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Quantum materials with layered kagome structures have drawn considerable attention due to their
unique lattice geometry, which gives rise to flat bands together with Dirac-like dispersions. Recently,
vanadium-based materials with layered kagome structures were discovered to be topological metals, which
exhibit charge density wave (CDW) properties, significant anomalous Hall effect, and unusual super-
conductivity at low temperatures. Here, we employ angle-resolved photoemission spectroscopy to
investigate the electronic structure evolution upon the CDW transition in a vanadium-based kagome
material RbV;Sbs. The CDW phase transition gives rise to a partial energy gap opening at the boundary of
the Brillouin zone and, most importantly, the emergence of new van Hove singularities associated with
large density of states, which are absent in the normal phase and might be related to the superconductivity
observed at lower temperatures. Our work sheds light on the microscopic mechanisms for the formation of
the CDW and superconducting states in these topological kagome metals.
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A kagome lattice, which is composed of a two-
dimensional network of corner-sharing triangles, provides
aunique playground for electron correlations and nontrivial
band topology. For example, spin systems with antiferro-
magnetic intersite coupling on kagome lattices are
proposed as promising candidates for realizing quantum
spin-liquid states [1-6]. Besides, kagome metals usually
host electronic structures with coexisting dispersionless flat
bands, Dirac cones, and van Hove singularities (VHSs) due
to the unique crystal structure, which results in topologi-
cally nontrivial states [7—17].

Depending on an electron’s filling number, a variety of
novel quantum states have been theoretically proposed in
kagome lattices, including charge fractionalization [18,19],
density wave orders [20-23], topological Chern insulators
[24], and superconductivity [22,25]. Particularly, when the
band filling of a kagome metal is near the VHS, calcu-
lations show that several saddle points would emerge near
the Fermi level (Ef) [12,13,22,26]. Coulomb scatterings of
electrons between these saddle points would give rise to
novel Fermi surface instabilities, which may lead to spin or
charge density wave (CDW) states [27-29].
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Recently, a new family of AV;Sbs (A = K, Rb, Cs)
with layered kagome lattices has been discovered
[11,12,14,15,30-39]. Previous first principles calculations
suggested that bands near the Fermi surfaces in this family
of materials are topologically nontrivial and characterized
by odd Z, indices [31,32]. Moreover, these vanadium-
based kagome metals undergo CDW phase transitions with
the critical temperatures T cpw =~ 78-103 K, below which a
new 2 X 2 inverse star-of-David (ISD) superlattice structure
becomes energetically favored [34,36,40,41], leading to a
reduction of density of states near E [15,34,35,41]. The
previous study [36] tried to study the origin of the CDW
mechanism with angle-resolved photoemission spectros-
copy (ARPES) and scattering measurement, but a con-
sensus on the origin has not been reached. Also,
superconductivity emerges from CDW states in these
materials if the temperature is further decreased [32].
Surprisingly, a remarkable anomalous Hall effect was
observed in the CDW states of these systems [11,42],
though so far no clear evidence of long-range magnetic
order has been reported. Despite some early attempts
[12,13,36,40,43—46], the microscopic mechanisms behind
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these intriguing phenomena, such as the driving force for
the CDW states, the pairing mechanism and symmetry of
the superconducting states, and the origin of the anomalous
Hall effect, are still open questions.

In this Letter, combining ARPES and first principles
calculations, we study the electronic structure and the
microscopic mechanism for the CDW state in RbV;Sbs,
which exhibits the highest CDW transition temperature
among the AV;Sbs (A = K, Rb, Cs) materials [30,32,33].
For the first time, we have observed strong band renorm-
alization effects at low temperatures 7 < Tcpw. We
observe a partial energy gap opening at Er and a shift
in the band dispersion to higher binding energy around
saddle points. More interestingly, new VHSs around the M
points emerge in the CDW phase, which were completely
absent in the normal phase. The new VHSs contribute to
the large density of states near Er, which may be related
to superconductivity observed at lower temperatures.
Moreover, by measuring the zero-frequency joint density
of states at the Fermi surface, we find significant charge
fluctuations at wave vectors connecting two neighboring M
points. We further calculate the phonon dispersions in the
normal phase and find unstable modes at both the M and L
points. These findings imply that both charge fluctuations
at Er and phonon instabilities in the pristine structure are
crucial in driving the system into the CDW phase.

Details of our experiments and calculations can be found
in the Supplemental Material [47]. RbV;Sbs crystallizes in
a layered hexagonal lattice structure with space group
P6/mmm (No. 191). As shown in Fig. 1(a), the system
consists of vanadium atoms forming layers of kagome
lattices, which are intercalated by Sb atoms forming
honeycomb lattice. The vanadium kagome planes are
separated by layers of alkali Rb ions forming triangular
networks. The in-plane hexagonal lattice constant a is
5.472 A, and the out-of-plane lattice constant ¢ is 9.073 A.
In Fig. 1(a), we show the temperature dependence of the in-
plane resistivity for RbV;Sbs, which exhibits an anomaly
around 101 K. This anomaly in resistivity is consistent with
previous reports [32,33] and is believed to be a hallmark of
the CDW phase transition (see the Supplemental Material
[47] for details about the sample characteristics and super-
conducting transition).

We first focus on the normal phase of RbV;Sbs
(T > Tcpw). According to the photon energy dependent
ARPES measurements, a weak k, dispersion is observed,
consistent with a quasi-2D band structure along the k,
direction (see the Supplemental Material [47] for the
discussion about k, dependent measurements). Figure 1(e)
illustrates the photoemission intensity map in the k,-k, plane
measured at 200 K with 19 eV photons, which corresponds
to Fermi surface of RbV3Sbs on the ['-M-K plane. Besides,
in Fig. 1(c) we show the photoemission intensity plot
along the high-symmetry path connecting I'-K-M-T" points.
Combining Figs. 1(c) and 1(e), it can be clearly seen that the
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FIG. 1. (a) The resistivity versus temperature curve with the
anomaly near the 101 K, signifying the charge density wave
phase transition. The upper left corner inset is the top view of
crystal structure of RbV;Sbs, and the bottom right corner inset is
a three-dimensional hexagonal BZ with high symmetry point.
(b) Enlarged plot of the band dispersion in the red box on (c). The
ARPES spectra are divided by the Fermi-Dirac distribution
function to visualize the band dispersion above Er. The green
dotted line is a guide for the eye. (c) The ARPES spectra above
Tcpw along the T-M-K-T" direction and (d) the calculated band
structure including spin-orbit coupling along the same high-
symmetry path as (c). (e) Experimentally obtained Fermi surface
map at 19 eV and above Tcpw. (f) The energy constant map taken
from the band calculations corresponding to the Fermi level of
ARPES data. The back line indicates the hexagonal BZ of the
kagome lattice.

system possesses an electron pocket around I', a Dirac-
cone-like dispersion around K point, and some relatively flat
dispersions with large intensity near the M point.

In Figs. 1(d) and 1(f), we demonstrate the calculated
band structure along the I'-K-M-I" path and calculated
Fermi surface map on the I'-M-K plane, respectively,
both of which are in good agreement with experiments.
Neglecting spin-orbit coupling (SOC), calculations show
that the Dirac point at the K point is fourfold degenerate
(including spin degeneracy), which is protected by Cj,
inversion, and time-reversal symmetries of RbV;Sbs in its
normal state. Similar Dirac points in the absence of SOC
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have been observed in other transition-metal based kagome
lattices [7,8,16]. Including SOC would open a gap
~20 meV at the Dirac point, which is indeed observed
in our ARPES measurement (see the Supplemental
Material [47] for the detail). The calculations further
indicate that the Dirac cone near the K point consists
mostly of vanadium d,, and d,._» orbitals, while the
electron pocket around I' is contributed to mainly by the
antimony p_ orbitals. Moreover, we found that two VHSs
near the M point are located slightly below and above the
Er [marked as VHS1 and VHS?2 in Fig. 1(d)], respectively.
In both ARPES measurements and density functional
theory calculations, VHS1 exhibits upward dispersion
along the M-I" path and downward dispersion along the
M-K path, as shown in Figs. 1(b) and 1(d). These lead to
large density of states around the M points near E, which
may introduce Fermi surface instabilities at wave vectors
connecting two M points.

We then turn to discuss the electronic structure in the
CDW phase of RbV3;Sbs. When T < Tcpw, the system
forms a 2 x 2 ISD type superstructure as shown in Fig. 2(a)
[34,40,41], and our first principles calculations indicate that
such a structure is energetically favored. It is worthy to note
that recent studies suggest there is additional cell doubling
or even quadrupling along the ¢ axis [15,44,58]. However,
since the states around the VHSs near the M points and the
Dirac point are of in-plane orbital characters [Fig. 1(d)], the

(@)

cell doubling or quadrupling along the ¢ axis does not
significantly change the electronic structure around the M
point and the Dirac point; thus, in this work we only
consider the in-plane 2 x 2 ISD structure in the calcula-
tions. The BZ of the ISD supercell is one quarter of the
pristine BZ [Fig. 2(b)]; therefore, the energy bands from the
pristine lattice would be folded from the original BZ to
the ISD supercell BZ, which may open up gaps at the
supercell BZ boundary. However, experimentally we
hardly discover any spectral weight of the folded bands,
as shown in Fig. 2(c), suggesting a weak charge-
modulation effect in the CDW phase of RbV;Sbs with
ISD structure.

Although the band-folding effect is weak, we indeed find
that the CDW transition would result in an orbital-selective
variation of the band structure compared to that of the
normal phase. First, as shown in Fig. 2(c), the Fermi wave
vector k of the electron pocket around I increases from
0.257 A~" in the normal state to 0.262 A" with a dramatic
sinking of this band due to the CDW transition. As the
electron pocket around I is mostly contributed to by the
out-of-plane p, orbitals, a strong energy shift at " implies a
possible cell doubling or quadrupling along the ¢ axis. In
sharp contrast, the Dirac band around the K point, mainly
of a in-plane orbital character, remains nearly intact upon
the phase transition. Such behavior is reminiscent of that in
bulk 17-TiSe,, which is well known as a 2 x 2 x 2 CDW
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(a) The image of vanadium-based kagome lattice under the 2 x 2 charge density wave, which is consistent with the ISD

superlattice. The green line indicates the unit cell of 2 x 2 superstructure of ISD. (b) The hexagonal BZ (black line) and the folded BZ of
2 x 2 superstructure (red dotted line). (c) ARPES spectra of CDW phase along the I'-K-M direction taken with 55 eV photon energy at
10 K, below Tcpw, and (d) the calculated spectral function for the ISD CDW phase unfolded to the pristine BZ. (e) Schematic picture of
the saddle point near the VHS3. The high symmetry cut along the M to K direction obtained from the normal phase (> T¢pyw) (f) and the
CDW phase (< Tcpw) (2). The second derivative spectra of the left panel to enhanced the visibility of the band near the M point. (h) The
ARPES spectra and the calculated unfolded spectra of 2 x 2 x 1 ISD along the M-V HS3-R direction. The red dotted line is a guide for

the eye.

236401-3



PHYSICAL REVIEW LETTERS 127, 236401 (2021)

material [59]. This finding implies the possible charge
modulation along the ¢ axis in RbV;Sbs, as also suggested
by some previous reports [15,58].

Besides, the CDW phase transition gives rise to signifi-
cant change of spectra around the M point, as shown by the
direct comparison of the photoemission intensity plots
measured in the normal and CDW states [Figs. 2(f) and
2(g)]. Evidently, nearly the whole VHS1 in the normal state
is pushed downward in binding energy, while only a small
region of the higher VHS2 close to the M point is gapped,
resulting in the “M”-shaped band dispersion along the
K-M-K path in Fig. 2(g). Here, second derivative spectra
are provided as well in order to enhance the visibility of the
CDW-induced spectral weight shift around the M point.
Comparing the energy positions of the VHS1 saddle point
in the normal phase and in the CDW phase [indicated by the
red arrows in Figs. 2(f) and 2(g)], we estimate an energy
shift of about 200 meV induced by the CDW transition.
More interestingly, a new VHS (marked as VHS3 there-
after) emerges in the CDW phase, and its saddle point is
located somewhere close to M, as illustrated in Figs. 2(g)
and 2(h) and Fig. S3 in the Supplemental Material [47].
This finding is supported by calculations based on a
2 x 2 x 1 ISD structure [Fig. 2(d) and the right panel of
Fig. 2(h)] as well as is in good agreement with another
measurement [12,34]. The large density of states (DOS)
introduced by this emergent VHS3 in RbV;Sbs may be
intimately relevant to superconductivity due to enhanced
electron-phonon coupling near the Fermi surface [60-63].

Figures 3(b)-3(g) show the detailed temperature depen-
dent evolution of VHSs around M across T¢py. When the
temperature is above Tcpw, as schematically illustrated in
Fig. 3(a), both VHS1 and VHS2 around the M point are in
the vicinity of Ep, and they almost remain intact with
decreasing temperature, as shown in Figs. 3(b) and 3(c).
However, once the temperature is below T cpy, states around
the M point are gradually shifted to higher binding energy,
eventually leading to a large downshift ~200 meV for states
at M, and an “M”-shaped band dispersion appears at 10 K
[Fig. 3(h)]. Such temperature dependence of the gapped
spectral weight around M has unambiguously illustrated its
CDW origin. Moreover, we also present the photoemission
energy distribution curves (EDCs) taken around M in
Fig. 3(i). We found that one more shoulderlike peak (marked
by red triangles) in the EDC suddenly emerges below T cpw
and is continuously pushed to higher binding energy with the
decrease of temperature, which demonstrates a complete
picture of the CDW gap development in RbV;Sbs.

In order to better understand the microscopic mechanism
for the formation of the CDW state, we calculate the zero-
frequency joint DOS contributed by the Fermi surface:

Q
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FIG. 3. Temperature-dependent ARPES measurements taken
from the 19 and 55 eV near the M point. (a) and (h) schematic
picture of the band structure of the normal and CDW phase,
respectively. (b)—(g) The holelike band at the M point is shifted to
higher binding energy as the temperature decreases. The green
arrows indicate the VHS at the schematic figure. (i) Correspond-
ing EDCs at the M point for data in (b)—(g) to reveal the evolution
of the peak shift. The red mark indicates the emergence of the
peak below the CDW transition temperature.

where A(k, Er) is the spectral function at E at the k point
in the BZ, and Q is the volume the primitive cell. C(q)
describes the phase space for the scatterings of electrons
from the states at k to those at k + ¢ at the Fermi surface,
which is a characterization of the Fermi-surface charge
fluctuations with wave vector q. Therefore, it is expected
that C(gq) would show a peak at the corresponding ordering
wave vector if there exists any charge instability induced by
charge fluctuations at the Fermi surface. This autocorrela-
tion of ARPES spectra in the normal state has been
demonstrated to give a reasonable count for charge-order-
ing instabilities of various compounds [64-67]. The C(q)
map extracted from ARPES spectra is shown in Fig. 4(a),
which exhibits several peaks at wave vectors ¢; (i = 1, 2
and 3) (see the Supplemental Material [47] for detail). This
is consistent with the calculated zero-frequency joint DOS
shown in Fig. 4(b). We find that {g,} are rather close to
“nesting” wave vectors connecting the different saddle
points (around M) at the Fermi surface in the BZ, as
schematically shown in Fig. 4(c). This indicates that the
strong charge fluctuations due to the Fermi-surface nesting
are an important driving force for the formation of the
CDW state in RbV;Sbs.

Moreover, we have also calculated the phonon
dispersion along the high-symmetry path as shown in
Fig. 4(d), which clearly shows two unstable modes around
the M and L points, respectively. The soft phonon mode at
the M point and the strong charge fluctuations at ¢; would
cooperate with each other, both of which tend to drive the
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FIG. 4. (a) Two-dimensional joint DOS results on the saddle
band point regions. (b) Calculated joint DOS at the Fermi energy.
(c) Calculated Fermi surface projected to the k,-k, plane.
(d) Calculated phonon spectrum along a high-symmetry path.
The high-symmetry points are marked in Fig. 1(a).

system into a CDW state that doubles the primitive cell
along the ¢, direction in the kagome plane. However, since
there are three equivalent g; wave vectors (three equivalent
M points) in the BZ, these three ¢g; vectors may be linked
with the three sublattices in the kagome lattice, forming a
“triple-Q” CDW state preserving C5, symmetry [43], which
is exactly the 2 x2 ISD structure. The additional soft
phonon mode at the L point may be the origin of the cell
doubling along the ¢ axis in the CDW phase. Detailed
discussions about the soft phonon modes and their effects
on electrons’ band energies are given in the Supplemental
Material [47].

To summarize, we have studied the electronic structures
of a kagome metal RbV;Sbs in the normal and CDW
phases. We have revealed partial gap opening at saddle
points, orbital-selective band energy shift, and the emer-
gence of new VHSs near £ induced by the CDW. We
uncover that the CDW phase is driven by the Fermi surface
nesting of van Hove singularities at neighboring saddle
points, which are further assisted by an unstable phonon
mode at the same nesting wave vector. Our work is a
significant step forward in understanding the mysterious
CDW phase in the V-based topological kagome metals.
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