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Electronic correlations in the normal state of the kagome superconductor KV;Shs
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Recently, intensive studies have revealed fascinating physics, such as charge density wave and supercon-
ducting states, in the newly synthesized kagome-lattice materials AV;Sbs (A = K, Rb, Cs). Despite the rapid
progress, fundamental aspects such as the magnetic properties and electronic correlations in these materials

have not been clearly understood yet. Here, based on density functional theory plus single-site dynamical
mean-field theory calculations, we investigate the correlated electronic structure and magnetic properties of
the KV;Sbs family materials in the normal state. We show that these materials are good metals with weak
local correlations. The obtained Pauli-like paramagnetism and the absence of local moments are consistent with

a recent experiment. We reveal that the band crossings around the Fermi level form three groups of nodal
lines protected by the spacetime inversion symmetry, each carrying a quantized 7 Berry phase. Our result
suggests that the local correlation strength in these materials appears to be too weak to generate unconventional
superconductivity, and nonlocal electronic correlation might be crucial in this kagome system.

DOI: 10.1103/PhysRevB.103.L.241117

The kagome lattice has attracted great interest in con-
densed matter physics research. As a prototype lattice with
strong geometric frustration, the kagome lattice has been
extensively studied in quantum magnetism [1,2] and was
proposed as the host for a quantum spin-liquid state [3-6].
Itinerant electrons on a kagome lattice can realize a special
band structure with Dirac cones and a flat band [7,8]. Further
incorporating electron interaction effects, a rich variety of ex-
otic effects have been predicted on the kagome lattice, such as
charge bond order [9,10], spin or charge density waves (SDWs
or CDWs) [11,12], charge fractionalization [13], a topological
insulating state [14,15], and superconductivity [16,17]. Driven
by these predictions, real materials that contain a kagome
lattice have been actively explored [8,18-24].

Recently, a novel family of kagome materials AV;Sbs (A =
K, Rb, Cs) were synthesized [25]. These materials share the
same layered structure, which contains active layers of a V
kagome lattice. All the three compounds exhibit superconduc-
tivity at low temperature, with 7., = 0.93, 0.92, and 2.5 K, for
KV;3Sbs [26], RbV3Sbs [27], and CsV3Sbs [28], respectively.
Besides superconductivity, a CDW instability was observed
at T* ~ 80-100 K [25-32]. Interestingly, in the normal state
above the CDW transition, these materials were revealed to be
Z, topological metals [28]. An angle-resolved photoemission
spectroscopy (ARPES) experiment reported multiple Dirac
points near the Fermi level. This is also supported by the
Shubnikov-de Haas oscillation result that indicates highly
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dispersive low-energy bands with a rather low effective mass
[27]. It was speculated that the Dirac electrons could play an
important role in the observed large nonspontaneous anoma-
lous Hall response [33,34].

Despite the rapid progress, there are still many puzzles on
these materials to be addressed. For instance, a recent suscep-
tibility measurement and muon spin relaxation and rotation
(uSR) measurement both indicate the absence of local mag-
netic moments [35], which differs from the expectation from
simple valence counting and appears to be in conflict with the
observed extremely large anomalous Hall response [33,34].
Meanwhile, the nature of the superconductivity in these ma-
terials is still under debate [27,30,32,34,36—42]. Some recent
theoretical and experimental works suggested that the super-
conductivity and CDW might be unconventional [30,34,38—
40,43,44], which hints at important electron correlation ef-
fects. However, an understanding of the correlation strength
in these materials is still lacking.

In this Letter, we investigate the correlated electronic struc-
ture and magnetic properties of KV3Sbs, using a combination
of density functional theory (DFT) and dynamical mean-field
theory (DMFT) calculations [45,46]. By considering the on-
site Coulomb interaction, we show that the KV3Sbs family
materials are weakly correlated metals in the normal state.
Our obtained temperature independence of Pauli-like mag-
netic susceptibility behavior is consistent with experimental
results [26,35], confirming the absence of local moments.
From an atomic configuration analysis and a calculated hy-
bridization function, we attribute this result to the strong p-d
hybridization that leads to the delocalization of V d electrons.
The low-energy bands are only weakly affected by the on-site
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interaction. We analyze the linear band crossings near the
Fermi level, and show that they are actually not isolated Dirac
points, instead belonging to three groups of nodal lines in
the Brillouin zone (BZ), protected by the spacetime inversion
symmetry in the absence of spin-orbit coupling (SOC). One
group (three rings) is centered around the M point, and the
other two vertically traverse the BZ. Our result indicates that
the local electron-electron correlation alone is not sufficient
to account for unconventional superconductivity (if it indeed
exists); nonlocal correlations might be required for such an
effect. This also echoes recent works on the CDW state of
these materials, which suggest that nonlocal correlations play
an important role in its formation [30].

Method. We perform fully charge self-consistent
DFT+DMFT calculations using the EDMFTF package [47],
based on the full-potential linear augmented plane-wave
method implemented in the WIEN2K code [48,49]. The k-point
mesh for the Brillouin zone integration is 17 x 17 x 10, and
the plane-wave cutoff K, is given by Ryt X Knax = 8.0.
We employed the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) realization [50] as
the exchange-correlation functional. The atomic spheres Ryt
are 2.50, 2.50, and 2.65 a.u. for K, V, and Sb, respectively.
We use projectors with an energy window from —10 to 10 eV
relative to the Fermi level to construct V 3d local orbitals.
A rotationally invariant form of a local on-site Coulomb
interaction Hamiltonian parametrized by Hubbard U and
Hund’s coupling Jy is applied on all five V 3d orbitals. We
choose U = 5.0 eV and Jy = 0.7 €V in this Letter, which
are typical values used previously for SrVO; [51,52], V,03
[53,54], and VO, [55]. Considering that KV3Sbs should have
weaker correlations than the oxides, these values serve as the
upper bounds for studying correlation effects. Smaller values
of U and Jy are also tested and result in weaker correlation
effects [56], as expected. The impurity problem is solved by
the hybridization expansion version of the continuous-time
quantum Monte Carlo (CTQMC) solver [57]. We choose an
“exact” double-counting scheme developed by Haule [58],
in which the Coulomb repulsion in real space is screened
by a combination of Yukawa and dielectric functions.
The self-energy on the real frequency is obtained by the
analytical continuation method of maximum entropy [47].
The effective mass enhancement by correlations is defined
by m*/mppr = 1/2Z, where Z is the quasiparticle weight.
To avoid a large error bar in the analytic continuation, we
directly obtain Z = 1 — %ﬂf"‘”ﬂwﬁm from the polynomial
fit to self-energies on the first ten Matsubara frequencies. We
have tested that SOC has negligible effects on the low-energy
band structure, so it is omitted in the calculation.

Lattice structure. The crystal structure for KV;3Sbs is
shown in Fig. 1. The material has a layered structure, with
the P6/mmm space group. The most important motif is the
kagome lattice formed by the V atoms. The kagome plane is
sandwiched between two layers of Sb; atoms, each consisting
of a honeycomb lattice. Within the same lattice plane, the
Sb, atoms fill the large voids of the kagome lattice. The
low-energy states are dominated by these three atomic layers,
which form a V-Sb slab. The alkali atoms fill the region be-
tween the V-Sb slabs, and they mainly play the role of electron
donors. It follows that the three materials in the family should

FIG. 1. (a) Crystal structure of KV3;Sbs. Here, a unit cell is
shown. (b) Top view of KV;Sbs. The red lines show the kagome
lattice of V. Sb atoms in the V plane are labeled as Sb,. Other Sb
atoms are labeled as Sb;.

exhibit very similar electronic properties, which is confirmed
by experiments and also by our calculation. Hence, we will
mainly focus on KV3Sbs in the following discussion.

We adopt the experimental lattice parameters in the calcu-
lation [25]. The values are given in the Supplemental Material
(SM) [56].

Orbital occupancy and mass enhancement. Let us first
consider the occupation n,; of V 3d orbitals in KV3Sbs. From
our DFTH+DMFT calculations, the 3d occupancy of vanadium
is about 3.169. The orbital-resolved occupancy number ranges
from 0.526 to 0.785 with d,>_,» (d,,) as the least (most) occu-
pied orbitals. These numbers are listed in Table I. The results
for the other two members are quite similar, with ny; = 3.112
for RbV3Sbs and 3.206 for CsV3Sbs.

Then we consider the mass enhancement m* /mppr = 1/ 2,
which is widely used to characterize the strength of electronic
correlations. This ratio is unity for an uncorrelated normal
metal, and is much larger than unity for a strongly correlated
system (e.g., m*/mppy &~ 7 in the iron-based superconductor
FeTe [59,60]). Our calculation results for KV3Sbs are listed
in Table I. One observes that the mass enhancement of the
V 3d electrons is quite weak, ranging from 1.284 (d,2_2) to
1.442 (d,;). The other two members RbV;Sbs and CsV;Sbs
have similar values. This indicates that the KV3Sbs family
materials are weakly correlated metals in their normal states.
Our DFT4-DMFT results are consistent with the experimental

TABLE I. The orbital-resolved V 3d occupation n, and effective
mass enhancement m*/mprr for KV3;Sbs, RbV;Sbs, and CsV;Sbs
obtained from DFT+DMFT calculation at 7 = 300 K. The V 3d
occupations obtained by DFT, n}FT, are also presented for reference.

do  dop  de  de  dy

KV3Sbs  nDFT'=3.302 0.735 0.527 0.561 0.555 0.925
ng =3.169  0.678 0.526 0.605 0.575 0.785

m* /mppr 1.354 1.284 1.442 1308 1.340

RbV;Sbs nPfT=3312 0732 0.524 0562 0.558 0.936
ng =3.112 0.683 0.540 0.614 0.484 0.791

m* /mppr 1.356  1.282 1.445 1.308 1.342

CsV3Sbs  nDFT=3.252 0726 0.513 0.560 0.571 0.882
ng =3.206 0.686 0.532 0.606 0.591 0.791

m* /mppr 1.351 1292 1446 1.313 1.347
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FIG. 2. (a) The calculated spin susceptibility x as a function of
temperature 7. The error bar indicates the fluctuation of the results
for the last five charge self-consistent iterations. (b) The valence his-
tograms of the V 3d shell obtained by CTQMC. (c) Imaginary part of
the hybridization function on Matsubara frequencies at 7 = 300 K.

observation of low effective mass and highly dispersive bands
in KV3Sb5 [33] and RbV3Sb5 [27]

Spin susceptibility. To investigate the magnetic properties,
we calculate the static local spin susceptibility, defined as

B
X =/O (S:(0)S8:(0))d, ey

by the CTQMC approach. Here, 8 = 1/(kgT ), and 1 is the
imaginary time. The calculation is done for the normal state
in the temperature range from 100 to 900 K. The obtained x
vs T result is presented in Fig. 2(a). Clearly, the susceptibility
exhibits a paramagnetism with an almost flat line independent
of T in the normal state. For good metals, this behavior in-
dicates the dominance of a Pauli paramagnetic response from
itinerant electrons and the absence of local moments (local
moments instead would give a T dependence typically fol-
lowing the Curie-Weiss law). Indeed, the Pauli susceptibility
estimated from the density of states (DOS) at the Fermi level
is about 1.482g> u2 /eV, which agrees well with the value
~1.008¢% 43 /eV obtained from the CTQMC calculation at
300 K. Here, g is the g-factor and g is the Bohr magneton.
Our result agrees well with the recent magnetic measurements
on KV;3Sbs [26,35].

To further shed light on this result, in Fig. 2(b), we present
the probability distribution for the different atomic config-
urations for the V 3d shell. The DMFT atomic basis is
constructed from the five d orbitals with the size of ), C}, =
848 for seven different occupancies withn =0, 1, ..., 6. One
finds that the n = 3 state has the highest probability with
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FIG. 3. (a) DFT band structure and DOS of KV;Sbs. The weight
of V 3d, Sby, and Sb, 5p orbitals are indicated by red, green, and
blue colors, respectively. (b) k-resolved spectral function obtained
by DFT+DMFT at T = 300 K. The DFT band structure is plotted
with gold dashed lines for reference.

43.7%, followed by n = 4 with 28.2%, and n = 2 with 19.4%.
Within the dominant n = 3 state, the probability for the low-
spin state is 23.4%, slightly higher than that for the high-spin
state § = 3/2 (~20.3%). Note that in the atomic limit, the
configuration with occupancy n,; = 3 should typically favor
the high-spin state according to the Hund’s rule. Here, the
close competition between different occupancy and spin states
indicates a strong charge and spin fluctuation in the normal
state of KV3Sbs. This can be attributed to the strong hy-
bridization between V 3d and Sb 5p orbitals. In Fig. 2(c),
we plot the hybridization functions for the V 3d orbitals,
which indicate a substantial delocalization of these orbitals
(all having imaginary parts larger than 0.5 eV), especially for
the d,, orbital.

Correlated electronic structure. The DFT band structure
and DOS are shown in Fig. 3(a). One observes that the bands
within 2 eV around the Fermi level are dominated by the V
3d and Sb 5p states. There is a large peak in DOS around
1 eV with a V 3d character, which could be attributed to the
flat band featured by the kagome network. There are several
linear band crossings around the Fermi level. The band with a
V 3d character exhibits a van Hove singularity at the M point
around —63 meV. Meanwhile, a highly dispersive band with
Sb, 5p character forms two large electron pockets at the I" and
A points.

As a comparison, the correlated electronic spectral func-
tion from our DFT+DMEFT calculation is shown in Fig. 3(b).
One can see that the low-energy bands are not significantly

L241117-3



ZHAO, WU, WANG, AND YANG

PHYSICAL REVIEW B 103, L241117 (2021)

FIG. 4. (a) Fermi-surface plot for k, =0, k, =7 /2, and k, = 7
planes by DFT+DMFT at T = 300 K. The BZ boundary is shown
in green lines. (b) Three types of nodal lines a (red), b (blue), and
¢ (green) in the BZ. Points on these lines are indicated with colored
arrows in Fig. 3(a).

affected by the electronic correlations (the DFT bands are
plotted with gold dashed lines in this figure for reference).
The bands with V 3d characters between —1 and 1 eV
are only slightly pushed above by the renormalization ef-
fect introduced by the correlation. The quasiparticle spectrum
maintains a good coherence, indicating a negligible imaginary
part of self-energy and a long quasiparticle lifetime. Overall,
our result shows that KV;Sbs is a weakly correlated metal.

In Fig. 4(a), we plot the DFT+DMFT Fermi surface con-
tours in the k, = 0, w /2, and & slices of the BZ. The most
obvious feature is a highly two-dimensional (2D) electron
pocket at the center of the BZ, which has been observed in
a previous ARPES experiment on CsV3Sbs [28]. According
to our calculation [56], this 2D electron pocket is contributed
mainly by the p, orbitals on Sb, atoms. A Fermi surface with
a hexagonal petal shape is located close to the BZ boundary in
the k; = 0 plane, which is mainly from the V 3d,, states. Six
round pockets with a V 3d,.,, character appear close to the K
and K’ points.

Topological nodal lines. The linear band crossings ob-
served in Fig. 3(a) around the Fermi level were previously
interpreted as Dirac points and as a feature of the kagome lat-
tice [26,28]. Nevertheless, we note the following two points.
First, the system preserved both inversion P and time-reversal
T symmetries. Under the combined P7 symmetry, an iso-
lated (twofold) Dirac point cannot exist in a 3D system [61].
Second, the Dirac points for the standard kagome model
appear at the high-symmetry K and K’ points. However, in
Fig. 3(a), linear crossings also appear at other locations, such
as I'-M, K-T', and H-A paths.

We focus on the crossings indicated by the arrows in
Fig. 3(a) and scan the BZ to trace the nodal structure. We
find that these points are in fact located on three groups of

nodal lines, as depicted in Fig. 4(b). Group a contains two
nodal lines pinned along the K-H and K’-H’ paths; group b
contains six nodal lines constrained in the three vertical mirror
planes; and group ¢ has three members lying in the horizontal
mirror plane, each forming a ring around the M point. Here,
each of the nodal lines carries a topological charge given
by the quantized m Berry phase v = 55c TrA-dk mod 27,
where C is a closed path encircling the line, A is the Berry
connection for the occupied bands, and the m quantization
is enforced by the P7 symmetry in the absence of SOC.
Perturbations that respect the P77 symmetry may deform the
shapes of the nodal lines but cannot destroy them. Includ-
ing SOC can open a small gap (~20 meV) at these nodal
lines.

Discussion. Our DFT+DMFT study indicates that KV3Sbs
family materials are good metals with weak electronic corre-
lation effects. The mass enhancement is only around 1.3-1.4.
The obtained Pauli-like paramagnetism and absence of a
local moment are consistent with recent experimental re-
sults. The revealed nodal line structures could be probed by
ARPES. Due to the & Berry phase of the nodal lines, we
expect a suppressed backscattering for the in-plane transport,
which is an important factor underlying the materials’ good
conductivity.

The origin of the large anomalous Hall response in these
materials is still an open problem. We note that the kagome
lattice usually has strong magnetic fluctuations. This is ev-
idenced by the competing energies of different magnetic
configurations, estimated from a simple DFTHU calculation
[56]. The magnetic fluctuations might play a role in the
anomalous Hall response and other properties.

It should be noted that our current study can only deal with
on-site correlations. Nonlocal correlations are not included.
Our result hence implies that local correlations alone are not
sufficient for realizing an unconventional superconductivity. If
the superconductivity is indeed unconventional, it would hint
at an important role played by nonlocal correlations, such as
in the example of Bag 51K 49BiO3 [62]. In SM Sec. IV [56],
we compare the band structures obtained by DMFT and the
hybrid functional approach, which implies sizable nonlocal
exchange effects in KV3Sbs.
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