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SPECIAL TOPIC — Recent progress on kagome metals and superconductors
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We systematically study the electronic structure of a kagome superconductor CsV3Sbs at different temperatures cov-
ering both its charge density wave state and normal state with angle-resolved photoemission spectroscopy. We observe that
the V-shaped band around I" shows three different behaviors, referred to as a;/¢’, 8 and 7, mainly at different tempera-
tures. Detailed investigations confirm that these bands are all from the same bulk Sb-p, origin, but they are quite sensitive
to the sample surface conditions mainly modulated by temperature. Thus, the intriguing temperature dependent electronic
behavior of the band near I is affected by the sample surface condition, rather than intrinsic electronic behavior originating
from the phase transition. Our result systematically reveals the confusing electronic structure behavior of the energy bands

around I, facilitating further exploration of the novel properties in this material.

Keywords: kagome, ARPES, charge density wave, surface sensitive

PACS: 74.25.Jb, 74.20.Pq, 71.18.+y, 79.60.—1

1. Introduction

Layered kagome-lattice materials provide a unique
platform for investigating novel quantum phenomena due
to the coexistence of topological non-trivial Dirac bands,
strongly correlated flat bands and van Hove singularities
(VHSs) in their band structures according to theoretical

1=12]' Superconductivity has been observed in a

calculations. !
layered vanadium-based kagome metal family AV3Sbs (A =
K, Rb and Cs), raising interests in understanding the relation-
ship among its charge density wave (CDW), superconductivity
and topological properties.! 3211

Three-dimensional (3D) 2 x 2 x 2 CDW order and in-
plane 1 x 4 CDW order have been observed in AV;3Sbs
(A =K, Rb and Cs) by scanning tunneling microscopy
(STM).[15-1822-251 However, it is still under debate which kind
of lattice distortion, such as Star of David, inverse Star of
David or their combination, is energetically favored in the
CDW phase in these materials.[*6-2°) Considering the rich

electronic properties including VHSs,?-3?] Dirac bands!'*3!

[34]

and topological surface state observed near the Fermi

energy (Er) by angle-resolved photoemission spectroscopy
(ARPES), the corresponding temperature dependent electronic
structure across the CDW transition is crucial to understand

. [14.31,32

the underlying mechanis I Interestingly, the V-shaped

TThese authors contributed equally to this work.
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band dominated by Sb-p, orbital around I" attracts wide at-
tention due to its complex temperature dependent behavior.
In particular, a double V-shaped band structure has been ob-
served. This is proposed to be related to a folded band go-
ing through CDW transition with a 2 x 2 x 2 wave vector, %!
and quantum confinement effect from different layers is also
suggested. 3% Detailed k.-dependent experiment suggests that
it could also be related to a surface state.l*”] In addition, dis-
tinct kinds of cleavage termination surfaces, such as complete
alkali atom surface, half alkali atom surface and complete Sb
surface, together with surface reconstruction of alkali atoms
in these materials are observed by STM, which can modulate

[15-17.38] Thys, to shed light on its physical

the energy bands.
origin, it is necessary to systematically study the temperature
evolution of the V-shaped band.

In this paper, we present a systematic study of the
low-energy electronic structure at different temperatures in
CsV3Sbs using ARPES. We find that despite the different be-
haviors of the V-shaped band around I at different tempera-
tures, they all originate from bulk Sb-p, orbitals. However,
this band behavior is sensitive to different surface conditions
mainly modulated by temperature. Distinguished from the
previously reported results, our results give strong evidence

that the V-shaped band evolution is likely a trivial surface ef-
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fect. Thermal activations bring out different Cs defects or re-
constructions on the surface, which might be the origin of the
confusing behavior of the band around I". Our result solves
the confusing behavior of V-shaped band around I" in the
ARPES studies and provides a fundamental reference for fur-
ther ARPES exploration of the novel physical properties in this

kagome family.

2. Method

High-quality single crystals of CsV3Sbs are grown using
self-flux method.!"3! The synchrotron ARPES experiments are
conducted at beamline 13U of the National Synchrotron Ra-
diation Laboratory (NSRL) and beamline BL3U of Shanghai
Synchrotron Radiation Facility (SSRF) in China. The overall
energy resolution for the combined instruments is set better
than 15 meV and the angular resolution is better than 0.2°.
The samples are cleaved in situ and measured in an ultrahigh

vacuum better than 1.0 x 10~ !0 mbar.
(a) (b)
Cs Sb
cq%o A < L.
~
[+ ) Q@

High

3. Results

CsV3Sbs is a layered vanadium-based kagome supercon-
ductor with P6/mmm (No. 191) space group. The V atoms
form a kagome lattice with one Sb atom at the center of each
V hexagon, as shown in Fig. 1(a). This V3Sb layer is then in-
tercalated by two honeycombed Sb layers and hexagonal Cs
layers. Interesting physical phenomena are expected from the
kagome V3Sb layer. The 3D Brillouin zone (BZ) of CsV3Sbs
is shown in Fig. 1(b). In Figs. 1(c) and 1(d), the Fermi surface
and band structures are marked by dashed lines with differ-
ent colors, which correspond to different orbital contributions,
respectively. It is apparent that the bands around Er mainly
originate from the V-3d orbitals and Sb-2p orbitals. Three
Dirac points are clearly seen at different energy and momen-
tum positions, which is consistent with our DFT calculation in
Fig. 1(d). Moreover, there are three VHSs located around M
point with two of them right below Er and one of them above

Er, which are highly associated with the CDW formation in
[14,30]

this material, as reported elsewhere.

(d)

E—Eg (V)

E—Eyg (V)

—1.0

Q

r A L H A

—-1.5
r M K

Fig. 1. (a) Crystal structure of CsV3Sbs and the corresponding top view along the c-axis. (b) 3D BZ of CsV3Sbs. The high symmetry points
are plotted. (c) Fermi surface mapping taken at 130 K with 23 eV photons. The dashed lines indicate different orbital contributions. (d) Band
structure taken at 130 K. The arrows refer to the Dirac cones and the dashed lines refer to different dominating orbitals of the energy bands.
(d) Calculated band structure by DFT. The arrows indicate the positions of the Dirac cones and VHSs.

Figure 2(a) shows the photon-energy-dependent elec-
tronic structure of the V-shaped energy band around I” of sam-
ple 1 (#1), together with its corresponding second derivative
spectrum in Fig. 2(b). From all the photon energies, one can
clearly see that there exist two bands & and o’. The inten-
sities of the two bands are obviously modulated by different
photon energies, where the intensity of « is strongest around
110 eV and weakest around 98 eV, and o’ shows the same
intensity modulation behavior but in an opposite trend. This
can also be clearly illustrated in their corresponding energy

distribution curves (EDCs) at I in Fig. 2(c), which show the
behavior of the band bottoms of o and o': the energy posi-
tions of the band bottoms of & and o’ almost remain the same
while the intensities are modulated periodically. Since there
is only one band around I" according to the theoretical calcu-
lation, the origin of the “splitting” o and o’ bands has been
discussed in previous ARPES work. It is proposed to result
from the folded CDW bands if one considers the out-of-plane
band folding induced by the 2 x 2 x 2 charge order.*>! Other
mechanisms such as quantum confinement effect and surface
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36371 Qverall, accord-

state origin have also been proposed.|
ing to our k;-dependent results, we think it likely originates
from the k, broadening effect, since if we extract the bands
around I" and A points from our DFT calculations and over-
laid them on the 116 eV data in Fig. 2(a), both fit the & and o
bands pretty well. And this kind of k, broadening effect is ob-
served in many materials when the energy bands show strong

[41-44] Assuming this intensity modulation

dispersion along k..
behavior is an effect from &, broadening, we can assign the
104 eV across I" and 94 eV across A as shown in Fig. 2(d),
with an inner potential Vo = 10 eV.

To confirm the physical origin of @ and a', we conduct
a comprehensive temperature-dependent experiment crossing
the CDW phase transition temperature (Tcpw). Interestingly,
the o band shows different behaviors at different temperatures.
In the following discussions, we identify three temperatures:
low temperature which is far below Tcpw (LT), medium tem-
perature which is slightly above Tcpw (MT) and high temper-
ature which is far above Tepw (HT). In Fig. 3(a), sample 2
(#2) is cleaved at LT around 12 K, clear ¢ and o bands can
be resolved. When the temperature is increased to MT around
120 K, only one band referred to as 3 is resolved and it looks
similar to the o band at LT. Then it is reasonable to consider
that B at MT is actually o at LT, while o is an additional
band appeared in the CDW state which can be understood as
a folded CDW band from the out-of-plane direction.>>! How-
ever, when we perform a temperature loop in Fig. 3(a) at 18 K,
o doesn’t show up when #2 is further cooled down to LT. This
temperature dependent behavior of o/’ at LT and 8 at MT
can be better resolved from their EDCs in Fig. 3(b). One could
notice that the band bottom of the /8 band is moving upward

with time, which may be due to aging effect. Another sample
(sample 3, #3) is cleaved at MT in Fig. 3(c). Surprisingly,
only 8 band is resolved, consistent with the MT spectra of #2.
However, when #3 is cooled down to LT, no additional ¢’ band
appears. A slightly aging effect is also observed in #3 when
the temperature changing follows MT-LT-MT. Our observa-
tion strongly suggests that the change of the band around I”
is not intrinsic which excludes the previously proposed CDW
folded-band mechanism.

Despite the fact that the I" band is not sensitive to the
CDW transition, it is very sensitive to temperature. We con-
duct another experiment on sample 4 (#4) in Fig. 3(e), which
is cleaved at MT and further warmed up to around 257 K (HT).
One can clearly see that the 8 band moves downward at HT,
referred to as the y band at HT. And when #4 is cooled down to
MT again, the § band recovers to its original energy position,
indicating its temperature sensitivity. Detailed temperature de-
pendent data can be found in our supplementary materials.

To summarize our experimental observations, in most
cases, the double V-shaped a/a’ bands prefer to appear at LT,
single V-shaped 8 band prefers to show up at MT and more
electron-doped single V-shaped ¥ band prefers to appear at
HT. However, it is not an intrinsic bulk effect since we ob-
serve 3 band at LT in both samples #2 and #3 in Figs. 3(a) and
3(c). Moreover, o/ bands can also be detected on #4 at MT
as shown in Fig. 3(g): #4 is cleaved at MT showing single 3
band but double o/’ bands are observed after a temperature
cycle. All these observations indicate the fact that the behav-
iors of the band near I” at different temperatures are probably
not related to the CDW phase transitions.

(c) o
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— .
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Fig. 2. (a) Photon-energy-dependent V-shaped energy bands around I" of #1 taken at 13 K. The inset marks out the K—I'—K cut. The white and black
dashed lines describe the V-shaped energy bands at I" and A respectively according to DFT calculation. (b) The corresponding second derivative
spectra of panel (a). (c) Integral EDCs of (a) around I". (d) Schematic diagram of BZ determination on the kz—kH plane according to our data.
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Fig. 3. (a) Temperature evolution of the V-shaped energy band around the high symmetry point I" for #2. The white and black dashed lines describe
the V-shaped energy bands at I" and A respectively according to our DFT calculation. The inset marks out the cut around I". All data here are
obtained with 23 eV photons. (b) Corresponding integral EDCs of (a) around I". (c)—(h) Similar data to (a), (b) but for other samples (#3 and #4).
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Fig. 4. (a) Photon-energy-dependent results of the V-shaped energy band
around high symmetry point I" for sample 5 (#5) at MT and correspond-
ing integral EDCs around I". The black dashed line here indicates V-
shaped energy band. The inset marks out the cut around I". (b) Similar
data to (a) but for the same sample at HT.

In order to further figure out the physics behind the evolu-
tion of the double V-shaped a/a’, single V-shaped 8 and sin-
gle V-shaped 7y bands, we perform k,-dependent experiments
at MT and HT as shown in Fig. 4 besides the k, feature of the
double V-shaped ot/ 0o/ bands at LT discussed in Fig. 2. The 8
and Y bands show similar k,-dependent behavior in Figs. 4(a)
and 4(b), where 23 eV and 15 eV can be assigned as the I”
point and A point respectively as shown in Fig. 2(d). These
results indicate that the § and 7y bands are also of bulk origins.
Thus, we believe that ot/ c’, B and ¥ bands all originate from
the bulk Sb-p, orbitals, however, they are very sensitive to the
surface conditions mainly modulated by temperature, resulting

in different spectroscopic behaviors in our ARPES data.

The bands near I corresponding to different surface con-
ditions are summarized in Fig. 5(a), including double V-
shaped ot/ ¢’ bands that possibly originate from &, broadening,
a single V-shaped bulk 8 band, and a more electron-doped V-
shaped bulk y band. The unique green shadow for LT bands
illustrates the fact that o and o’ bands can be detected simul-
taneously as well as the merged intensity between them. The
exotic temperature-dependent behavior of the V-shaped bands
strongly suggests that the surface condition changes with tem-
perature. In most cases, the double V-shaped o/’ bands pre-
fer to appear at LT, single V-shaped 8 band prefers to appear at
MT and more electron-doped single V-shaped 7y band prefers
to appear at HT. However, it should be noted that these prefer-
ences are not absolute, as we also observe different scenarios
at different temperatures.

A recent STM work 3! illustrates the desorption of sur-
face alkali-metal atoms and corresponding surface reconstruc-
tions modulated by temperature in RbV3Sbs. The pristine sur-
face exhibiting Rb-1 x 1 and Sb-1 x 1 structure, Rb-v/3 x 1 and
Rb-v/3 x v/3 surface reconstructions are detected at the sam-
ple cleaved at 4 K, 77 K and room temperature, respectively.
Furthermore, I” bands are revealed to contain distinct energy
positions of the V-shaped band bottom corresponding to differ-
ent surface reconstructions according to their experimental and
calculated results. Certain surface reconstruction is commonly
obtained for the cleavage at the corresponding temperature
range. This provides compelling evidence for the microscopic
understanding of surface sensitive V-shape I" bands. More-
over, micro-focused ARPES works[3*#0! also claim the dou-
ble V-shaped I bands are detected at Cs-termination-dominant
surface, regardless of whether the temperature is above or be-
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low Tcpw. Conversely, a consistent observation of a single V-
shaped I" band is made on Sb-termination-dominant surface.
These results are consistent with our observations in Figs. 5(b)
and 5(c).

()

=

07 =
=
=1
o —0.21 5
= g
= —0.44 <
5 z
& —0.6- E
B |
—0.8+ = 14d;, Sbidd; )
T T
—33  —32
E—Eyg (eV)
(c)
0
— Cs Sb
E —0.4
@
m —0.8

—0.4 . MT/HT

Fig. 5. (a) Fitted results of the V-shaped energy bands «, ', B and
v at different temperatures. The corresponding raw data are the spec-
tra of #1 taken at LT using 110 eV photons (left panel), spectra of #3
taken at MT using 23 eV and 15 eV photons (middle panel), and spec-
tra of #4 taken at HT using 23 eV and 15 eV photons (right panel).
(b) EDCs in the Sb-4d core-level region, for the Cs (P1) and Sb (P2)-
termination-dominant surfaces on sample 6 (#6). (c) Electronic structure
of termination-dependent V-shaped energy bands measured at different
surfaces on (#6). (d) Schematic diagram of the sample surface at differ-
ent temperatures.

We can now present an ideal schematic diagram illustrat-
ing the surface conditions at different temperature ranges (LT,
MT, and HT) based on our findings, as shown in Fig. 5(d).
Although all the V-shaped I" bands are of bulk origin, the
increase of temperature leads to systematic disorder, desorp-
tion of Cs atom on the sample surface, different surface re-
constructions and surface terminations as mentioned in previ-
ous work. [*8] Consequently, the complete Cs or Sb surface be-
comes more challenging to detect using ARPES, resulting in
the presence of surface-sensitive and intricate electronic struc-
tures around I, as revealed by our data and previous studies.
However, from our experimental results, it seems that these
different surface conditions could affect the observation of the
k; broadening effect of the Sb-p, orbital, which leaves an open
question. Moreover, such surface-sensitive electronic struc-
ture is only observable on the Sb-p, orbitals, and not evident
on other bands, which is consistent with the orbital-selective
doping picture of AV3Sbs (A = K, Rb and Cs) proposed in

previous literatures. 38431

4. Conclusion and perspectives

We systematically studied the electronic structure of a
kagome superconductor CsV3Sbs single crystal at different

temperatures. We observed that the V-shaped energy band
around I is sensitive to the sample surface mainly modulated
by temperature. This finding effectively clarifies the previ-
ously confusing behavior of the electronic structure observed
in ARPES experiments. Our results provide a solid foundation
for future explorations of the novel properties exhibited by this
material, thereby paving the way for further advancements in
our understanding of CsV3Sbs.
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