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The V-based kagome systems AV;3Sbs (A = Cs, Rb, and K) are unique by virtue of the intricate interplay
of nontrivial electronic structure, topology, and intriguing fermiology, rendering them to be a playground of
many mutually dependent exotic phases like charge-order and superconductivity. Despite numerous recent

studies, the interconnection of magnetism and other complex collective phenomena in these systems has
yet not arrived at any conclusion. Using first-principles tools, we demonstrate that their electronic
structures, complex fermiologies and phonon dispersions are strongly influenced by the interplay of

dynamic electron correlations, nontrivial spin-polarization and spin-orbit coupling. An investigation of the
first-principles-derived intersite magnetic exchanges with the complementary analysis of ¢ dependence of
the electronic response functions and the electron-phonon coupling indicate that the system conforms as a
frustrated spin cluster, where the occurrence of the charge-order phase is intimately related to the
mechanism of electron-phonon coupling, rather than the Fermi-surface nesting.

DOI: 10.1103/PhysRevLett.131.196702

The V-based kagome stibnite series AV3Sbs (A = Cs,
Rb, and K), or V135 in short, has acquired a center-stage in
the community of topological materials, paralleling twisted
bilayer graphene and high 7', cuprates [1,2]. Here, the
interplay of strong correlation and nontrivial topology leads
to a plethora of exotic phases, harbouring translational,
rotational and time-reversal symmetry breaking. The elec-
tronic dispersion of AV3Sbs displays strongly correlated
features near the Fermi energy (Ef), e.g., the flatbands of
V-d character, van Hove singularities (VHS) at the
Brillouin-zone-boundary [3] and nontrivial topological
Dirac crossing of the bands hosting VHS [4]. Their
fermiologies are related to the presence of charge bond
order (CBO) instability, where the triplet orbital nature
(I = 1) of the particle-hole wave function bears a contrast
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to the conventional charge-density wave (CDW) of
particle-hole singlets (! = 0) [3]. Prior works associated
this CBO with the sublattice interference and 3Q-nesting
behavior [5,6], promoting a nematic chiral charge order and
spontaneously breaking both the time reversal and the Cg
rotational symmetry [3,7].

Topological Dirac electrons under strong electron cor-
relation and spontaneous symmetry breaking prepare the
playground of a co-existing panoply of unconventional and
interrelated charge-ordered (CO) and superconducting (SC)
phases for V135 compounds [8-10]. The CO-phase
emerges at 80—100 K (7T¢o) and the SC-phase pertains a
critical temperature (7,.) of ~1-3 K [9,10]. Spectroscopic
imaging detects a complex landscape of superlattice recon-
structions related to the CO [1], where the bulk charge-
order comprises of a2 x 2 x 4 superlattice with inverse star
of David (ISD) pattern in the kagome plane and three
consecutive layers of star-of-David (SD) pattern [11,12].

In the scientific community, there is a lack of consensus
regarding whether the CO phase is competing with the SC
phase, trying to gap-out the same band crossings by similar
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FIG. 1.

(a) V3Sbl-kagome sublattice and (b) the Sb2 honeycomb sublattice, (c) the hexagonal Brillouin zone (BZ), (d) The 2D BZ

(green-filled hexagon), the k-space unit cell (blue parallelogram), one ideal FS sheet (red dotted line) and the 3Q-nesting vectors
(yellow) with magnitude shown as ¢cg, (e)-(g) The atom-projected band structures for AV;Sbs by spin-polarized DFT,
(h)-(j) corresponding atom-projected band structures with the spin-polarized DFT + SOC and (k)-(m) corresponding electronic
spectral function with the spin-polarized DFT + DMFT + SOC method at 78 K, color scale representing the band-broadening related to
quasiparticle lifetimes. (n)~(p) Jj; and (q)—(s) Djj for AV3Sbs. In (q)—(s), the J;; values are in the same plot, except for the first NN.

electronic instabilities or if the former is a precursor of the
latter [9,13—-16]. There is also a long-standing debate about
the pairing symmetry associated with the SC phase. The
available explorations constitute a wide variety of reports
on the types of superconducting gaps [17,18] and the
corresponding pairing symmetries [19-26].

The presence of local moments and the impact of
magnetism on the correlated aspects are not investigated
in detail for AV;Sbs. The V-3d states could have been
empty in the V;Sbs network with valence levels V>* and
Sb*~, unless the alkali-metal (A) donates a single electron
to the kagome net. This single delocalized electron and its
hybridization with Sb-5p_ set the stage for the intriguing
correlated electron physics. Experimentally, the temper-
ature dependence of the magnetization is consistent with
the Curie-Weiss behavior at high temperature with an
effective magnetic moment of ~0.22 up per V [10]. In
principle, if the V ions are capable of sustaining a local
moment, a spin-bond order with a finite angular momentum
should compete energetically with CBO.

Whereas measurements like muon-spin depolarization in
polycrystalline samples divulge negligible local moments
[27], for single crystals, there is a striking enhancement of
the internal field below T, implying the presence of a
time-reversal symmetry breaking [28]. The most puzzling
aspect of AV3Sbs is the presence of giant anomalous Hall
effect (AHE) with anomalous Hall ratio being an order of
magnitude higher than that of Fe [29,30]. Conventionally,
magnetic topological materials evince an intrinsic AHE
related to the Berry phase [31,32]. For these systems,
experimental prediction demanded the origin of the AHE
to be extrinsic [29,30], where the electrons undergo an

enhanced skew scattering due to the magnetic fluctuations
in the triangular spin clusters, as proposed in the “spin
cluster” model by Ishizuka and Nagaosa [33]. The prior
studies focused on the non-spin-polarized Fermi-surface
(FS)-nesting between the electron pockets to the mode
softening at the same value of the displacements (g),
indicating a structural instability, which disappears under
a 2 x 2 x 2 reconstruction for KV3Sbs [34] with a simul-
taneous exodus of imaginary modes. To the best of our
knowledge, the magnetic attributes of these systems have
received much less attention. Employing first-principles
electronic structure, phonon, and time-dependent density
functional theory (TDDFT) calculations, we have explored
the impacts of electronic correlations and magnetism on
their complex nontrivial physical properties.

In the V135 series (symmetry-group P6/mmm), the
hexagonal A layer intercalates the quasi-2D network of the
V;Sbl-kagome and the Sb2-honeycomb sub-lattices, as in
Figs. 1(a) and 1(b). The corresponding 2D-Brillouin zone
(BZ) with an ideal schematic sheet of the FS and nesting
vectors (to be discussed below) are presented in Figs. 1(c)
and 1(d). With inclusion of spin polarization, a survey of
energetics for the long-range order reveals that while
the out-of-plane magnetic coupling is ferromagnetic
(FM), as in Table S1 of the Supplemental Material [35],
the different in-plane spin-configurations, as described in
Table S2 of the Supplemental Material [35], are energeti-
cally comparable, indicating a frustrated nature for the
in-plane magnetism. Figures 1(e)-1(m) presents a com-
parison of the spin-polarized atom-projected band disper-
sions of CsV;3Sbs (CVS), RbV;Sbs (RVS), and KV;Sbs
(KVS) in the FM configuration, using three different
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(a)—(c) 2D FS of AV;Sbs from spin-polarized DFT. The dotted arrow shows the 3Q nesting behaviour. (d)—(f) 2D FS and

(g)-(1) spin-textures from DFT + SOC. The red and blue colors signify the spin-up and spin-down projections. (j)—(1) the 2D FS from

DFT + DMFT + SOC. The color bar represents the Fermi velocity.

methodologies [35], viz., (I) density-functional theory
(DFT), (II) DFT including the spin-orbit coupling
(SOC), and (III) DFT+dynamical mean-field theory
(DMFT)+SOC, respectively. Figure 2 presents the 2D
projections of their respective Fermi-surfaces in the [001]
plane. The intricate outcomes of this comparative study
can be categorized as: (I) In the collinearly spin-polarized
DFT bands [Figs. 1(e)-1(g)], the featured signatures
constitutes a quasi-2D I'-centered electron pocket from
the Sb-5p_ states, multiple VHS at the M-point from the
V-d,, and V-d,, . orbitals and the near-E Dirac crossing
(DC) at the K-point [45]. The corresponding [001]-
projected 2D-FS in Figs. 2(a)-2(c), are composed of
one ['-centred 2D sheet, one quasi-2D sheet, constituting
both the I'-centered 2D-pocket and 3D-flares near the
corners of the BZ, and the 3D M-centered electron pockets
related to the vH filling of the V-d levels. These pockets
are precisely responsible for the 3Q nesting as in
Figs. 2(a)-2(c). In Fig. S1 of the Supplemental Material,
the band-projected FS sheets are presented [35]. (II) In
DFT + SOC, the inclusion of SOC couples the magnetism
to the real space, leading to moments along all three spin
axes as in Table S3 [35] of the Supplemental Material. The
resultant magnetic moment, being higher than the exper-
imental value, indicates the necessity of a better treatment
of the dynamical electronic correlations. The exchange
splitting and the associated energy shift push the flat bands
away from Ep, bring the DCs closer to it, modify the vH
filling while also creating new VHS with higher orders [35]
and change the area of crossing of the Sb-5p, bands (blue)
near A point [Figs. 1(h)-1(j)]. In Figs. 2(d)-2(f), the most
notable changes occur at the vH-points. The M-centered
electron pockets almost disappear for CVS, while a
reduction of area is observed for RVS and KVS. The
effect of spin polarization is also asserted from the spin-
texture-projected FS in Figs. 2(g)-2(i). (Ill) For dynami-
cally correlated metals, the state-of-the-art treatment of the

local electronic correlations can be obtained by the merger
of DFT with the DMFT [46], based on a self-consistent
multiband Anderson-impurity model. This model is solved
by the fully relativistic spin-polarized 7-matrix fluctuation-
exchange (SPTF) solver [47,48], which is efficient
for moderately correlated metals with onsite Coulomb
correlation U < W/2 (W being the bandwidth) [49-51].
The electron temperature is kept as 78 K (<Tco).
Figures 1(k)-1(m) represents the k-resolved correlated
electronic spectral functions, where the broadening reflects
the quasiparticle lifetimes derived from the imaginary part of
the self-energy [51]. Compared to the DFT + SOC, there is
an overall flattening of the bands leading to a significant
reduction of the bandwidth with a consequential modifica-
tion of the low-energy band structure around Er, where the
flat V-d levels [green bands in Figs. 1(h)-1(j) below 1 eV]
cross the Sb-5p,, electron pockets and the area of the inverted
band crossings of Sb-5p, bands is remarkably reduced. The
mass enhancements of the carriers corresponding to the V-d
levels are in the moderately correlated range, as calculated
from the quasiparticle weight extracted from the imaginary
part of the self-energy to be ~1.7 (Table I). In the vp-
weighted and smeared FS, as in the Figs. 2(j)-2(1), DMFT-
induced band renormalizations instigated many additional

TABLE I. (a) Superconducting 7. in K calculated using the
EPC in the spin-polarized state from the Allen-Dynes equation,
spin moment, and orbital moment of vanadium (V), and the
average effective mass (m*/mpgr) from DFT + DMFT + SOC.

Spin  Orbital Average
Superconducting moment moment effective mass

System T. (K) (up) (1B) (m*/mpgr)
CsV;Sbs 2.44 0.28 0.032 1.71
RbV;Sbs 1.14 027  0.038 1.68
KV;Sbs 0.95 0.28 0.039 1.72
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FIG. 3.

features, viz., occurrence of additional FS sheets, the
negligible areas of the M-centered pockets, highest velocity
of the carriers for KVS and the transformation of the
K-centered triangular electron pocket into a combination
of three pockets situated at around 2z/3 apart. The
V-d-projected partial spectral functions and the correspond-
ing orbital-projected FS, as presented in Fig. S2 of the
Supplemental Material, confirm the contribution of V-d
levels towards the dynamical electronic correlation [35].

The significant modifications of the electronic excita-
tions with spin polarization and strong correlation suggest
the possibilities of their substantial interplay with the elastic
properties and thus may have a crucial impact on exotic
phases like CO and SC. From the DFT + DMFT + SOC
calculations, the local spin and orbital moments of V
possess a small but non-negligible value of ~0.28 up
and 0.032 pup, respectively (Table I), which is closer to
the experimental values of 0.22 up [9,10].

Understanding of the role of the local moments of V in the
itinerant background of the Dirac-like carriers is fundamen-
tal to obtain a complete picture of the low-energy magnetic
excitations and their impact on both the elastic and
inelastic properties of the correlated electron system. Using
the Liechtenstein-Katsnelson-Antropov-Gubanov (LKAG)
method [52,53], as implemented in fully relativistic DFT +
DMFT + SOC calculations [54,55], the low-lying magnetic
excitations are mapped into an effective spin Hamiltonian
[54,55] to extract the intersite exchange parameters like the
isotropic Heisenberg exchange (J3) and Dzyaloshinkii-
Moriya (Dj) interactions. The calculated magnetocrystal-
line anisotropies suggest that the alignment of the spin and
orbital-moments follows an easy-axis pattern, being along
the local magnetic z axis, which is also supported by the
spin-component-projected spectral functions, as presented
in Fig. S3 of the Supplemental Material. Figures 1(n)-1(p)
depict the Jj; and Dj parameters as a function of the
nearest neighbor (NN) distances in the global coordinate
system and imply three important facts, in accordance
with the experimental scenario. First, the Jj; values are an
order of magnitude higher for the first NN as compared
with the next ones, suggesting the formation of a spin
cluster, as indicated in the AHE experiments [29,30].
Second, the first NN Jj;’s are negative, implying that the

'2r MK TA LH A

Phonon dispersion for spin-polarized calculations of (a) CsV;Sbs, (b) RbV;Sbs, and (c) KV;Sbs.

V spins would prefer to align anti parallel to their NN,
which is prevented by the frustration associated with the
kagome-lattice-geometry. Third, after the first NN, the Jj;
and Dj values become comparable in magnitude, as in
Figs. 1(q)—1(s), suggesting the plausible presence of a spin-
spiral-like magnetic ground state. In a further continuation
of the present work, the presence of such complex spin-
textures constituting a superposition of spin-spirals are
demonstrated [56]. The importance of dynamical correla-
tions in evaluating the exchange properties is reassured from
a comparison of the DFT + U and DFT 4 DMFT results, as
seen in Fig. S4 of the Supplemental Material [35]. The
electronic moments associated to the itinerant Dirac-like and
localized flat bands modify the spin part of the crystal
potential, with consequential impacts on the electron-
phonon coupling parameter [57,58] and the FS nesting.
The nonmagnetic versus the magnetic phonon disper-
sions of AV;Sbs at a temperature of ~95 K are plotted in
Fig. S5 of the Supplemental Material [35] and Fig. 3,
respectively. The nonmagnetic phonon dispersions reveal
the presence of significant imaginary phonon modes at the
M and L points for both RVS and KVS. CVS, on the other
hand, does not display any imaginary mode. The lattice
displacements at M and L points of RVS and KVS are
displayed in movie I of the Supplemental Material [35],
indicating the substantial role of the interlayer breathing
modes. With spin polarization, CVS continues to be devoid
of imaginary modes, as in Fig. 3(a). The absence of the
imaginary modes for both magnetic and nonmagnetic CVS
poses a question towards the interdependence of CO and FS
nesting (FSN). For magnetic RVS and KVS, the reduced
frequency of the imaginary modes and the diminished areas
of the 3D FS pockets [Figs. 2(e)-2(f)] iterate the same
question. The lattice displacements corresponding to the
highest imaginary modes for the spin-polarized RVS and
KVS are presented in movie 2, where traces of the interlayer
breathing modes remain evident. In CVS, the relaxed
magnetic structure has the smallest ¢ axis in the V135
series, where the intercalated Cs ions forms the heaviest
and largest-radii alkali-metal layer, restricting the interlayer
breathing modes. Pertinent discussions regarding the
microscopic analysis are included in the Supplemental
Material [35]. Prior studies of the non-magnetic structures
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FIG. 4. (a)—(c) The real and imaginary part of the interacting (y) and noninteracting (y,) response functions for the in-plane (y; and
xor) and out-of-plane (y, and y,,) magnetization as @ — 0, the corresponding colors are displayed as legends; (d)—(f) the EPC matrix
elements [4(qg)| for the acoustic and optical (multiplied by four) modes as a function of g.

related the softened modes at the nesting-g values to the
structural instability and CO [34]. Thus, analysis of the CO,
FSN and their interrelation with the electron-phonon cou-
pling (EPC) is imperative to acquire a better understanding.

The influence of the magnetic ordering is apparent
from the comparison of mode and spin-averaged
Eliashberg spectral functions [a?F(w)] in Fig. S7 in the
Supplemental Material [35] for magnetic and nonmagnetic
cases. This in turn will impact the electron-phonon (e-ph)
matrix elements, as per the Hopfield relation (1/N,) =
D?/Ma? with A, N,, D, and Mw? being the e-ph coupling
constant, the electronic DOS at Ej, the deformation
potential and the force constant respectively. By using
the density-functional perturbation theory (DFPT), we have
calculated the A parameters for both configurations and
compared the A, N, (1/N,) and the superconducting T,
values from the Allen and Dynes formulation [59] in
Table S4 of the Supplemental Material [35]. The T, values
are closer to the experimental values than those of the spin-
degenerate ones, as seen in Table I.

The presence of both FSN and EPC spurs the question of
the impact of the respective elastic and inelastic electron-
ion scattering on CO. For a 3D system, CO is fundamen-
tally rooted in the electron-ion interaction and thus has an
implicit dependence on the electronic response function
(r). Whereas the real part of the response function (Rey) is
connected with the instability causing CO, the imaginary

part (Imy) is coupled to FSN [60]. For systems like CeTes,
where CO is linked to FSN, both Rey and Imy display a
peak at the magnitude of the nesting vector (gcq) [60].
However, for systems like NbSe,, CO is entirely connected
to EPC and the Rey and Imy are devoid of any peak at gcq
[60-62]. To investigate the underlying cause of CO in
AV;3Sbs, using TDDFT [35], we have plotted the ¢
dependence of the interacting (y) and noninteracting (y)
response functions as @ — 0 along I' — M for both in-plane
and out-of-plane magnetizations in Figs. 4(a)-4(c). Here,
the nesting magnitude (gcq) is calculated from the approxi-
mate schematic in Fig. 1(d). The presence of a shallow
nondivergent peak for Rey indicates the 3D nature of
AV;Sbs and also predicts the presence of a CO. However,
the interdependence of this CO and FSN appears extremely
fragile as both Rey(y() and Imy(y,) refrains to display a
peak at gcg) for all three systems. Therefore, the role of
EPC in CO needs to be examined.

For systems where the instability connected to the CO
phase is linked with the low-frequency acoustic phonon
modes, the associated mode softening almost invariably
exhibits an explicit presence of imaginary modes. However,
for instabilities linked to the higher-frequency acoustic or
optical modes having nonzero frequencies at the zone
center, it is energetically expensive to obtain a softening
after crossing the zero-frequency line. This behavior is also
evident for Bi-2212 cuprates with EPC connected to the A'Y
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TABLE II. Summary of the interplay of exotic phases and various possible coupling factors.
Exotic
phases SP 4 OP + SOC

DEEC EPC

CO  (a) SP and OP of V-d + SOC +
interplay with itinerant
electrons produced flatbands,
VvHS and Dirac-topology

(b) Reconstructed nesting,
vanishing M-point pockets
(c) Prepared base for incorporation
of DEEC
(d) Reduced imaginary modes
compared to spin-degenerate
theory

environment

scenario

SC  (a) a’*F(w) displayed impacts of
local moments

(b) Calculated EPC reproduced
experimental T, by Allen-Dyne

formalism. breaking

(a) Proper treatment of DEEC at 78 K (< T¢()
produced significant band renormalization

(b) Reproduced frustrated magnetic

(a) Higher values of effective masses indicated
strong correlation

(b) Extracted J;; and Dy values are consistent
with the measured spontaneous symmetry

(a) Calculated g-dependent EPC has
intimate link with CO

(b) Indicated the vibrational modes
leading to instabilities

(c) Extracted Jj; and Dj; explains experimental

(a) EPC has relevance for the SC
phase and theory reproduces
reasonable T,

(b) Inelastic electron-ion scattering
have more impact

optical modes [60-62], as discussed in the Supplemental
Material [35].

For AV;Sbs, in spite of the experimental evidences of CO,
the absence of imaginary modes in CVS instigated the
search for the responsible electron-ion phenomena.
Therefore, we calculated the g-dependent EPC matrix
elements for the acoustic and optical modes corresponding
to the largest A parameters [Figs. 4(d)—4(f)] along I' — M.
For acoustic modes of CVS, albeit the peak is away from
qco, the EPC around ¢cp consists of a broad shoulder
region. The optical mode, however, is associated with an
explicit peak. This nature of EPC implies a larger contri-
bution of the optical modes towards the structural instability.
The shoulder at g can be attributed to the high-frequency
acoustic modes with anonzero @, as ¢ — 0. On the contrary,
for RVS and KVS, the EPC due to the acoustic modes are
more responsible for CO, hosting a corresponding peak near
qco- Here, softening of the low-frequency acoustic modes
leads to the imaginary phonon modes. For RVS, the optical
modes may also have a smaller contribution, as indicated by
the shallow peak for optical modes at gco. The incom-
mensurate FSN in the kagome systems seems to have lesser
impact on the CO. The instability of the underlying
electronic subsystem is intricately connected to the vibra-
tional instability of the triangular ionic subsystem.

In summary, using first-principles investigations, we
have investigated the microscopic origin of the local
magnetic moment in the V-based kagome series and its
consequences on the electronic and vibrational properties.
The three factors, viz. the spin and orbital polarization
with SOC (SP + OP + SOC), dynamical electron-electron
correlations (DEEC), and EPC are demonstrated to have
overreaching consequences on the exotic phases, as

summarized in Table II. Rather than the FSN, the phe-
nomenon of CO in this series is observed to have an
intricate dependence on the EPC of the system. In
conclusion, the incorporation of magnetism and its inter-
play with the orbital and vibrational degrees of freedom
and their impacts on the correlated aspects are capable of
explaining several experimental features and simultane-
ously widen the panorama of exotic physical properties of
kagome superconductors.
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