagome materials are of pivotal importance to
any attempt to tackle the many-electron problem. Specifically,
several avenues of many-body physics born out of a kagome
metal parent state are expected to sensitively depend on the
precise shape and amplitude of the effective Coulomb interac-
tion profile: For electronically mediated charge density wave
formations, the relative strength of the nearest-neighbor repul-
sion appears paramount. Likewise, the harmonic composition
of the superconducting pairing function crucially depends on
the relevance of long-range interaction components. Finally,
while a rescaled fine-structure constant concomitant with a
preserved algebraic shape of Coulomb repulsion is no pre-
requisite, it is likely that the true character of long-range
Coulomb behavior has a significant impact on the nature of
hydrodynamic electron flow [11,12].

In this Letter, we analyze the Coulomb interaction pro-
file of four representative kagome systems, namely, KV3Sbs,
Co3Sn,S,, FeSn, and NisIn. In terms of ground state prop-
erties, these prototypical compounds display a large variety
of correlation-driven fundamental physics. Specifically, the
recently discovered AV3Sbs (A = K, Rb, Cs) [13] provide an
occurrence of kagome metals with the Fermi level tuned to
the vicinity of several van Hove singularities with different
sublattice character distributions [14—-16]. When combined
with nonlocal Coulomb correlations, this sublattice decoration
gives rise to a profusion of exotic many-body phases, from un-
conventional superconductivity [9,14] to charge (CDW) and
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FIG. 1. (a) Top view of a kagome net formed by correlated cation
atoms (gray) decorated with noncorrelated anion atoms (blue), in the
typical arrangement seen in KV;Sbs, Co3;Sn,S,, FeSn, and NiszIn.
Each kagome atom in the unit cell is represented with its respective
local (x, y) frame. The red arrows refer to first (d;) and second (d;)
nearest-neighbor atoms. (b) Schematic distribution of the density
of states resolved in correlated (d) and noncorrelated (p) orbital
contributions.

spin density wave (SDW) orders with finite relative angular
momentum [10]. Indeed, experimental evidence for un-
conventional manifestations of superconductivity and CDW
phases has emerged [17-21], and any summary on the current
status of the field [22] conveys a vibrant theoretical and exper-
imental activity devoted to unveiling all correlation-mediated
phenomena of AV3Sbs. In turn, the layered half-metal
Co3Sn,S; is a new magnetic Weyl semimetal, where mag-
netism and topological properties from the Weyl fermions,
namely nontrivial Berry curvature and Fermi arcs, intertwine
to create a giant intrinsic anomalous Hall effect [23-27].
FeSn, on the other hand, represents the two-dimensional limit
and progenitor of the new family of binary kagome metals
T..X, (T =Fe, Mn, Co; X = Sn, Ge). These materials are
quantum magnets displaying highly tunable correlated mas-
sive Dirac fermions [28-30], and the coexistence of Dirac and
flat bands as signatures of topology and correlations [31-33].
Finally, NizIn is characterized by a partially filled flat band
that leads to fluctuating magnetic moments with highly uncon-
ventional metallic and thermodynamic responses. Moreover,
the concomitant observation of non-Fermi-liquid behavior
also indicates a proximity to quantum criticality [34].

Methods. The common approach to extract in-
teraction parameters from first-principles electronic
structure calculations is the constrained random phase
approximation (cRPA) [35-41]. Here, the central
quantity is the density susceptibility x(r,r’,w) =
X, v, o)+ [[dridr x5S, vy, o), rn)x(n, v, o),
where v(r;, ;) = |r; — rp|~! is the bare Coulomb potential
and

S w) = 2 (fi = [V Y5 ()Y, () (r)

i w—(ej —€;)+i0

ey

is the susceptibility of the noninteracting Kohn-Sham elec-
trons. €; and f; are the energy and occupation of the eigenstate

;. > ;7 excludes from the summation all pairs of states
J, j/ included in the correlated subspace, defining in our case
the d —dp and dp — dp models. These are distinguished
by whether or not the p-like states, always included in the
construction of the low-energy model, are integrated out in
Eq. (1). The strength of the interaction is therefore expected
to be larger in the dp — dp scheme, as a result of an overall
smaller screening.

The screened Coulomb values W(r,r’,w) = v(r,r’) +
[[ dridrov(r, r)x(ry, ra, @)W (rs, r', @) determines then
the Coulomb tensor as the following static limit,

Uapys = lin%)// drldrzw;(rl)wz(rz)W(rl,rz, )

xw, (ry)ws(ra), )

where w(r) are Wannier functions. We just notice that the
restricted summation in Eq. (1) is straightforwardly imple-
mented only if the target correlated states form an isolated
manifold. However, when the correlated states are strongly
entangled with the noncorrelated ones, as is the case for
the kagome materials under investigation here, 2 ;7 must be
handled with caution, and specific schemes have been devel-
oped [36,42,43].

In this respect, we used the cRPA implementation in VASP
[44,45] based on WANNIER90 [46] and the VASP2WANNIER in-
terface [47]. Details of the calculations are listed in Ref. [48],
and a data set of input and output files is publicly released
[49]. Here, we briefly comment on the validity of the cRPA
approach, giving a general remark about downfolded low-
energy models for electrons, obtained by integrating out the
high-energy bands away from the target bands near the Fermi
energy. When the gap in these high-energy bands is large,
the use of cRPA is justified [50]. In recent works, however,
the constrained functional renormalization group (cfRG) was
studied and contrasted to cRPA [51,52]. The former goes be-
yond cRPA by including all one-loop diagrams, which indeed
are shown to correct the cRPA tendency towards overscreen-
ing, at least for model systems. Nevertheless, it was also
shown that cfRG corrections over cRPA remain small when
the high-energy bands have a different symmetry than the
target bands, and when the number of screening bands is
large. This is definitely the case for the kagome metals under
investigation here.

Results. The table shown in the Supplemental Material [53]
reports the Coulomb Uy = U,gep and exchange Jog = Uy ppa
interactions in the cubic harmonic basis, where « and 8 refer
to the 3d orbitals aligned according to the local (x, y) frames
of Fig. 1(a). In both models, the Wannier basis includes both
d and p states. However, in the d — d p model, the latter are
integrated out and actively contribute to the screening of the
correlated d manifold. We will see that this aspect plays a
crucial role in determining the real-space long-range profile
of the interaction.

A feature common to all kagome systems we have inves-
tigated is the high degree of covalent bonding, manifested by
the hybridization between correlated d states and noncorre-
lated p orbitals, as schematically shown in Fig. 1(b). A more
quantitative analysis, for the case of KV3Sbs, is shown in
Fig. 2, but it is likewise valid for all kagome materials here.
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FIG. 2. Electronic structure of KV3;Sbs along some high-
symmetry lines. The left panel highlights the contribution to the
Kohn-Sham states from the correlated d orbitals of vanadium atoms,
while the right panel highlights the contribution from the noncorre-
lated p states of antimony atoms.

On both sides of the chemical potential (reference zero energy
in Fig. 2), the electronic states deriving from the d orbitals
of vanadium atoms are sandwiched between the antimony p
states. According to the energy difference in the denomina-
tor of the density susceptibility of Eq. (1), which enters the
system polarizability in the definition of the cRPA dielectric
constant, this gives rise to a strong reduction of the on-site
Coulomb interaction Uyg in the d — dp model as a result
of an enhanced screening compared to the dp — dp model.
However, only the on-site Coulomb matrix is affected by such
a reduction. The values of the Hund’s couplings J, are, to a
good extent, insensitive to the model.

Even more interestingly, a marked difference between the
electronic properties of kagome systems and typical transition
metal oxides (TMOs), such as for instance lanthanide oxides
[54], is the presence of p-like bands crossing the Fermi level.
For KV3Sbs, the antimony p, orbitals form an electron pocket
at the I" point and sizably contribute to the Dirac bands along
the I'M and I'K lines. The differences between the kagome
systems and typical TMO materials can be made on a quan-
titative ground by estimating the energy gap Ay, = €; — €,
separating the averaged values of the d and p orbital local
levels €; and €, (not to be confused with the charge transfer
energy of superconducting TMOs as cuprates and nickelates,
defined as the energy to promote an electron from the ligand
states to the correlated d manifold, i.e., d° — d 10&). These
numbers are expected to reflect the energy distribution of the
orbital-resolved density of states g,(€), given by the band
centroid [ deegq(€)/ [ degqy(e) for orbital @ = d, p.

In typical TMOs, the value of Ay, is positive and amounts
to several eV. As shown in Table I, on the other hand, the
kagome systems are characterized by a much smaller d — p
gap which indeed reflects the higher degree of covalency
with respect to TMO. Moreover, for FeSn and Nizln, Ay,
is negative, suggesting that on average the on-site energies
of the noncorrelated orbitals are higher than the ones of the
correlated manifold. A sensibly smaller A,, for the family

TABLE 1. Averaged values €; and &, of the on-site energies for
the correlated d orbitals and noncorrelated p orbitals with respect to
the Fermi energy (A, = €; — €,), and diagonally averaged effective
on-site Coulomb interactions Uy = U(|r| = 0) for the d — dp and
dp — dp models. All values are given in eV. For the TMO systems,
we only considered #,, orbitals as the correlated manifold.

& g, Adp U ugrr
KV;Sbs 0.2 —1.2 1.4 1.7 6.3
Co3Sn,S, -13 1.6 0.3 2.9 8.0
FeSn -0.5 0.1 —-0.6 3.0 7.6
Ni;In -12 0.2 —14 33 7.2
LaTiO3 0.5 -5.6 6.1 2.2 3.3
LaVO; 0.2 —54 5.6 2.4 3.7
LaCrO; —0.1 5.1 5.0 2.5 3.8

of kagome materials determines then a ratio U(;i r=dp, U(;i —ar

which exceeds by more than a factor of two that for TMOs.

Beyond the local interaction, the kagome lattice, with three
atomic sites per unit cell, offers itself as a perfect setting to
compute the real-space profile of the Coulomb repulsion. Ac-
cording to the centers of Wannier functions entering Eq. (2),
besides the on-site Coulomb parameters Uyg(|r| = 0) given
in Ref. [53], we can easily compute the first nearest-neighbor
Uqp(Ir| = dy) and second nearest-neighbor Uyg(|r| = d>) pa-
rameters, where d| and d, are drawn in Fig. 1(a). In the case of
NisIn, the peculiar bond-length modulation of the triangles al-
lows for the estimate of two, quite close, first nearest-neighbor
distances [34].

In Fig. 3 we show, for both models, the real-space profile
of the long-range Coulomb interaction, where for the sake
of clarity, we have averaged the diagonal of the Coulomb
tensor according to U (r) = (1/5) ZZ:I Uyo(r). We observe
that, upon rescaling by the corresponding on-site strengths,
the two models display a rather universal real-space decay
among the different families of kagome materials, and even
the TMO. This universal decay of the rescaled Coulomb inter-
actions depends only on the constraining scheme used in the
RPA density susceptibility y (r,r’, w) derived from Eq. (1),
which can be understood as follows. According to Eq. (2),
U(r) is determined by d-electron Wannier functions and the

1'07'\'\4 —-- wide gap semiconductor
0.8 \j.\ # bare Coulomb potential
S AN —-= dp—dp (Ohno)
g 0.6 SO\ d —dp (Ohno-Resta)
3 o
+ 0.4 :
5
0.2
0.0

FIG. 3. Real-space decay of the Coulomb interaction in the
kagome systems for the bare potential (red crosses), dp — dp (blue
circles), and d — dp (orange stars) models, as well as in LaTiOs,
LaVO;, and LaCrO; (gray squares for dp — dp and pentagons for
d — dp models, respectively). The dotted-dashed lines are fits ac-
cording to the screening models described in the main text.
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(partially) screened Coulomb interaction W (r, ', w). For sim-
plicity we consider the static limit and assume W (r,r', v =
0) = W(|r — r’|). For a typical spatial extent § of the Wan-
nier functions, we estimate the averaged Coulomb interaction
U@r) =U(r])  W(/r? + 82). i

If the screening is local, i.e., W(r) = o with dielectric

2 . .
constant €, one can show that U (r) = ef’ﬁ’ which is also
1

called the Ohno potential [55,56] and leads to
1

Figure 3 shows that the Ohno potential alone describes the
real-space profile of the bare Coulomb interaction and in the
dp — dp models very well, using § ~ 0.75 A.

The decay of the Coulomb interaction with the distance
in the d — d p models falls instead on another universal curve,
which is indicative of nonlocal screening effects. These can be
understood in the Resta model [57], which is a generalization
of Thomas-Fermi theory to describe screening from gapped
to metallic systems. The central idea of the Resta model is
that in gapped systems screening charges can still be moved
but only up to a certain ionic radius R. For metals we have
R — oo and R decreases with increasing gap size. In terms
of the Thomas-Fermi wave number gtp, the “Resta screened”

Un/U@r=0)= 3

interaction reads W (r) = % where
)= e - grrR/{sinh[gre(R — r)] + gqrer},  r <R,
- L, r>R,

and €; = sinh(grrR)/qrrR. Beyond the ionic radius R, the
screening appears local, with finite dielectric constant €;. If
the Thomas-Fermi screening length 1/grr is substantially
shorter than the ionic radius, we recover the usual Thomas-
Fermi screening, i.e., €(r) =~ e9™", for r < R.

This analysis of the cRPA data allows us to assess that the
screening in the d p — d p models resembles that of a wide-gap
semiconductor, which leads to ionic radii R < 2.5 A [57].
This is why the dp — d p models are well captured both by a
model of purely local screening or more generally by a type of
screening as the one found in wide gap semiconductors (e.g.,
R=1.5Aand grr = 2.0 A1). In the d — d p models instead,
the cRPA screening mimics systems with smaller gaps or
even metallic systems and correspondingly larger ionic radii.
Indeed, we can describe the real-space profile of the Coulomb
interaction in the d — dp models, e.g., with R = 6.0 A and
grr = 0.75 A~'. While other choices of R and gtr can also
describe the d — dp models, all of these combinations have
in common that ionic radii always exceed the interatomic
distances, making the screening appear nonlocal and (almost)
metallic at (next) nearest-neighbor distances.

Outlook. Our work represents a coherent attempt to give
a broad overview on the Coulomb interaction parameters for
several different kagome systems, which have been experi-
mentally realized and characterized only very recently. The
realistic description of these kagome metals, at odds with
simplified modelings, underlines the importance of their mul-
tiorbital nature. Different groups of correlated orbitals give
origin to band-structure features of different bandwidths and
energy alignments, with a strong orbital selectivity [33]. First

steps to shed light onto the possible role of correlation in these
new materials based on density functional theory plus dy-
namical mean-field theory (DFT+DMFT) have been recently
reported [33,58-61]. There, a strong assumption is made in
favor of a local character of the electron-electron interaction.
In addition, within such a local assumption, only simplified
Coulomb tensors have been used so far, in terms of averaged
values U and J only. Nonetheless, an interesting correlated
multiorbital physics has already been put forward. Besides the
orbital-selective Dirac fermions, there is evidence that Hund’s
rule coupling can be effective in favoring high-spin configu-
rations, even though the high degree of covalency makes an
atomiclike description of the physics tricky. Current numer-
ical capabilities of DFT+DMFT implementations allow for
treating the full structure of the Coulomb repulsion Ugg,s.
The inclusion of the nonlocal interaction terms calculated here
poses instead some conceptual as well as technical challenges.
Yet, these need to be addressed, as the Coulomb terms beyond
the local one can by no means be neglected in these classes of
metals. The kagome materials, with their pronounced orbital
selectivity, will become paradigmatic settings for such a level
of sophistication.

From the viewpoint of nonlocal correlations, known al-
ready to be crucial in the context of other frustrated
geometries, such as the triangular lattice [41,62], the model-
dependent real-space scaling that we have derived from
our cRPA calculations will help in pinpointing the many-
body instabilities expected for the kagome Hubbard model
(KHM). Here, the sublattice interference mechanism plays
a crucial role in suppressing the strength of the local inter-
action [9]. Indeed, the phase diagram of the Uy — U; KHM
is decisively determined by the ratio between local U, and
first nearest-neighbor U, contributions, with several super-
conducting particle-particle and unconventional particle-hole
instabilities dominating wider regions of the phase space
[10]. Beyond the idealized one-orbital kagome model, recent
RPA many-body calculations have shown, for a more realistic
model of the AV;Sbs kagome systems, that not only Uy but
also the U, /Uy ratio guides a crossover between several un-
conventional pairing symmetries of the superconducting order
parameter, from nodeless d + id — to nodal f waves [14].

In conclusion, our understanding of the real-space pro-
file of the screened Coulomb interaction is expected to give
fundamental guidance to future investigations of the role of
electronic correlations in kagome metals, a class of materials
that has the potential to rewrite the paradigms of electronically
mediated many-body instabilities.
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