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Abstract

Kagome metals AV3Sbs (A = K, Rb, and Cs) exhibit a characteristic superconducting ground
state coexisting with charge-density wave (CDW), whereas the mechanisms of the supercon-
ductivity and CDW have yet to be clarified. Here we report a systematic ARPES study of
Cs(V,_,Nb;)3Sbs as a function of Nb content z, where isovalent Nb substitution causes an en-
hancement 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 CDW-gap magnitude and
Tcpw. This indicates a primary role of the SP density of states to stabilize 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.

The kagome lattice offers a fertile ground to explore exotic quantum phenomena origi-
nating from electron correlation and non-trivial band topology. Band structure of a simple
kagome lattice is composed of a flat band over the entire momentum (k) region in the hexag-
onal 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 Ep
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 F¥ is situated at around the Dirac point [12-18]. Despite many theoretical
predictions for exotic quantum states such as superconductivity and density-wave ordering

[19-22], materials with Ey at/near the SP are rare.

Recently, a family of kagome metals AV3Sbs (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 Ep, as revealed by density-functional-theory calculations
[23-32] and angle-resolved photoemission spectroscopy (ARPES) [33-41]. AVS commonly
exhibits superconductivity (7, = 0.9-2.5 K) and charge-density wave (CDW; Tepw = 78-103

K) [27, 42, 43]. The mechanism has been intensively discussed in terms of the characteristic
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band structure with the SP at the M point of BZ [Fig. 1(b)][24-26, 28-41]. For instance, the
scattering connecting different SPs would promote unconventional superconducting pairing
20, 44, 45], whereas the same scattering also contributes 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, CDW, and elec-
tronic 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 T, and Tcpw as well as an unconven-
tional 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 ARPES study of Nb-substituted CVS, Cs(V,__Nb,)3Sbs (CVNS;
x =0, 0.03, and 0.07), in which substitution of V ions with isovalent Nb ions leads to the
T. enhancement and simultaneously the Tepw 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-substitution 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 CDW and superconductivity.

First, we present the electronic structure at the highest Nb concentration (z = 0.07) (see
Supplemental Material for details on the experimental conditions [64]). Figure 1(d) shows
the ARPES-intensity plot at Ey as a function of k, and k, at 7' = 120 K (above Tcpw)
measured with 106-eV photons corresponding to the k, ~ 0 plane [34]. Photoelectrons
in this wide k window were simultaneously collected by using a momentum microscope
[65]. Ome 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, «, as recognized in the ARPES intensity along the 'KM cut in 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
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dispersive bands /v, and is attributed mainly to the V 3d,. and 3d,, orbitals (3d,./3d,.)
(24, 26, 34, 40, 41, 57]. The triangular pocket is associated with the § and e bands, which form
a Dirac-cone-like dispersion with the Dirac point at (Eg) ~0.3 eV. The § band is attributed
to the V 3d,, /3d,2_,2 orbitals [24, 26, 34, 40, 41, 57|, and forms the SP slightly above Fp. At
the M point, there are two other holelike bands, ¢ and 7 topped at around Er and Eg ~ 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 z = 0.07
and z = 0 measured along the 'KM cut at T"= 120 K with the energy resolution AF = 35
meV. In both measurements, the electron-like @ band at I', the linearly dispersive v/ bands
crossing Er, 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 o 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 curve (MDC) at Ep in Fig. 2(d) where the peaks for z = 0.07 are located
outside of the peaks for z = 0 (note that the peak width is slightly wider in = = 0.07 due to
the increase of impurity scattering by Nb substitution). Moreover, as shown by the EDCs
at I' in Fig. 2(e), the bottom of a band moves toward higher Fg by ~20 meV with Nb
substitution, as supported by numerical fittings and simulations in Supplemental Material
[64] (note that the reproducibility was confirmed by measuring several samples). One can
also see from Fig. 2(c) that the e-band bottom and the n-band top at M are shifted downward
(by ~20 meV) upon Nb substitution. These results suggest that the Nb substitution affects
both the Sb- and V-derived bands. In contrast to the downward shift of the «,e, and
7 bands, the v and ¢ bands near Fr look relatively stationary. Since this necessitates a
more accurate measurement, we have performed ARPES experiments with higher resolution
(AE =7 meV) with the He-Iov line (hv = 21.218 eV). Plots of ARPES intensity along the
MK cut for z = 0,0.03, and 0.07 are shown in Figs. 2(f)-2(h), respectively. The § band
which crosses Er midway between M and K is commonly seen, but differences exist in the
intensity distribution. Specifically, while the intensity maximum is located at the M point

for x = 0, it is slightly away from the M point for x = 0.03 and 0.07. This suggests a finite

4



difference in the Fermi wave vectors (kg’s). To see the difference in the d-band dispersion,
we have performed numerical fittings to the EDCs at each = (a representative fitting result
is shown in the inset; also see Supplemental Material for more analyses [64]). It is noted that
the deviation between the extracted peak positions and the ARPES-intensity maximum in
Figs. 2(f)-2(h) is due to the Fermi cut-off effect (see Supplemental Material [64]). A direct
comparison of the extracted band dispersion in Fig. 2(i) signifies that the experimental band
dispersion at Eg > 40 meV is rather insensitive to the change in z, whereas that within 40
meV of Ep exhibits a systematic variation. The kr point systematically moves away from
M, accompanied by a change in the band slope with increasing x. This indicates a shrinkage
of the triangular electron pocket at K with Nb substitution, as opposed to an expansion of
the a pocket at I'. Such an opposite band shift is expected from the isovalent substitution

with V and Nb ions that causes no effective carrier doping.

To clarify the influence of Nb substitution on the CDW gap, we have performed high-
resolution ARPES measurements below Tepw (= 58 K [66]) for 2 = 0.07 where the CDW
is most strongly suppressed. Figure 3(a) shows the ARPES intensity along the MK cut
measured at 7' = 10 K. Unlike the case above Tepw [Fig. 2(h)], there exist two intensity
maxima at ~60 and ~20 meV, associated with the § band (SP band) with a large CDW gap
and a shallow electron band (k) at k, = 7 with a small CDW gap, respectively [34, 57] (note
that the He-Ia photons simultaneously observe the electronic states at the k, = 0 and 7
planes due to the k, broadening effect; also note that band replicas induced by the in-plane
2x2 CDW periodicity are not clearly resolved as in the case of previous works performed
with the same experimental setting [34, 57| likely due to the photoelectron matrix-element
effect). Both bands show a M-shaped dispersion as better visualized in the experimental
band dispersion in Fig. 3(b) which signify a hump-dip-peak structure originating from two
types of CDW gaps. To clarify the k dependence of the CDW gap, we measured EDCs at
various kr points [Fig. 3(d)] covering the triangular (P1 and P2), hexagonal (P3 and P4),
and circular (P5 and P6) pockets. As shown in Fig. 3(e), at P1 which is the Eg-crossing
point of the ¢ band, one can see a hump at ~60 meV associated with the large CDW gap
(As) 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
P5 and PG6, 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
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spectral density of states (DOS) around Epr at P1-P3 as opposed to a pile up of DOS at
Er at P4-P6. We have performed temperature-dependent measurements at P1 where the
CDW gap takes a maximum. The EDC and corresponding symmetrized EDC shown in
Figs. 3(g) and 3(h), respectively, signify that the suppression of DOS almost recovers at T'
= 60-70 K close to Tcpw. The broad hump also seems to disappear at T' ~ 70 K. Since this
temperature is lower than Tepw of © = 0 (93 K), the gap-closing temperature is reduced by
the Nb substitution. This conclusion is corroborated with the temperature dependence of
EDCs for z = 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 Tepw estimated by transport measurements for each = (solid curves). In
addition, Fig. 3(k) shows a monotonic reduction of the CDW gaps with Nb substitution,
in accordance with the reduction of Tpw, as also recognized from a comparison of EDCs
at ' = 10 K measured at P1 in Fig. 3(1) where the hump gradually moves toward Er with
increasing . A comparison of the CDW gap size at 10 K and Tepw in Fig. 3(m) reveals
that the  dependences of Ay and Tpw well overlap with each other, suggesting the scaling

of Tepw and the CDW-gap magnitude.

The present result has an important implication to the mechanism of CDW. We found in
Fig. 3(f) that the maximum CDW gap at « = 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 Topw [Fig. 3(m)].
Moreover, the experimental fact that the reduction of Tpw with Nb substitution is linked
to the gradual deviation of the SP from Ef 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
d 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 of SP to the CDW, the mechanism of intriguing
T, enhancement in CVNS is understood as following. Since the CDW is observed even

in the superconducting state, the superconductivity would occur in the metallic k region
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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 Ef and contributes to the 7T,
enhancement because the DOS enhancement at Er would contribute to raising 7T, 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 to the superconductivity. In fact, the observed downward shift of
the o pocket upon Nb substitution would lead to the increase in DOS at Er because DOS
should roughly show ~ w'/? dependence around the bottom of a 3D parabolic band like the
a band (w is the energy with respect to the band bottom). Thus, the observed opposite
band shift gives rise to better conditions for both the Sh- and V-derived electrons, leading
to the cooperative promotion of the superconductivity with higher 7..

Finally, it is remarked 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 substi-
tution acts as a hole doping to the crystal, moving the SP away from Er 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 o pocket shrinks
with Ti substitution in contrast to the case of Nb substitution. This shrinkage produces
lower DOS at Er and would be responsible for the T, reduction at higher Ti concentrations
(60, 61], distinct from the Nb case where the T, monotonically increases with Nb substi-
tution. Such a critical difference in the behavior of T, is well understood in terms of the
difference in the electron filling of the o pocket.

In conclusion, we reported an ARPES study of Cs(V,__ Nb,)3;Sbs as a function of z. We
uncovered an intriguing change in the band structure upon Nb substitution characterized
by the downward shift of the Sbh-derived o 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
at closer to Fp, pointing to a close connection between the SP and CDW. We have concluded
that the enhancement of T, with Nb substitution is caused by the cooperative expansion of
Sh-derived « pocket and recovery of V-derived DOS at E¥.

This work was supported by JST-CREST (No. JPMJCR18T1), JST-PRESTO (No.
JPMJPRI8LT), Grant-in-Aid for Scientific Research (JSPS KAKENHI Grant Numbers
JP21H04435 and JP20H01847), KEK-PF (Proposal number: 202152-001), UVSOR (Pro-
posal number: 21-658 and 21-679), and the Sasakawa Scientific Research Grant from the

7



Japan Science Society. The work at Beijing was supported by the National Key R&D
Program of China Grant No. 2020YFA0308800), the Natural Science Foundation of China
(Grants No. 92065109), the Beijing Natural Science Foundation (Grant No. Z210006), and
the Beijing Institute of Technology (BIT) Research Fund Program for Young Scholars (Grant
No. 3180012222011). T.K. acknowledges support from GP-Spin at Tohoku University and
JST-SPRING (No. JPMJSP2114). Z.W. thanks the Analysis & Testing Center at BIT for

assistance in facility support.

These authors contributed equally to this work.
T Corresponding authors:
k.nakayama@arpes.phys.tohoku.ac.jp
zhiweiwang@bit.edu.cn

t-sato@arpes.phys.tohoku.ac.jp

[1] A. Mielke, J. Phys. A: Math. Gen. 24, L73 (1991).

[2] A. Mielke, J. Phys. A: Math. Gen. 24, 3311 (1991).

[3] A. Mielke, J. Phys. A: Math. Gen. 25, 4335 (1992).

[4] H. Tasaki, Phys. Rev. Lett. 69, 1608 (1992).

[5] E. Tang, J.-W. Mei, and X.-G. Wen, Phys. Rev. Lett. 106, 236802 (2011).

[6] K. Sun, Z. Gu, H. Katsura, and S. Das Sarma, Phys. Rev. Lett. 106, 236803 (2011).

[7] T. Neupert, L. Santos, C. Chamon, and C. Mudry, Phys. Rev. Lett. 106, 236804 (2011).
8] Y.-F. Wang, Z.-C. Gu, C.-D. Gong, and D. N. Sheng, Phys. Rev. Lett. 107, 146803 (2011).
[9] H.-M. Guo and M. Franz, Phys. Rev. B. 80, 113102 (2009).
[10] J. Wen, A. Riiegg, C. C. Joseph Wang, and G. A. Fiete, Phys. Rev. B 82, 075125 (2010).
[11] H. Yang, Y. Sun, Y. Zhang, W.-J. Shi, S. S. P. Parkin, and B. Yan, New J. Phys. 19, 015008
(2017).
[12] D. F. Liu, A. J. Liang, E. K. Liu, Q. N. Xu, Y. W. Li, C. Chen, D. Pei, W. J. Shi, S. K. Mo,
P. Dudin, T. Kim, C. Cacho, G. Li, Y. Sun, L. X. Yang, Z. K. Liu, S. S. P. Parkin, C. Felser,
and Y. L. Chen, Science 365, 1282 (2019).
[13] N. Morali, R. Batabyal, P. K. Nag, E. Liu, Q. Xu, Y. Sun, B. Yan, C. Felser, N. Avraham,
and H. Beidenkopf, Science 365, 1286 (2019).



[14]

[15]

E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S.-Y. Yang, D. Liu, A. Liang, Q. Xu,
J. Kroder, V. S, H. Borrmann, C. Shekhar, Z. Wang, C. Xi, W. Wang, W. Schnelle, S. Wirth,
Y. Chen, S. T. B. Goennenwein, and C. Felser, Nat. Phys. 14, 1125 (2018).

K. Kuroda, T. Tomita, M.-T. Suzuki, C. Bareille, A. A. Nugroho, P. Goswami, M. Ochi,
M. Ikhlas, M. Nakayama, S. Akebi, R. Noguchi, R. Ishii, N. Inami, K. Ono, H. Kumigashira,
A. Varykhalov, T. Muro, T. Koretsune, R. Arita, S. Shin, T. Kondo, and S. Nakatsuji, Nat.
Mater. 16, 1090 (2017).

A. K. Nayak, J. E. Fischer, Y. Sun, B. Yan, J. Karel, A. C. Komarek, C. Shekhar, N. Kumar,
W. Schnelle, J. Kbler, C. Felser, and S. S. P. Parkin, Sci. Adv. 2, e1501870 (2016).

J.-X. Yin, S. S. Zhang, G. Chang, Q. Wang, S. S. Tsirkin, Z. Guguchia, B. Lian, H. Zhou,
K. Jiang, I. Belopolski, N. Shumiya, D. Multer, M. Litskevich, T. A. Cochran, H. Lin, Z. Wang,
T. Neupert, S. Jia, H. Lei, and M. Z. Hasan, Nat. Phys. 15, 443 (2019).

Z. Lin, J.-H. Choi, Q. Zhang, W. Qin, S. Yi, P. Wang, L. Li, Y. Wang, H. Zhang, Z. Sun,
L. Wei, S. Zhang, T. Guo, Q. Lu, J.-H. Cho, C. Zeng, and Z. Zhang, Phys. Rev. Lett. 121,
096401 (2018).

S.-L. Yu and J.-X. Li, Phys. Rev. B 85, 144402 (2012).

W.-S. Wang, Z.-Z. Li, Y.-Y. Xiang, and Q.-H. Wang, Phys. Rev. B 87, 115135 (2013).

M. L. Kiesel and R. Thomale, Phys. Rev. B 86, 121105(R) (2012).

M. L. Kiesel, C. Platt, and R. Thomale, Phys. Rev. Lett. 110, 126405 (2013).

B. R. Ortiz, L. C. Gomes, J. R. Morey, M. Winiarski, M. Bordelon, J. S. Mangum, I. W. H.
Oswald, J. A. Rodriguez-Rivera, J. R. Neilson, S. D. Wilson, E. Ertekin, T. M. McQueen,
and E. S. Toberer, Phys. Rev. Materials 3, 094407 (2019).

Y.-X. Jiang, J.-X. Yin, M. M. Denner, N. Shumiya, B. R. Ortiz, G. Xu, Z. Guguchia, J. He,
M. S. Hossain, X. Liu, J. Ruff, L. Kautzsch, S. S. Zhang, G. Chang, 1. Belopolski, Q. Zhang,
T. A. Cochran, D. Multer, M. Litskevich, Z.-J. Cheng, X. P. Yang, Z. Wang, R. Thomale,
T. Neupert, S. D. Wilson, and M. Z. Hasan, Nat. Mater. 20, 1353 (2021).

H. Tan, Y. Liu, Z. Wang, and B. Yan, Phys. Rev. Lett. 127, 046401 (2021).

C. Wang, S. Liu, H. Jeon, and J.-H. Cho, Phys. Rev. B 105, 045135 (2022).

B. R. Ortiz, S. M. L. Teicher, Y. Hu, J. L. Zuo, P. M. Sarte, E. C. Schueller, A. M. Milinda
Abeykoon, M. J. Krogstad, S. Rosenkranz, R. Osborn, R. Seshadri, L. Balents, J. He, and
S. D. Wilson, Phys. Rev. Lett. 125, 247002 (2020).



[28]

Y. Fu, N. Zhao, Z. Chen, Q. Yin, Z. Tu, C. Gong, C. Xi, X. Zhu, Y. Sun, K. Liu, and H. Lei,
Phys. Rev. Lett. 127, 207002 (2021).

H. Zhao, H. Li, B. R. Ortiz, S. M. L. Teicher, T. Park, M. Ye, Z. Wang, L. Balents, S. D.
Wilson, and 1. Zeljkovic, Nature 599, 216 (2021).

Y. Fu, N. Zhao, Z. Chen, Q. Yin, Z. Tu, C. Gong, C. Xi, T. Park, M. Ye, and L. Balents,
Phys. Rev. B 104, 035142 (2021).

H. Li, T. T. Zhang, T. Yilmaz, Y. Y. Pai, C. E. Marvinney, A. Said, Q. W. Yin, C. S. Gong,
Z. J. Tu, E. Vescovo, C. S. Nelson, R. G. Moore, S. Murakami, H. C. Lei, H. N. Lee, B. J.
Lawrie, and H. Miao, Phys. Rev. X 11, 031050 (2021).

X. Zhou, Y. Li, X. Fan, J. Hao, Y. Dai, Z. Wang, Y. Yao, and H.-H. Wen, Phys. Rev. B 104,
L041101 (2021).

R. Lou, A. Fedorov, Q. Yin, A. Kuibarov, Z. Tu, C. Gong, E. F. Schwier, B. Blichner, H. Lei,
and S. Borisenko, Phys. Rev. Lett. 128, 036402 (2022).

K. Nakayama, Y. Li, T. Kato, M. Liu, Z. Wang, T. Takahashi, Y. Yao, and T. Sato, Phys.
Rev. B 104, L161112 (2021).

Z. Liu, N. Zhao, Q. Yin, C. Gong, Z. Tu, M. Li, W. Song, Z. Liu, D. Shen, Y. Huang, K. Liu,
H. Lei, and S. Wang, Phys. Rev. X 11, 041010 (2021).

S. Cho, H. Ma, W. Xia, Y. Yang, Z. Liu, Z. Huang, Z. Jiang, X. Lu, J. Liu, Z. Liu, J. Li,
J. Wang, Y. Liu, J. Jia, Y. Guo, J. Liu, and D. Shen, Phys. Rev. Lett. 127, 236401 (2021).
H. Luo, Q. Gao, H. Liu, Y. Gu, D. Wu, C. Yi, J. Jia, S. Wu, X. Luo, Y. Xu, L. Zhao, Q. Wang,
H. Mao, G. Liu, Z. Zhu, Y. Shi, K. Jiang, J. Hu, Z. Xu, and X. J. Zhou, Nat. Commun. 13,
273 (2022).

M. Kang, S. Fang, J.-K. Kim, B. R. Ortiz, S. H. Ryu, J. Kim, J. Yoo, G. Sangiovanni, D. D.
Sante, B.-G. Park, C. Jozwiak, A. Bostwick, E. Rotenberg, E. Kaxiras, S. D. Wilson, J.-H.
Park, and R. Comin, Nat. Phys. 18, 301 (2022).

Z. Wang, S. Ma, Y. Zhang, H. Yang, Z. Zhao, Y. Ou, Y. Zhu, S. Ni, Z. Lu, H. Chen, K. Jiang,
L. Yu, Y. Zhang, X. Dong, J. Hu, H.-J. Gao, and Z. Zhao, arXiv:2104.05556.

Y. Hu, X. Wu, B. R. Ortiz, S. Ju, X. Han, J. Ma, N. C. Plumb, M. Radovic, R. Thomale,
S. D. Wilson, A. P. Schnyder, and M. Shi, Nat. Commun. 13, 2220 (2022).

T. Kato, Y. Li, T. Kawakami, M. Liu, K. Nakayama, Z. Wang, A. Moriya, K. Tanaka, T. Taka-
hashi, Y. Yao, and T. Sato, Commun. Mater. 3, 30 (2022).

10



[42] B. R. Ortiz, P. M. Sarte, E. M. Kenney, M. J. Graf, S. M. L. Teicher, R. Seshadri, and S. D.
Wilson, Phys. Rev. Materials 5, 034801 (2021).

[43] Q. Yin, Z. Tu, C. Gong, Y. Fu, S. Yan, and H. Lei, Chin. Phys. Lett. 38, 037403 (2021).

[44] R. Nandkishore, L. S. Levitov, and A. V. Chubukov, Nat. Phys. 8, 158 (2012).

[45] X. Wu, T. Schwemmer, T. Muller, A. Consiglio, G. Sangiovanni, D. Di Sante, Y. Igbal,
W. Hanke, A. P. Schnyder, M. M. Denner, M. H. Fischer, T. Neupert, and R. Thomale, Phys.
Rev. Lett. 127, 177001 (2021).

[46] H. Chen, H. Yang, B. Hu, Z. Zhao, J. Yuan, Y. Xing, G. Qian, Z. Huang, G. Li, Y. Ye, S. Ma,

S. Ni, H. Zhang, Q. Yin, C. Gong, Z. Tu, H. Lei, H. Tan, S. Zhou, C. Shen, X. Dong, B. Yan,

Z. Wang, and H.-J. Gao, Nature 599, 222 (2021).

7. Liang, X. Hou, F. Zhang, W. Ma, P. Wu, Z. Zhang, F. Yu, J.-J. Ying, K. Jiang, L. Shan,

Z. Wang, and X.-H. Chen, Phys. Rev. X 11, 031026 (2021).

[48] Z. Wang, Y.-X. Jiang, J.-X. Yin, Y. Li, G.-Y. Wang, H.-L. Huang, S. Shao, J. Liu, P. Zhu,
N. Shumiya, M. S. Hossain, H. Liu, Y. Shi, J. Duan, X. Li, G. Chang, P. Dai, Z. Ye, G. Xu,
Y. Wang, H. Zheng, J. Jia, M. Z. Hasan, and Y. Yao, Phys. Rev. B 104, 075148 (2021).

[49] N. Shumiya, M. S. Hossain, J.-X. Yin, Y.-X. Jiang, B. R. Ortiz, H. Liu, Y. Shi, Q. Yin, H. Lei,
S. S. Zhang, G. Chang, Q. Zhang, T. A. Cochran, D. Multer, M. Litskevich, Z.-J. Cheng, X. P.
Yang, Z. Guguchia, S. D. Wilson, and M. Z. Hasan, Phys. Rev. B 104, 035131 (2021).

[50] B. R. Ortiz, S. M. L. Teicher, L. Kautzsch, P. M. Sarte, N. Ratcliff, J. Harter, J. P. C. Ruff,
R. Seshadri, and S. D. Wilson, Phys. Rev. X 11, 041030 (2021).

[51] T. Das and C. Panagopoulos, New J. Phys. 18, 103033 (2016).

[52] J. P. Sun, K. Matsuura, G. Z. Ye, Y. Mizukami, M. Shimozawa, K. Matsubayashi, M. Ya-
mashita, T. Watashige, S. Kasahara, Y. Matsuda, J. Q. Yan, B. C. Sales, Y. Uwatoko,
J. Cheng, and T. Shibauchi, Nat. Commun. 7, 12146 (2016).

[53] F. Du, S. Luo, B. R. Ortiz, Y. Chen, W. Duan, D. Zhang, X. Lu, S. D. Wilson, Y. Song, and
H. Yuan, Phys. Rev. B 103, L220504 (2021).

[54] K.Y. Chen, N. N. Wang, Q. W. Yin, Y. H. Gu, K. Jiang, Z. J. Tu, C. S. Gong, Y. Uwatoko,
J. P. Sun, H. C. Lei, J. P. Hu, and J.-G. Cheng, Phys. Rev. Lett. 126, 247001 (2021).

[55] Z. Zhang, Z. Chen, Y. Zhou, Y. Yuan, S. Wang, J. Wang, H. Yang, C. An, L. Zhang, X. Zhu,
Y. Zhou, X. Chen, J. Zhou, and Z. Yang, Phys. Rev. B 103, 224513 (2021).

[56] F. Du, S. Luo, R. Li, B. R. Ortiz, Y. Chen, S. D. Wilson, Y. Song, and H. Yuan, Chin. Phys.

11



[57]

[58]

[59]

[60]

[66]

[67]

B 31, 017404 (2022).

K. Nakayama, Y. Li, T. Kato, M. Liu, Z. Wang, T. Takahashi, Y. Yao, and T. Sato, Phys.
Rev. X 12, 011001 (2022).

Y. Song, T. Ying, X. Chen, X. Han, X. Wu, A. P. Schnyder, Y. Huang, J. g. Guo, and X. Chen,
Phys. Rev. Lett. 127, 237001 (2021).

Y. M. Oey, B. R. Ortiz, F. Kaboudvand, J. Frassineti, E. Garcia, R. Cong, S. Sanna, V.
F. Mitrovié, R. Seshadri, and S. D. Wilson, Phys. Rev. Materials 6, L041801 (2022).

Y. Liu, Y. Wang, Y. Cai, Z. Hao, X.-M. Ma, L. Wang, C. Liu, J. Chen, L. Zhou, J. Wang,
S. Wang, H. He, Y. Liu, S. Cui, J. Wang, B. Huang, C. Chen, and J.-W. Mei, arXiv:2110.12651.
H. Yang, Y. Zhang, Z. Huang, Z. Zhao, J. Shi, G. Qian, B. Hu, Z. Lu, H. Zhang,
C. Shen, X. Lin, Z. Wang, S. J. Pennycook, H. Chen, X. Dong, W. Zhou, and H.-J. Gao,
arXiv:2110.11228.

T. Qian, M. H. Christensen, C. Hu, A. Saha, B. M. Andersen, R. M. Fernandes, T. Birol, and
N. Ni, Phys. Rev. B 104, 144506 (2021).

H. LaBollita and A. S. Botana, Phys. Rev. B 104, 205129 (2021).

See Supplemental Material at [URL], which includes Refs. [57, 65-67], for details of the sample
growth, ARPES experiments, the energy shift of the o and § bands with Nb substitution, and
a comparison with Cs-dosed sample.

F. Matsui, S. Makita, H. Matsuda, T. Yano, E. Nakamura, K. Tanaka, S. Suga, and S. Kera,
Jpn. J. Appl. Phys. 59, 067001 (2020).

Y. Li, Q. Li, X. Fan, J. Liu, Q. Feng, M. Liu, C. Wang, J.-X. Yin, J. Duan, X. Li, Z. Wang,
H.-H. Wen, and Y. Yao, Phys. Rev. B 105, L180507 (2022).

M. Kitamura, S. Souma, A. Honma, D. Wakabayashi, H. Tanaka, A. Toyoshima, K. Amemiya,
T. Kawakami, K. Sugawara, K. Nakayama, K. Yoshimatsu, H. Kumigashira, T. Sato, and
K. Horiba, Rev. Sci. Instrum. 93, 033906 (2022).

12



43
hv =106 eV, T=120K |
Low [ High

=}

inding Energy (eV)

B
P

0 0.02 0.04 0.06
Nb content x Low = High I

FIG. 1. (a), (b) Crystal structure and bulk Brillouin zone (BZ) of Cs(V,_,Nb,)3Sbs (CVNS),
respectively. (c) Superconducting (7;) and CDW (Ttpw) transition temperatures of CVNS plotted
against x [66]. (d) ARPES-intensity map at Er plotted as a function of k, and k,, measured at T’
= 120 K with hv = 106 eV. Red, purple, and blue dashed lines are guides for the eyes to trace the

experimental Fermi surfaces. (e) ARPES intensity at 7 = 120 K measured along a yellow dotted
line in (d).
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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 z = 0.07
and z = 0 [same as red and black crosses in (a) and (b)]. (d), (e) Comparison of MDCs at Fp
and EDCs at k, = 0 [the cuts are indicated by white dashed lines in (a)], respectively, between
x = 0.07 (red) and = = 0 (black). The horizontal axis in (d), ky/|krk|, is defined as the k, value in
units of the I'K length where the I' and K points correspond to 0 and 1, respectively. Red dashed
lines in (d) are a guide for the eyes to trace the peak position of x = 0.07. Triangles in (e) indicate
the peak position. (f-h) ARPES intensity near Er around the M point for x = 0, 0.03, and 0.07,
respectively, plotted as a function of binding energy and the £, value in units of the MK length,
ky/|kmk|. Temperature of the measurement was set above Tepw (120, 90, 120 K for « = 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 = = 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 kp point
for x = 0.07 (red circles). The kp 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.
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FIG. 3. (a) Plot of ARPES intensity near Er along the MK cut for x = 0.07 measured at 7" = 10 K.
Red arrows indicate the x and ¢ bands. (b) Experimental band dispersion obtained by numerical
fittings to the EDCs in (¢) with double Lorentzian peaks multiplied by the FD function convoluted
with the resolution function. (¢) Corresponding EDCs of (a). Dots show experimental dispersion
of the k and ¢ bands [same as red circles in (b)]. (d) Schematic Fermi surface in the surface BZ
together with the kr 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 = = 0, 0.03, and 0.07, respectively. (1) 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 Aj 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 z, compared with the experimental Tcpw from ARPES

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