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Weak electronic correlations in the kagome superconductor AV3Sb5 (A = K, Rb, Cs)
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The kagome metals AV3Sb5 (A = K, Rb, Cs) have recently received enormous attention as they exhibit
nontrivial topological electronic structure, flat band, unconventional intertwined charge density wave (CDW),
anomalous Hall effect, and superconductivity. However, it is still controversial whether or not electronic
correlations play an important role in these novel phenomena. Here we perform an extensive investigation on
AV3Sb5 (A = K, Rb, Cs) with density functional theory plus dynamical mean field theory calculations. Our
results indicate the electronic correlations effects are in the weak regime in both the normal state and the CDW
state. The value of effective mass-enhancement m∗/mDFT is about 1.3, and it is barely changed at temperatures
ranging 50–900 K in the normal state. Our static susceptibility calculations with the normal structure show that
static susceptibility has a weak qz dependence and the Fermi-surface nesting mechanism does not work in this
system. In the CDW state with the inverse Star of David structure, the spectral function opens a CDW gap at the
Fermi level below TCDW (50 K) compared with the normal state above TCDW (300 K). We find that there exists
orbital multiplicity at the Fermi level owing to two nonequivalent V atoms in CDW states, which may have an
important role in forming the CDW order.
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I. INTRODUCTION

The kagome lattice is formed by the tiled triangles and
hexagons in a two-dimensional plane. It hosts a lot of novel
physical phenomena, such as geometrical frustration, quan-
tum spin liquid, charge density waves (CDW), flat band, Dirac
cones, Weyl semimetals, and unconventional superconduc-
tivity [1–7]. Recently, the kagome superconductors AV3Sb5

(A = K, Rb, Cs) have received enormous attention as they
show nontrivial topological electronic structure, anomalous
Hall effect, unconventional intertwined charge density wave
(CDW), and superconductivity [8–20]. However, the micro-
scopic origin of the CDW and superconductivity is still under
debate and controversial mechanisms are proposed.

Recent experiments observed CDW in AV3Sb5 (A = K,
Rb, Cs) with the transition temperature at 80–110 K which is
far above the superconducting transition temperature at 0.9–
2.7 K [8–11]. Hard-x-ray scattering experiment by Li et al.
found that the CDW in AV3Sb5 is an unconventional and
electronic-driven mechanism, and they excluded the mecha-
nism of strong electron-phonon coupling (EPC) driven CDW
in AV3Sb5 [21]. However, recent angle-resolved photoemis-
sion spectroscopy (ARPES) [22], optical spectroscopy [23],
and neutron scattering experiments [24] revealed that the
CDW order in AV3Sb5 is associated with lattice distortion
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and not just a pure electronic instability, which means that
EPC leads to the CDW. For the superconductivity, many
experimental measurements, including the spin-lattice re-
laxation (121/123Sb nuclear quadrupole resonance and 51V
NMR) [25], magnetic penetration depth [26], muon spin
spectroscopy (μSR) [27], and ARPES measurements [22]
show this system is conventional superconductor. But thermo-
electric transport and scanning tunneling microscopy (STM)
measurements indicate the system is unconventional super-
conductor [15–17,28–30]. Recent calculations on the normal
state of KV3Sb5 suggests conventional superconductivity due
to weak electronic local correlations in this system [31]. De-
spite these controversial conclusions, there is one consensus
that the electronic correlations play an important role in un-
conventional CDW and superconductivity.

In this work, we performed a comprehensive study of the
correlated electronic structure of AV3Sb5 in both the normal
state and the CDW state using the density functional theory
plus dynamical mean field (DMFT) method [32,33], taking
KV3Sb5 as a study case. We find that the AV3Sb5 system
exhibits weak electronic correlations in both the normal state
and the CDW state, consistent with previous work [31]. The
mass enhancement m∗/mDFT (1/Z) in AV3Sb5 is about 1.3,
which is much smaller than the typical value of 6–7 in strongly
correlated materials, such as iron-based, cuprate superconduc-
tors, and heavy fermion materials. The temperature dependent
electronic structure of AV3Sb5 has also been systematically
studied. Above the CDW temperature, the electronic structure
and mass enhancement of the normal state barely change
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with temperature. Below the CDW temperature, we study
the CDW state with an inverse Star of David (hexagon)
structure; the electronic structure opens a CDW gap at the
Fermi level comparing with the normal state. In order to
understand the mechanism of the CDW, we did static sus-
ceptibility calculation, which shows static susceptibility has
a weak qz dependence and the Fermi-surface nesting mecha-
nism does not work in this system. We find there exists orbital
multiplicity at the Fermi level owing to two nonequivalent V
atoms (V1 has the hexagon surrounding and V2 has triangle
enclosing) in CDW states, which may have an important role
in forming the CDW order. The weak electronic correlations
in AV3Sb5 indicates they are conventional superconductors.

II. METHOD

We obtain DFT electronic structures of KV3Sb5 based on
the full-potential augmented plane-wave method with the gen-
eralized gradient approximation (GGA) exchange-correlation
functional by Perdew, Burke, and Ernzerhof (PBE) [34], as
implemented in the WIEN2K code [35]. The muffin-tin radii
are 2.50, 2.50, and 2.65 a.u. for K, V, and Sb, respectively.
The maximum modulus for the reciprocal vector Kmax was
chosen such that RMT∗Kmax = 8.0. All calculations were
converged on a grid of 3000 k points in the irreducible Bril-
louin zone. A grid of 50 000 k points is adopted for the CDW
calculation. And the structural relaxations were carried out
using VASP [36,37]. For VASP calculations, the cutoff energy
of 300 eV is chosen with the exchange-correlation functional
of GGA-PBE. The projected augmented wave is adopted as
the pseudopotentials [38]. We employ a 17 × 17 × 10 k mesh
for the CDW structure relaxation calculations. The DFT-D3
correction is employed to take in account the interlayer van
der Waals interactions [39]. The lattice constants and internal
coordinates are optimized until the atomic forces become less
than 10–4 eV/Å.

We performed fully charge self-consistent DFT + DMFT
calculations to treat the electronic correlations of V-3d or-
bitals using the EDMFT package [33], which is based on the
full-potential linear augmented plane-wave method imple-
mented in the WIEN2K code. The hybridization expansion
continuous-time quantum Monte Carlo (CT-HYB) was used
as the impurity solver [40]. V-3d local orbitals were con-
structed using projectors with an energy window from −10 to
10 eV relative to the Fermi energy. The Coulomb interaction
was chosen to be U = 5 eV and JH = 0.7 eV, we get the pa-
rameter from SrVO3 and CaVO3, which are correlated metals
[41–43]. A nominal double-counting scheme with n f = 3.0
was used. The self-energy in real frequency was obtained by
analytic continuation based on the maximum entropy [44,45].

III. RESULT AND DISCUSSION

A. Crystal structure

The crystal structure for KV3Sb5 crystallizes in the hexag-
onal structure having a layered structure with the space group
of P6/mmm. The V atoms form a kagome lattice with the
kagome plane sandwiched by two layers of Sb1 atoms, and
the Sb2 atoms which lie in the V-Sb plane [Fig. 1(a)]. The
calculated lattice constants are a = b = 5.41 Å, c = 8.89 Å.

FIG. 1. (a) Crystal structure of KV3Sb5. The 2 × 2 × 1 supercell
of KV3Sb5 in normal state (b), Star of David structure (c), and inverse
Star of David structure (d), respectively.

The atom positions are K (0.5, 0,0.5), V (0, 0, 0), Sb1 (1/3,
2/3, 0.7566), and Sb2 (0, 0, 0.5), respectively. In order to study
the CDW state, we build a 2 × 2 × 1 supercell [Fig. 1(b)] and
slightly displace the V and Sb ions’ position. After structural
relaxation, the supercell converges to a structure of the Star
of David [Fig. 1(c)] or the inverse Star of David (hexagon)
[Fig. 1(d)]. And there exists two nonequivalent V atoms in
the inverse Star of David structure as seen in Fig. 1(d). For
the normal state, the kagome layer has an identical nearest
neighbor V-V bond length dV-V = 2.705 Å. But for the Star
of David structure and the inverse Star of David structure, it
shows different V-V bond lengths. We find that the inverse
Star of David structure has a lower energy than the Star of
David structure by 6 meV, which indicates that the CDW
favors the former structure. This result is in good agreement
with the experiments that the CDW structure is hexagon style
structure [21–24].

B. Electronic structure of normal state

In order to quantify the electronic correlations effects of
the V-d orbital, we calculate the effective mass enhancement
m∗/mDFT, which is equal to 1/Z , and Z is the quasipar-
ticle weight Z = 1/(1− ∂Im�(iωn )

∂ωn
|ωn→0). The effective mass

enhancement is a straightforward and quantitative way to
characterize the strength of electronic correlations. The value
of m∗/mDFT is almost unity for weakly correlated systems,
but often greater than 1 in strongly correlated systems. For
example, the typical value of effective mass enhancement in
cuprate superconductors and d electron heavy fermion mate-
rials is about 6–7 [46–48]. Figure 2(a) shows the computed
mass enhancement m∗/mDFT in KV3Sb5 with different values
of Coulomb interaction U ranging 2–10 eV with Hund inter-
action J fixed at 0.7 eV, and Fig. 2(b) shows the m∗/mDFT

by varying the Hund interaction J from 0.0 to 0.9 eV with
U fixed at 5.0 eV. For a typical U of 5.0 eV and J of 0.7
eV that are commonly used for SrVO3 and CaVO3 [41–43],
our computed value of m∗/mDFT in KV3Sb5 is 1.320, 1.258,
1.440, 1.280, and 1.287 for V-dz2 , V-dx2y2 , V-dxz, V-dyz, and
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FIG. 2. The mass enhancement m∗/mDFT of KV3Sb5 with different values of Coulomb interaction U and Hund interaction J in (a) and (b),
respectively. The value of J is fixed at 0.7 eV in (a), while the value of U is fixed at 5.0 eV in (b).

V-dxy at 300 K, respectively (see Table I). We also study the
electronic correlations effects in RbV3Sb5 and CsV3Sb5: the
m∗/mDFT is almost average at 1.30 of the V-d orbitals which
are similar with KV3Sb5. These results are in good agreement
with resent ARPES measurements [49] and indicate that the
electronic correlations are weak in this system.

Figure 3 shows our computed electronic structure of
KV3Sb5. The metallic ground state is in good agreement with
experimental data [8,9]. The computed DFT band structure
and DFT + DMFT quasiparticle dispersion are very close to
each other near the Fermi level. One can observe from the pro-
jected band structure, as shown in Fig. S1 of the Supplemental
Material [50], that the bands near the Fermi level are mainly
contributed by the V-d and Sb-p orbitals. There are four Van
Hove singularities (VHSs) near the Fermi level in the vicinity
of the M point with B2g and Ag symmetry. These VHSs are
mainly contributed by V-dxy, V-dxz, V-dz2 , and V-dx2y2 orbitals.
The electron pocket located at the Gamma point is mainly
Sb2-pz orbital character. At K and H points, the band structure
shows two Dirac points about 0.5 eV below the Fermi level. A
kagome lattice induced flat band with V-dyz orbital character
occurs at 1.0 eV below the Fermi level, which is expected
from the tight-binding model calculation [51]. However, in
our DMFT calculation at T = 300 K [Fig. 3(a)], the flat band
is pushed down to 0.75 eV. Besides, our DMFT result presents
an additional flat band of V-dxy character at about −1.25 eV
along �-M-K , which indicates strong band renormalization
due to the electronic correlations effects of the V-d orbital.
This result is consistent with the experimental observation

TABLE I. DFT + DMFT calculations of the effective mass en-
hancement m∗/mDFT of KV3Sb5 evolve with different temperatures.

m∗/mDFT

Temperature dz2 dx2y2 dxz dyz dxy

50 1.3503 1.3312 1.4154 1.2936 1.5164
100 1.3198 1.3079 1.4089 1.2890 1.5042
200 1.3152 1.2529 1.4018 1.2725 1.3054
300 1.3192 1.2536 1.3913 1.2614 1.2903
600 1.3244 1.2557 1.4033 1.2740 1.2937
900 1.3237 1.2571 1.4043 1.2742 1.3024

[49]. A similar trend can be found in the DMFT spectral
functions of RbV3Sb5 and CsV3Sb5 as shown in Fig. S2 [50].

The effects of spin-orbital coupling (SOC) are usually very
important in the kagome lattice. Figure 3(b) shows the elec-
tronic structure of KV3Sb5 computed with SOC. Comparing
to Fig. 3(a), the significant change induced by SOC is the gap
opening of the Dirac cone located at K and H points about
0.3 eV below the Fermi level. The electronic structure near
the Fermi level is barely affected. Therefore, the SOC effect
is neglected in the following discussion.

The imaginary part of hybridization functions in KV3Sb5

have been studied in both Matasubara and real frequency as
shown in Figs. S3 and S4 [50]. Five orbitals of imaginary hy-
bridization in Matasubara frequency appear delocalized at low
frequency. We can get the same result in real frequency, and
it shows that V-dz2 and V-dxy have a strong hybridization with
Sb-p orbital at the low frequency. We have also investigated
the imaginary part of the Matsubara self-energy and the real
part of the real frequency self-energy in KV3Sb5, as shown
in Figs. S3(b) and S4(b) [50], respectively. The imaginary
self-energy does not have a quasiparticle peak near ω equal
to zero, which means the quasiparticle lifetime is short. Our
results demonstrate that KV3Sb5 is a weakly correlated metal.
From our DFT + DMFT calculations, the orbital resolved
V-3d occupation nd is 3.218. The occupation of dz2 , dx2y2 , dxz,
dyz, and dxy is 0.709, 0.456, 0.572, 0.548, and 0.933, respec-
tively. To further validate the weak correlated effect, we also
compare the PDOS with DFT and DMFT results as shown in
Figs. S5 and S6 [50], which shows little reconstruction near
the Fermi level; only the d electrons are moving to the Fermi
level.

As in strong correlated metals, temperature effects usually
have a major role in the band reconstruction. So, we also
study the temperature effect on the electronic structure. The
spectral functions are almost the same as the temperature
varies from 50, 100, 200, 300, 600, and 900 K in the normal
state. Here, we show the imaginary part of self-energy of the
V-d orbital in Matsubara frequency which evolves with the
temperature. It is found that the imaginary part of Matsubara
self-energy in the V-dz2 orbital is almost unchanged from 50 to
300 K, similar to other V-d orbitals as shown in Fig. 4, which
means KV3Sb5 has weak electronic correlations effect in the
normal state. From Table I, it shows that the effective mass
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FIG. 3. DFT + DMFT spectral functions of KV3Sb5 at 300 K computed (a) without and (b) with SOC. For comparison, the corresponding
DFT band structures are plotted in color lines (the blue color is V-dz2 , cyan is V-dx2y2 , yellow is V-dxz, red is V-dyz, and green is V-dxy). The
zero of the energy axis is the Fermi level. Four VHSs near the Fermi level in the vicinity of M point are indicated with blue arrows.

enhancement m∗/mDFT of KV3Sb5 evolves with different tem-
peratures using the DFT + DMFT method. But the value of
m∗/mDFT presents little changes, which further indicates that
the kagome lattice KV3Sb5 has weak electronic correlations.
The weak electronic correlations in AV3Sb5 indicates that they
are conventional superconductors.

C. Charge density wave

Recent experiments show evidence of an intertwined
charge density wave (CDW) phase in KV3Sb5. However, the
underlying mechanism is still controversial. The CDW mech-
anisms can be generally divided into three categories [52]:
The first one is the weak coupling scenario based on Fermi-
surface instabilities, in which segments of Fermi contours are
connected by qCDW Fermi-surface nesting (FSN). The FSN
results in the effective screening of phonons and induces Kohn
anomalies in phonon dispersion at qCDW, driving a lattice
restructuring at low temperature. The second one is the strong
coupling scenario, in which the CDW is derived from strong
electron-electron interactions or electron-phonon interactions.
A typical example is 2H-NbSe2 [53], where the momentum

FIG. 4. The imaginary part of Matsubara self-energy in KV3Sb5

at different temperatures of T = 50, 100, 200, 300 K computed using
the DFT + DMFT method.

dependence of the electron-phonon coupling (EPC) matrix el-
ement determines the characteristic of the CDW phase. And in
cuprates and iron-based unconventional superconductors, the
CDW phase belongs to the third category; it means that neither
FSN nor EPC directly lead to the CDW. In addition, neither
phonon softening nor lattice instability near TCDW is observed.
The mechanism is still unclear, though it is speculated that the
antiferromagnetic and the Coulomb correlation interactions
may play a key role [52]. As for the AV3Sb5, it draws different
opinions with different experiments. On one hand, it was said
that the FSN and VHSs have led to the CDW [21]. On the
other hand, the EPC leads to the CDW [22]. However, neither
of them considered the electronic correlations effect in CDW.

Hence, in our work we study the CDW including electronic
correlations effects. First, we calculate the Fermi surface
using the DFT and DFT + DMFT methods. We obtained
the quasiparticle band structure via a low-energy quasiparti-
cle Hamiltonian, described as HQP = H0 − μ + Re�(ω = 0),
where H0 is the noninteraction Hamiltonian from DFT and
Re�(ω = 0) is the real part of the real frequency self-energy
at ω = 0. We diagonalize HQP to obtain the quasiparticle band
structure, which is then used to determine the Fermi surface.
This approach has been widely employed and validated in
previous works [54]. We have checked that the quasiparticle
band structure obtained from the above approach is consistent
with the quasiparticle peak of the spectral functions near the
Fermi level. The computed Fermi surfaces are shown in Fig. 5.
One can observe that there are two bands crossing the Fermi
level both in DFT [Figs. 5(a) and 5(b)] and DFT + DMFT
[Figs. 5(c) and 5(d)]. The first band shows almost the same
result between the two methods as seen in Figs. 5(a) and 5(c),
which indicates the weak electronic correlations effects in this
material. The cylinder electron pocket in the center is the Sb2-
pz orbital. The other bands are almost the V-d orbital. And
from the first band, it shows that the 3Q [Q1(0.5, 0), Q2(0.5,
0.5), Q3(0. 0.5)] Fermi-surface nesting vector connects the
three M points, where we can also find three VHSs. However,
the second band’s Fermi surface shape shows little difference
along the kz (�-A) direction, which means DMFT has little
band construction correction. It contributes little to the whole
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FIG. 5. Fermi surface of KV3Sb5. Panels (a) and (b) are the DFT
result, (c) and (d) are DFT + DMFT results.

Fermi surface. Hence, from the Fermi surface results also
present the weak electronic correlations in KV3Sb5.

In order to further investigate the CDW state, we also
consider the Lindhard static susceptibility χ0 to study the
Fermi surface nesting. The real part of the χ0 reveals the
quantity for a CDW instability. χ0(q, ω) =
∑

ιι′,k
f (εlk )−f(εl′k+q )

εlk−εl′k+q−ω−iη , here f (ε) is the Fermi function and

εlk is the quasiparticle eigenenergies. The Fermi temperature
and k points were well tested to convergence. Here the
Fermi-temperature smearing of T equals 9 meV and we
use a fine k mesh of 46 × 46 × 25–50 000 k points in the
Brillouin zone. The smearing of η = 1.0 × 10−4. As shown
in Fig. 6, at qz = 0, it was found that the maxima of the χ0 is
located between the � and K points (1/2�K), which indicates
there exists CDW instability at 1/2�K when qz equals zero.
However, 1/2�K is not a Fermi-surface nesting vector, which
means we can rule out the Fermi-nesting mechanism in
CDW order. And from qz = 0.25 to qz = 0.5, it also shows
that the maximum of the χ0 changes slightly, and the static
susceptibility has a weak dependent qz.

FIG. 7. The DFT + DMFT density of states of normal state at
T = 300 K and CDW state at T = 50 K; the inner structures (a) and
(b) are the CDW and normal state structures, respectively.

D. Electronic structure of CDW state

We also investigate the electronic structure of the CDW
state, which has an inverse Star of David structure below
TCDW as shown in Fig. 1(d). Here, we also did the calculations
with the 2 × 2 × 2 supercell of an inverse Star of David
structure, but it changes little compared with the 2 × 2 ×
1 supercell. Hence, we just show the result of the 2 × 2 ×
1 supercell. Based on this structure, the orbital occupation
has changed, the total V-3d occupation nd is 3.202, for dz2 ,
dx2y2 , dxz, dyz, and dxy is 0.5362, 0.6397, 0.5594, 0.9228, and
0.5436, respectively. The V-3dxy occupation has changed a
little compared with the normal state. Based on this structure,
we calculate the partial density of states (PDOS) of the normal
state structure and the CDW state structure using the DFT +
DMFT method (Fig. 7). It shows a CDW gap near the Fermi
level, which is also in agreement with the experiment and
previous DFT calculations [23]. The CDW states show two
different sites of V atoms. V1 has the hexagon surrounding
and V2 has the triangle enclosing. The PDOS of the CDW
states in DFT and DFT + DMFT both show that V1 and
V2 have different orbital character as shown in Fig. 8. V1
has dxz and dx2y2 orbital at the Fermi level, but V2 has dxy

and dz2 orbital character. The orbital multiplicity at the Fermi
level, namely multiple orbitals’ contribution to the electronic
structure at the Fermi level, might be one of the reasons lead-
ing to the CDW order. The orbital multiplicity effects in the

FIG. 6. DFT + DMFT calculation of the real Lindhard susceptibility χ0 in KV3Sb5 along with the qz direction.
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FIG. 8. The DFT and DFT + DMFT calculations of partial density of states (PDOS) for the CDW state.

formation of CDW have been discussed previously in cuprate
superconductors and NbSe2, in which a single-band model
fails to depict their CDW behaviors. Flicker and Wezel [55,56]
proposed a two-band model to study the CDW order and find
that the multiband effects are crucial in the formation of CDW
order [57]. The in-depth analysis of the connections between
orbital multiplicity and formation of CDW in KV3Sb5 will be
the subject of future work.

IV. CONCLUSION

We investigated the electronic structure of the kagome
metals AV3Sb5 (A = K, Rb, Cs) using density functional the-
ory plus dynamical mean field theory. Our results show that
AV3Sb5 have weak correlated electronic interactions, which
can be manifested from the quasiparticle renormalization fac-
tor Z or the mass enhancement m∗/mDFT (1/Z). The m∗/mDFT

is around at 1.3, which is much smaller than the typical value
of strongly correlated materials. The evolution of electronic
structure with temperatures have also been investigated. The
imaginary part of the self-energy of the V-d orbital in Mat-
subara frequency barely changes in the normal state as the
temperature increase from 50 to 900 K, which again demon-

strates that this system has weak electronic correlated effects.
The Fermi surface changes slightly at temperature above the
CDW temperature in the normal state. We studied the CDW
state below the TCDW (∼50 K) with the inverse Star of David
structure by the 2 × 2 × 1 supercell using the DFT + DMFT
method, where we found a CDW gap in the electronic spectral
function. In order to explain the mechanism of the CDW,
we performed static susceptibility calculations and found that
static susceptibility has a weak qz dependence and the Fermi-
surface nesting mechanism does not work in this system. But
there exists orbital multiplicity at the Fermi level owing to two
nonequivalent V atoms in CDW states, which may have an
important role in forming the CDW order. The weak electronic
correlations in AV3Sb5 demonstrated in our work suggests
that they are conventional superconductors.
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