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Kagome metals AV3Sbs (A = K, Rb, and Cs) exhibit a characteristic superconducting ground state
coexisting with a charge density wave (CDW), whereas the mechanisms of the superconductivity and CDW
have yet to be clarified. Here we report a systematic angle-resolved photoemission spectroscopy (ARPES)
study of Cs(V;_,Nb,);Sbs as a function of Nb content x, where isovalent Nb substitution causes an
enhancement of superconducting transition temperature (7.) and the reduction of CDW temperature
(Tcpw)- We found that the Nb substitution shifts the Sb-derived electron band at the I" point downward and
simultaneously moves the V-derived band around the M point upward to lift up the saddle point (SP) away
from the Fermi level, leading to the reduction of the CDW-gap magnitude and Tcpw. This indicates a
primary role of the SP density of states to stabilize the CDW. The present result also suggests that the
enhancement of superconductivity by Nb substitution is caused by the cooperation between the expansion
of the Sb-derived electron pocket and the recovery of the V-derived density of states at the Fermi level.

DOI: 10.1103/PhysRevLett.129.206402

The kagome lattice offers a fertile ground to explore
exotic quantum phenomena originating from electron
correlation and nontrivial band topology. Band structure
of a simple kagome lattice is composed of a flat band over
the entire momentum (k) region in the hexagonal Brillouin
zone (BZ), a Dirac cone at the BZ corner, and a saddle point
(SP) at the zone boundary. Owing to such a unique band
structure, the kagome lattice shows various interesting
physical properties depending on the position of the
Fermi level (Er). When Ej is located at around the flat
band, ferromagnetism [1-4] and fractional quantum Hall
effect appear [5-8], whereas topological insulator [9,10]
and magnetic Weyl semimetal [11] phases are realized
when Ep is situated at around the Dirac point [12—18].
Despite many theoretical predictions for exotic quantum
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states such as superconductivity and density-wave ordering
[19-22], materials with E at or near the SP are rare.
Recently, a family of kagome metals AV;Sbs (AVS;
A =K, Rb, Cs) with a V kagome network [Fig. 1(a)] has
emerged [23] as a new platform to study the physics
associated with the SP due to its proximity to Ef, as revea-
led by density-functional-theory calculations [23-32]
and angle-resolved photoemission spectroscopy (ARPES)
[33-41]. AVS commonly exhibits superconductivity
(T, =0.9-25 K) and a charge density wave (CDW;
Tcpw = 78-103 K) [27,42,43]. The mechanism has been
intensively discussed in terms of the characteristic band
structure with the SP at the M point of the BZ [Fig. 1(b)]
[24-26,28—41]. For instance, the scattering connecting diffe-
rent SPs would promote unconventional superconducting
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FIG. 1. (a), (b) Crystal structure and bulk Brillouin zone (BZ)
of Cs(V_Nb, );Sbs (CVNS), respectively. (c) Superconducting
(T.) and CDW (T cpw) transition temperatures of CVNS plotted
against x [66]. (d) ARPES-intensity map at Ep plotted as a
function of k, and k,, measured at 7 = 120 K with hiv = 106 V.
Red, purple, and blue dashed lines are guides for the eye to
trace the experimental Fermi surfaces. (¢) ARPES intensity at
T = 120 K measured along a yellow dotted line in (d).

pairing [20,44,45], whereas the same scattering also contri-
butes to the energy gain to stabilize the chiral CDW with an
in-plane 2 x 2 periodicity [24,29,31,46-50].

A promising strategy to study the interplay among
superconductivity, a CDW, and electronic states is to
modulate the band structure by varying key physical
parameters that characterize the electronic phase diagram,
such as pressure and carrier concentration [51,52]. Such
attempts have been made in AVS [53-62]. For example,
transport measurements under high pressure have clarified
the anticorrelation between 7, and Tcpw as well as an
unconventional double superconducting dome [53-56],
whereas the relevant band structure is under debate [63].
Chemical substitution in crystal is a useful method to tune
chemical pressure and carrier concentrations, but such
studies are still limited in AVS [57,59-61].

In this Letter, we report an ARPES study of Nb-
substituted CVS, Cs(V,_,Nb,);Sbs (CVNS; x = 0, 0.03,
and 0.07), in which the substitution of V ions with isovalent
Nb ions leads to T'. enhancement and simultaneously 7' cpw
reduction [Fig. 1(c)] [66]. The solubility limit for Nb is 7%,
and Tcpw and T, monotonically change until this limit.
Therefore, the Nb-substituted samples of 3% and 7% would
be suited to systematically investigate the influence of Nb
substitution. Actually, we have revealed that Nb sub-
stitution induces the shift of bands characterized by
an expansion of the Sb-derived electron pocket and a

shrinkage of the V-derived electron pocket forming the SP,
the latter of which is well correlated with the CDW
suppression. We discuss implications of the present
results in relation to the mechanism of a CDW and super-
conductivity.

First, we present the electronic structure at the highest Nb
concentration (x = 0.07) (see Supplemental Material for
details on the experimental conditions [64]). Figure 1(d)
shows the ARPES-intensity plot at £ as a function of k, and
ky, at T =120 K (above Tcpw) measured with 106-eV
photons corresponding to the k, ~0 plane [34]. Photo-
electrons in this wide k window were simultaneously
collected by using a momentum microscope [65]. One can
recognize a circular pocket and a large hexagonal pocket
centered at I', together with a small triangular pocket at K.
The circular pocket originates from a parabolic electron
band, a, as recognized in the ARPES intensity along the
I'KM cutin Fig. 1(e). This band is attributed to the 5p, band
of Sbl atoms embedded in the kagome-lattice plane
[Fig. 1(a)] [24-26,28,29,34,41,57]. The hexagonal pocket
originates from linearly dispersive bands f/y, and is attrib-
uted mainly to the V 3d,, and 3d,, orbitals (3d,,/3d,.)
[24,26,34,40,41,57]. The triangular pocket is associated with
the § and ¢ bands, which form a Dirac-cone-like dispersion
with the Dirac point at (Ep) ~ 0.3 eV. The § band is attri-
buted to the V 3d,,/3d._, orbitals [24,26,34,40,41,57],
and forms the SP slightly above Er. At the M point, there
are two other holelike bands, { and # topped at around
Er and Ep ~0.45 eV, respectively, originating from the
V 3d,./3d,. orbitals [24,26,34,40,41,57].

Figures 2(a) and 2(b) display a comparison of the
ARPES intensity between x = 0.07 and x = 0 measured
along the 'KM cut at T = 120 K with the energy reso-
lution AE = 35 meV. In both measurements, the electron-
like @ band at T, the linearly dispersive y/e bands crossing
Ep, and the 6 band forming a SP at M are commonly
resolved. This indicates that the overall band structure is
unchanged after the Nb substitution. To clarify quantitative
differences in the band position, we have determined the
experimental band dispersion (red and black crosses), and
directly compared them in Fig. 2(c). At first glance, both
band structures for x = 0.07 and 0 well overlap each other.
However, a closer look reveals a finite difference in the
energy position of the a band, which shifts downward by
~20 meV at x = 0.07 relative to that at x = 0. The shift is
also seen by a comparison of momentum distribution
curves (MDCs) at E in Fig. 2(d) where the peaks for x =
0.07 are located outside of the peaks for x = 0 (note that the
peak width is slightly wider in x = 0.07 due to the increase
of impurity scattering by Nb substitution). Moreover, as
shown by the energy distribution curves (EDCs) at I' in
Fig. 2(e), the bottom of the o band moves toward higher Ep
by ~20 meV with Nb substitution, as supported by
numerical fittings and simulations in the Supplemental
Material [64] (note that the reproducibility was confirmed
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FIG. 2. (a) ARPES-intensity plot along the I'KM cut for x = 0.07 measured at 7 = 120 K with hv = 106 eV. Crosses show
experimental band dispersion extracted from the peak position in EDCs and MDCs. (b) Same as (a) but for x = 0. (¢) Comparison of
band dispersions between x = 0.07 and x = 0 [same as red and black crosses in (a) and (b)]. (d),(e) Comparison of MDCs at E and
EDCs at k, = 0 [the cuts are indicated by white dashed lines in (a)], respectively, between x = 0.07 (red) and x = O (black). The
horizontal axis in (d), k,/|krg/|, is defined as the k, value in units of the 'K length where the I" and K points correspond to 0 and 1,
respectively. Red dashed lines in (d) are a guide for the eye to trace the peak position of x = 0.07. Triangles in (e) indicate the peak
position. (f)—(h) ARPES intensity near £ around the M point for x = 0, 0.03, and 0.07, respectively, plotted as a function of binding
energy and the k, value in units of the MK length, k,/|k);x|. Temperature of the measurement was set above T'cpy (120, 90, 120 K for
x =0, 0.03, and 0.07, respectively). (i) Comparison of experimental band dispersions in the E — k,, window shown by a black dashed
box in (f) among x = 0 (black circles), 0.03 (blue circles), and 0.07 (red circles). Inset shows the representative fitting result (green
curve) to the EDC at the k. point for x = 0.07 (red circles). The kr point is indicated by black arrow in (i). The fitting assumes a single
Lorentzian peak (black curve) multiplied by the Fermi-Dirac distribution (FD) function convoluted with a resolution function.

by measuring several samples). One can also see from  x. This indicates a shrinkage of the triangular electron
Fig. 2(c) that the e-band bottom and the 7-band top at M are ~ pocket at K with Nb substitution, as opposed to an
shifted downward (by ~20 meV) upon Nb substitution.  expansion of the a pocket at I'. Such an opposite band
These results suggest that the Nb substitution affects both  shift is expected from the isovalent substitution with V and
the Sb- and V-derived bands. In contrast to the downward ~ Nb ions that causes no effective carrier doping.

shift of the a, ¢, and 57 bands, the y and é bands near Er look To clarify the influence of Nb substitution on the CDW
relatively stationary. Since this necessitates a more accurate ~ gap, we have performed high-resolution ARPES measure-
measurement, we have performed ARPES experiments  ments below Tcpw (= 58 K [66]) for x = 0.07 where the
with higher resolution (AE = 7 meV) with the He-la line ~ CDW is most strongly suppressed. Figure 3(a) shows the
(hv = 21.218 eV). Plots of ARPES intensity along the MK  ARPES intensity along the MK cut measured at 7 = 10 K.
cut for x = 0, 0.03, and 0.07 are shown in Figs. 2(f)-2(h), Unlike the case above Tcpw [Fig. 2(h)], there exist two
respectively. The & band which crosses Er midway  intensity maxima at ~60 and ~20 meV, associated with the
between M and K is commonly seen, but differences exist 6 band (SP band) with a large CDW gap and a shallow
in the intensity distribution. Specifically, while the intensity ~ electron band (k) at k, =z with a small CDW gap,
maximum is located at the M point for x = 0, it is slightly  respectively [34,57] (note that the He-la photons simulta-
away from the M point for x =0.03 and 0.07. This  neously observe the electronic states at the k, =0 and =
suggests a finite difference in the Fermi wave vectors  planes due to the k, broadening effect; also note that band
(kr’s). To see the difference in the §-band dispersion, we  replicas induced by the in-plane 2 x 2 CDW periodicity are
have performed numerical fittings to the EDCs at each x  not clearly resolved as in the case of previous works
(a representative fitting result is shown in the inset; also see ~ performed with the same experimental setting [34,57]
Supplemental Material for more analyses [64]). It is noted  likely due to the photoelectron matrix-element effect).
that the deviation between the extracted peak positions and ~ Both bands show a M-shaped dispersion as better visua-
the ARPES-intensity maximum in Figs. 2(f)-2(h) is due to lized in the experimental band dispersion in Figs. 3(b) and
the Fermi cut-off effect (see Supplemental Material [64]). A 3(c) which signifies a hump-dip-peak structure originating
direct comparison of the extracted band dispersion in  from two types of CDW gaps. To clarify the k dependence
Fig. 2(i) signifies that the experimental band dispersion  of the CDW gap, we measured EDCs at various kp points
at Eg > 40 meV is rather insensitive to the change in x, [Fig. 3(d)] covering the triangular (P1 and P2), hexagonal
whereas that within 40 meV of Er exhibits a systematic (P3 and P4), and circular (P5 and P6) pockets. As shown
variation. The ky point systematically moves away from M, in Fig. 3(e), at P1 which is the Ep-crossing point of the
accompanied by a change in the band slope with increasing ~ band, one can see a hump at ~60 meV associated with the
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(a) Plot of ARPES intensity near E along the MK cut for x = 0.07 measured at 7 = 10 K. Red arrows indicate the x and 6

bands. (b) Experimental band dispersion obtained by numerical fittings to the EDCs in (c) with double Lorentzian peaks multiplied by
the FD function convoluted with the resolution function. (c) Corresponding EDCs of (a). Dots show experimental dispersion of the x and
0 bands [same as red circles in (b)]. (d) Schematic Fermi surface in the surface BZ together with the k points (P1-P6) where the EDCs
in (e) were obtained. (e), (f) EDCs and symmetrized EDCs at 7 = 10 K at P1-P6 in (d). (g) Temperature dependence of the EDC
at P1 for x = 0.07. (h)—(j) Temperature dependence of the symmetrized EDC at P1 for x = 0.07, 0.03, and 0, respectively. (k) Plots of
As (squares) and A, (triangles) against temperature for each x. Curves represent the fitting result with the mean-field form
Atanh[1.74(Tcpw /T — 1)"/?] with Tepw = 93 K, 77 K, and 58 K for x = 0, 0.03, and 0.07, respectively. (I) EDC at P1 at T = 10 K for
x = 0.07, 0.03, and 0. Solid squares and triangles show the CDW gap of the SP band A; and the shallow electron pocket A, obtained by
the same fittings as that in (b). (m) Plots of A (red squares) and A, (red triangles) against x, compared with the experimental 7' cpw from

ARPES (black circles) and transport (white circles) measurements.

large CDW gap (A;) and a peak at ~20 meV due to the
small CDW gap (A,). A similar hump is also observed at
P2, whereas it moves closer to Er at P3 and P4 and
eventually vanishes at PS5 and P6, revealing the strongly
k-dependent CDW gap [34,37,39,41]. This anisotropic gap
is clearly visualized in the symmetrized EDCs in Fig. 3(f),
revealing a suppression of spectral density of states (DOS)
around E at P1-P3 as opposed to a pile up of DOS at Ef
at P4-P6. We have performed temperature-dependent
measurements at P1 where the CDW gap takes a maxi-
mum. The EDC and corresponding symmetrized EDC
shown in Figs. 3(g) and 3(h), respectively, signify that
the suppression of the DOS almost recovers at 7 =
60-70 K close to Tcpw. The broad hump also seems to
disappear at T ~ 70 K. Since this temperature is lower than
Tcpw of x =0 (93 K), the gap-closing temperature is
reduced by the Nb substitution. This conclusion is corro-
borated with the temperature dependence of EDCs for
x = 0.03 (Tcpw = 77 K) which signifies the gap closure
already at 7 = 80 K [Fig. 3(i)] in contrast to the EDC for
x =0 [Fig. 3(j)] where the DOS suppression is still
observed at T = 80 K. The reduction of the gap-closing
temperature as well as the CDW origin of the observed gaps
is further supported by the temperature dependence of Ay
and A [see Fig. 3(k)] which shows a reasonable agreement
with the mean-field temperature dependence with the onset
Tcpw estimated by transport measurements for each x

(solid curves). In addition, Fig. 3(k) shows a monotonic
reduction of the CDW gaps with Nb substitution, in
accordance with the reduction of Tcpw, as also recognized
from a comparison of EDCs at 7 = 10 K measured at P1
in Fig. 3(1) where the hump gradually moves toward Ex
with increasing x. A comparison of the CDW gap size at
10 K and T'cpw in Fig. 3(m) reveals that the x dependences
of Az and Tcpw well overlap with each other, suggesting
the scaling of Tcpw and the CDW-gap magnitude.

The present result has an important implication to the
mechanism of a CDW. We found in Fig. 3(f) that the
maximum CDW gap at x = 0.07 opens on the § band (SP
band) as in the case of x = 0 [34,37,39]. This indicates that
the CDW mechanism is unchanged even after the Nb
substitution, as naturally expected from the monotonic
change in Tcpw [Fig. 3(m)]. Moreover, the experimental
fact that the reduction of Tcpw with Nb substitution is
linked to the gradual deviation of the SP from E supports
that the electron scattering between SPs stabilizes the in-
plane 2 x 2 CDW [24,25,32,34,41] (note that the evolution
of the 6 band with Nb substitution is different from that in a
recent study on Cs-dosed CVS [57] likely because of the
difference in the way to modify the electronic states; see
Supplemental Material for details [64]).

Taking into account the essential role the SP plays in the
CDW, the mechanism of intriguing 7. enhancement in
CVNS is understood as follows. Since the CDW is
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observed even in the superconducting state, the super-
conductivity would occur in the metallic k region where
the CDW gap is absent [34]. It is thus suggested that the
suppression of CDW with Nb substitution increases the
V-derived DOS around Ep and contributes to the T,
enhancement because the DOS enhancement at £, would
contribute to raising 7', at least within the framework of the
standard Bardeen-Cooper-Schrieffer theory. Moreover,
since the a band maintains the gapless feature even in
the CDW phase [Fig. 3(f)], it would also play an important
role in the superconductivity. In fact, the observed down-
ward shift of the a pocket upon Nb substitution would lead
to the increase in DOS at E because DOS should roughly
show ~w'/?> dependence around the bottom of a 3D
parabolic band like the @ band (@ is the energy with
respect to the band bottom). Thus, the observed opposite
band shift gives rise to better conditions for both the
Sb- and V-derived electrons, leading to the cooperative
promotion of the superconductivity with higher T..

Finally, it is noted that the observed opposite band shift
in Nb-substituted CVS is different from the band
shift reported recently in Ti-substituted CVS [60]. The
Ti substitution acts as a hole doping to the crystal, moving
the SP away from E as in the case of Nb-substituted CVS.
Thus, the mechanism of CDW suppression is understood
with the same framework for both Nb and Ti substitutions.
On the other hand, the a pocket shrinks with Ti substitution
in contrast to the case of Nb substitution. This shrinkage
produces lower DOS at E; and would be responsible for
the 7. reduction at higher Ti concentrations [60,61],
distinct from the Nb case where the 7. monotonically
increases with Nb substitution. Such a critical difference in
the behavior of 7. is well understood in terms of the
difference in the electron filling of the a pocket.

In conclusion, we reported an ARPES study of
Cs(V;_,Nb,);Sbs as a function of x. We uncovered an
intriguing change in the band structure upon Nb substitu-
tion characterized by the downward shift of the Sb-derived
a band in contrast to the upward shift of the V-derived &
band (SP band). We also found that Tcpw becomes higher
when the SP is located closer to Ef, pointing to a close
connection between the SP and CDW. We have concluded
that the enhancement of 7. with Nb substitution is caused
by the cooperative expansion of a Sb-derived a pocket and
recovery of a V-derived DOS at Ep.
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