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Abstract

Kagome metals AV3Sb5 (A = K, Rb, and Cs) exhibit superconductivity at 0.9-2.5 K and charge-

density wave (CDW) at 78-103 K. Key electronic states associated with the CDW and supercon-

ductivity remain elusive. Here, we investigate low-energy excitations of CsV3Sb5 by angle-resolved

photoemission spectroscopy. We found an energy gap of 50-70 meV at the Dirac-crossing points of

linearly dispersive bands, pointing to an importance of spin-orbit coupling. We also found a sig-

nature of strongly Fermi-surface and momentum-dependent CDW gap characterized by the larger

energy gap of maximally 70 meV for a band forming a saddle point around the M point, the smaller

(0-18 meV) gap for a band forming massive Dirac cones, and a zero gap at the Γ/A-centered elec-

tron pocket. The observed highly anisotropic CDW gap which is enhanced around the M point

signifies an importance of scattering channel connecting the saddle points, laying foundation for

understanding the nature of CDW and superconductivity in AV3Sb5.

PACS numbers: 71.18.+y, 71.20.-b, 79.60.-i

2



Kagome lattice, consisting of 3d transition metal ions with two-dimensional (2D) network

of corner-sharing triangles, provides an excellent platform to explore novel quantum phe-

nomena originating from electron correlation and nontrivial band topology. While insulating

kagome lattice has been intensively studied in relation to geometric frustration and quan-

tum magnetism [1–8], metallic kagome lattice is currently attracting particular attention

because of its unique band structure characterized by the nearly flat band and Dirac-cone

band that promote strong-correlation and topological effects. Depending on the electron

filling of the kagome-lattice bands, various intriguing quantum states have been predicted,

e.g. Weyl magnet [9–15], density wave orders [16–18], charge fractionalization [19, 20], and

superconductivity [17, 21–23].

Recently, a family of AV3Sb5 (A = K, Rb, and Cs) was discovered to be a kagome su-

perconductor [24–26] with superconducting transition temperature Tc of 0.93-2.5 K, despite

the fact that kagome metals rarely become a superconductor. AV3Sb5 crystallizes in a

layered structure consisting of alternately stacked V kagome-lattice layer with hexagonally

arranged Sb atoms (V1 and Sb1), graphene-like Sb layer (Sb2), and hexagonal A layer [see

Fig. 1(a)]. Besides superconductivity, AV3Sb5 commonly undergoes a charge-density wave

(CDW) transition at TCDW = 78-103 K accompanied with three-dimensional (3D) 2×2×2

charge order [27, 28]. Angle-resolved photoemission spectroscopy (ARPES) clarified that the

kagome-lattice bands participate in the states near the Fermi level (EF), by observing the

Dirac-cone-like bands forming a large hexagonal Fermi surface (FS) centered at the Γ point

and a saddle point near EF at the M point, together with an electron pocket at the Γ point

of 2D Brillouin zone (BZ), consistent with the density-functional-theory (DFT) calculations

[25, 27, 29, 30].

While overall electronic structure of AV3Sb5 is almost established, the mechanism of

superconductivity and CDW is highly controversial. Z2 topological invariant in the normal

state suggested by the DFT calculation [25, 26] may point to unconventional (topological)

superconductivity. Existence of a saddle point in the calculated band structure was discussed

to promote the d-wave pairing associated with the scattering between saddle points via Q

= (π, 0) vector [31]. Weak electron-phonon coupling suggested by the DFT calculation [32]

also supports an unconventional pairing. In the experiment, conventional vs. unconventional

nature of superconductivity is far from reaching a consensus, as represented by contradictory

reports on the presence/absence of gap nodes [33, 34]. And very recently, a nematic electronic
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state and a two-fold symmetry superconductivity was observed in CsV3Sb5 [35].

The electronic states relevant to the CDW formation are also under intensive debate.

Apparent CDW-gap opening was not observed in previous ARPES studies on RbV3Sb5

and CsV3Sb5 [25, 29], whereas scanning tunneling microscopy/spectroscopy (STM/STS) on

KV3Sb5 and CsV3Sb5 reported a gap opening [36–38]. While the calculation suggested that

the CDW is triggered by the Peierls instability due to the FS nesting [32], x-ray scattering

on RbV3Sb5 and CsV3Sb5 suggested an electronic-driven mechanism because of the absence

of expected phonon anomaly [27]. In contrast, optical spectroscopy on CsV3Sb5 suggested

the FS-nesting mechanism by observing the reduction of Drude weight below TCDW for the

saddle-point-related feature [39]. Thus, the mechanism of CDW and superconductivity is

still far from being established.

In this Letter, we report a high-resolution ARPES study of CsV3Sb5 single crystals.

We established the low-energy excitations in the CDW phase, and found (i) the gap open-

ing at the Dirac points due to the spin-orbit coupling (SOC) and (ii) the strongly FS and

momentum (k) dependent CDW gap characterized by multiple energy scales. We discuss im-

plications of the present results in relation to the mechanism of CDW and superconductivity

in AV3Sb5.

We at first present the overall band structure of CsV3Sb5 (see Supplemental Material for

details of the experimental condition and the band-calculation method [40]). Figure 1(a)

shows the ARPES-intensity map at representative binding energy (EB) slices as a function

of kx and ky, obtained with 106-eV photons which probe the kz ∼ 0 plane of the bulk BZ

[the kz value was determined by the periodicity of band dispersion as a function of photon

energy (hν); hν variation of the band in the normal-emission measurement is highlighted in

Fig. 1(b) and Supplementary Fig. S1 [40]]. We found that the overall intensity pattern in

Fig. 1(a) is consistent with the previous ARPES reports on AV3Sb5 [25, 27, 29, 30]. One can

identify a circular pocket centered at the Γ point. This pocket originates from an electron

band (called here the α band) as visible from ARPES-intensity plot along the ΓKM cut in

Fig. 1(c). According to the DFT calculations [29, 36, 45], this band is attributed to the 5pz

band of Sb1 atoms embedded in the kagome-lattice plane. One can recognize in Fig. 1(a)

triangular shaped intensity pattern centered at each K point which connects to each other

around the M point and forms a large hexagonal FS centered at the Γ point. As shown in

Fig. 1(c), this pocket originates from a band located at 1 eV at the K point (the β band)
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that displays an overall linear dispersion toward EF on approaching the Γ point and crosses

EF at k ∼ 2/3 of the ΓK interval. This band is reproduced in the calculation in Fig. 1(e)

and attributed to the kagome-lattice band with mainly V-3dxy character [29, 45]. This band

intersects other two linearly dispersive bands (γ and δ bands) at ∼0.1 eV and ∼0.5 eV, and

the δ band also intersects the linearly dispersive ǫ band at the K point, forming multiple

Dirac points (note that the Dirac point associated with the β-γ band crossing is predicted

to form a nodal line along kz when the SOC is neglected [45]). The δ band rapidly disperses

toward EF on approaching the M point and participates in forming the saddle point. At the

M point, there is another holelike band (ζ band) with the top of dispersion below EF.

At hν = 120 eV that corresponds to the kz = π plane, there are several similarities in

the band dispersions with those at the kz = 0 plane, e.g. linear dispersions of the β, γ, δ,

and ǫ bands and their Dirac-cone formation [compare Figs. 1(c) and 1(d)]. Besides such

similarities, one can recognize a clear difference in energy position of the α-band bottom, i.e.

it is located at EB ∼ 0.5 and 0.75 eV at kz = 0 and π, respectively. One can also find that a

shallow electron pocket centered at the L point appears only at the kz = π plane. According

to the calculation [Fig. 1(e)], this band is connected to the γ band as indicated by a guide

in Fig. 1(d). The observed band structures including finite kz dispersions reasonably agree

with the bulk band calculation, supporting their bulk nature. It is noted that, while the

existence of topological surface state at the M̄ point was predicted [25, 26], we found no

evidence for such a surface state below EF.

As shown in Fig. 1(c), the intensity of the δ band is weakened at which the ǫ band

intersects at the K point at ∼0.3 eV. This is also the case for the band-crossing point at the

H point [Fig. 1(d)]. To better visualize the band modulation associated with the intensity

weakening, we plot in Fig. 1(f) the EDCs at the K and H points. These EDCs commonly

exhibit two-peaked structure around the Dirac point, signifying an energy gap (called Dirac

gap; see also Fig. S2 of Supplemental Material [40]). From the energy separation of two

peaks, we have estimated the magnitude of Dirac gap to be 50-70 meV. The Dirac gap is

associated with the SOC because the calculations predict a spin-orbit gap at the Dirac point

(note that, by referring to the calculation without SOC, the gap at the K and H points is

purely of SOC origin, whereas those at other k points are additionally affected by the band

hybridization). Given the fact that some Dirac points are predicted to be located at very

close to EF in AV3Sb5 [24], our observation suggests that the SOC needs to be taken into
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account when the connection between the Dirac-fermion and transport properties (such as

anomalous Hall effect [30, 46]) is discussed.

Next we present the electronic states associated with the CDW. Figures 2(a) and 2(b)

show the ARPES-intensity plot near EF measured along the MK cut at temperature above

(120 K) and below (20 K) TCDW, respectively. In the normal state [Fig. 2(a)], the δ band

crosses EF at the midway of the MK line and forms a saddle point slightly above EF at the

M point. There also exists the ζ band which forms another saddle point at the M point,

while it does not cross EF along the MK cut. In the CDW phase [Fig. 2(b)], the intensity

of the ζ band is modulated at EB ∼ 0.2 eV likely due to band hybridization by CDW. More

importantly, a hump structure at EB ∼ 70 meV is observed at the kF point of the δ band

[see magenta curves in Fig. 2(c); see also Fig. S3 of Supplementary Material [40]]. Since the

kF point of the δ band is well isolated from the ζ-band top, the 70-meV hump is unlikely

attributed to the saddle point of the ζ band but most probably reflects a CDW-gap opening

on the δ band. To clarify the 3D nature of CDW, the near-EF ARPES intensity at 20 K

along the LH cut is plotted in Fig. 2(d). Here, a shallow γ electron pocket is seen around

EF near the kF point of the δ band. Intriguingly, unlike the MK cut, EDC near kF of the

γ/δ band does not show a clear hump structure [green curve in Fig. 2(c)], suggesting the

bulk origin of the hump structure and the reduction of the CDW-gap size around the LH

line.

To gain further insights into the electronic structure in the CDW phase, we have per-

formed higher-resolution (∆E = 7 meV) measurements by utilizing low-energy photons (hν

= 21.2 eV) [Figs. 2(e)-2(f)]. We found that, while 21.2-eV photons are expected to probe

kz ∼ 0.8π by referring to the estimated V0 value, the ARPES data simultaneously reflect

the band structures at around kz = 0 and π due to a kz broadening effect (for details, see

Fig. S4 of Supplemental Material [40]). In the CDW phase, one can see a broad hump in

the EDCs at ∼150 meV around the K/H point [dashed curve in Fig. 2(g)] which disperses

toward EF on approaching the M/L point and stays at ∼70 meV around the M/L point to

form a nearly flat band. This hump feature is attributed to the gapped δ band at kz = 0

seen in Figs. 2(b) and 2(c). There exists another sharp peak near EF, separated from the

hump by a dip at 35 meV. This band is assigned to the γ electron pocket at kz = π with

a finite mixture of the δ band (kz = π component) near kF. In fact, as shown by a plot

of experimental band dispersion at 10 K obtained by tracing the peak position of EDCs in
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Fig. 2(h), the low-energy branch has an electronlike dispersion. Thus, the characteristic

peak-dip-hump structure in the EDCs is attributed to the existence of two types of bands

at different kz’s, the hump and peak, called here the saddle-point band and Dirac band,

respectively. We found that the peak-dip-hump structure vanishes above TCDW [Fig. 2(e);

for the experimental band dispersion, see red circles in Fig. 2(h)]. To examine whether this

change is associated with the CDW, we show in Fig. 2(i) the temperature dependence of

EDC at the kF point of Dirac band. The hump survives up to 80 K (below TCDW) and

disappears at 100 K (above TCDW), demonstrating that the hump is indeed associated with

the formation of CDW and reflects the CDW gap for the saddle-point band.

An important finding manifests itself by a careful inspection of the EDCs in Fig. 2(i).

The sharp peak at T = 10 K is not located at EF but at slightly higher EB (∼15 meV)

as seen from the magnified EDCs in the inset (see arrow). Symmetrized EDC in Fig. 2(j)

reveals spectral-weight suppression in the narrow energy region of ±15 meV within the

sharp peaks, indicative of the small gap opening at the Dirac band (note that this small

gap is not resolved in Figs. 2(b) and 2(c) because of insufficient energy resolution for higher

hν’s). This gap is associated with the CDW, because it is gradually weakened on elevating

temperature and disappears above TCDW, in accordance with the behavior of saddle-point

band at 70 meV. These results indicate that the CDW of CsV3Sb5 is characterized by at

least two energy scales.

Throughout the whole 2D BZ, we have investigated the CDW gap for the saddle-point

and Dirac bands, and found that the gap is strongly k dependent. Figure 3(b) shows the

ARPES intensity plotted along several k cuts shown as cuts 1-6 in the FS mapping in Fig.

3(a) which covers the kF points of the shallow electron band (cut 1), the hexagonal pocket

associated with the Dirac band (cuts 2-4), and the electron pocket at Γ/A (cuts 5-6). The

dip-originated spectral weight suppression, which is a measure of the CDW gap opening for

the saddle-point band, is most prominent along cut 1 (MK/LH cut) and gradually becomes

less prominent on moving away from the M/L point, as visible from a systematic change

in the ARPES intensity along cuts 2-4. We have extracted the EDCs at representative kF

points on the Dirac band (points 1-4) in Fig. 3(c), and found that the hump gradually

approaches EF on moving away from the M point. This signifies the strong k dependence

of the CDW gap. It is noted that the temperature-induced band energy shift in Fig. 2(h)

is another measure of the gap size for the saddle-point band; one can confirm that the band

7



shift becomes smaller (i.e., the gap becomes smaller) as moving away from the M point. The

symmetrized EDC at T = 10 K in Fig. 3(d) further reveals that the Dirac band near EF

also shows anisotropic CDW gap; the gap is ∼16 meV at point 1 but it vanishes at point 4

(along the ΓK/AH line). Another important finding is that there exists no obvious spectral

anomaly for the Γ/A-centered electron pocket [see cuts 5 and 6 in Fig. 3(b)]. Also, the

hump is absent at points 5 and 6 in Figs. 3(c) and 3(d). These results indicate that the

CDW gap is absent in the electron pocket at Γ/A. We have estimated the size of CDW gap

∆CDW at T = 10 K at various kF points and plotted the ∆CDW as a function of FS angle

θ in Fig. 3(e) (see Fig. S5 of Supplemental Material for a full data set [40]). As clearly

seen, the CDW gap is larger for the saddle-point band (maximally 70 meV) and smaller for

the Dirac band (maximally 18 meV), whereas it is absent on entire electron pocket at Γ/A.

Intriguingly, the CDW gap has a strong anisotropy and takes a maximum around θ = 0◦

(along the ΓM/AL cut) and a minimum around θ = ±30◦ (along the ΓK/AH cut) for both

the saddle-point and Dirac bands.

The ARPES-determined CDW gap has a good correspondence to the unusual behavior

in the DOS observed by other spectroscopic techniques. STM/STS reported a broad hump

feature at ∼70 meV and V-shaped DOS within ±10-20 meV of EF at low temperatures

[36–38]. These features likely correspond to the CDW gaps for the saddle-point and Dirac

bands, respectively. STM/STS also found residual DOS at zero bias voltage, and it could

be contributed from the electron pocket at Γ and the gapless portion of the Dirac band.

Recent optical spectroscopy of CsV3Sb5 revealed a marked suppression of the Drude weight

below TCDW [39]. This would be also related to the CDW gap for the saddle-point band

because its energy scale (∆CDW ∼86.5 meV) is similar to the hump energy in ARPES. Thus,

our ARPES data definitely help interpreting characteristic spectroscopic signatures seen by

other experiments.

Our observation also sheds light on the mechanism of CDW and superconductivity in

AV3Sb5. Theoretical studies predicted that the inter-band scattering between saddle points

promote CDW or unconventional density waves [32, 47], but direct experimental proof was

elusive. The observed large CDW gap at the saddle-point band around the M̄ point supports

this prediction and suggests that the electron scattering via Q = (π, 0) connecting saddle

points contributes largely to the energy gain for stabilizing the CDW with in-plane 2×2 com-

ponent. To understand this point in more detail, we plot a schematic of the reconstructed
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FS in Fig.4. Original and folded FSs are indicated by solid and dashed curves, respectively,

with orbital-dependent colorings [original FSs were determined by tracing the ARPES in-

tensity at EF in Fig. 4(a)]. Also, original and folded saddle-point regions of the δ band are

shown by magenta and light magenta paintings, respectively. One can see that original and

folded saddle points around the M point overlap well, whereas the FSs along the ΓK cut

show a finite mismatch as marked by red arrows. Such a difference in the band/FS overlaps

via the 2×2 Q vector qualitatively explains the observed CDW-gap anisotropy; the gap size

is larger around the M point due to the overlap of the original and folded saddle points. A

remaining issue is the origin of additional 3D component of CDW (with 2×2×2 periodicity),

which is puzzling because the CDW vector connects the M point to the L point where no

saddle point exists. This necessitates further kz selective experiments. It is also predicted

that the scattering between saddle points may promote unconventional superconductivity,

depending on the degree of competition with CDW [31]. However, the observed large CDW

gap suggests substantial reduction of DOS responsible for the superconducting pairing on

the saddle-point band. Microscopic theories of superconductivity must be constructed based

on such a largely gapped saddle-point band and the CDW-gap nodes for the Dirac bands. In

this regard, one can even suggest that major superconducting carriers could originate from

the Sb 5pz bands at the Γ̄ point rather than the V 3d bands participating in the 2D kagome

network.

In conclusion, the present ARPES study of CsV3Sb5 has revealed two key signatures in

the band structure, (i) the energy gap on the multiple Dirac points due to the SOC, and (ii)

the modification of band structure associated with the CDW-gap opening. We found that

the CDW-induced band modification is categorized into three types, the larger CDW gap

for the saddle point around the M point, the smaller CDW gap for the Dirac band, and the

absence of CDW gap for the electron band at Γ/A. The CDW gap also displays a strong

anisotropy. The present result opens a pathway toward understanding the mechanisms of

CDW and superconductivity in AV3Sb5.

Note Added: During the preparation of this manuscript, we became aware of [48], which

also reports a CDW gap opening on CsV3Sb5.
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FIG. 1: (Color online) (a) ARPES-intensity maps at binding energies (EB’s) of EF, 0.3 eV, and 0.6

eV plotted as a function of kx and ky, for CsV3Sb5 measured at T = 20 K with 106-eV photons. (b)

Photon-energy dependence of the normal-emission energy distribution curves (EDCs). The inner

potential V0 was estimated to be 10 eV. (c), (d) ARPES intensity as a function of wave vector and

EB measured along the ΓKM (kz = 0) and AHL (kz = π) cuts, respectively. Solid curve in (d)

is a guide to the eyes to trace the experimental γ band dispersion. (e) Calculated band structure

along the ΓKMΓ (AHLA) cut (top) without and (bottom) with SOC. Calculated EF is shifted

downward by 50 meV to obtain a better matching with the experimental data. (f) EDCs at the

Dirac-crossing points.
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FIG. 2: (Color online) (a), (b) ARPES intensity along the MK cut (hν = 106 eV) measured at T =

120 K and 20 K, respectively. (c) EDCs at the kF point of the δ band along the MK cut (magenta)

and the γ band along the LH cut (green). (d) Same as (b) but measured along the LH cut (hν

= 120 eV). (e), (f) Same as (a) and (b) but measured at 21.2-eV photons. (g) Corresponding

EDCs of (f). (h) Experimental band dispersion at T = 10 and 120 K extracted by tracing the

peak position of EDCs in (e) and (f). Filled and open circles represent original and symmetrized

data. (i) Temperature dependence of the EDC at the kF point of shallow electron band measured

across TCDW. Inset shows the magnified view for the EDC at 10 K. Black arrow indicates the peak

position. (j) Same as (i) but symmetrized with respect to EF.
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FIG. 3: (Color online) (a) Schematic FS in the surface BZ together with k cuts (cuts 1-6) and k

points (points 1-6) where the intensity in (b) and the EDCs in (c) were obtained. Definition of the

FS angle θ is also indicated. (b) ARPES intensity measured at T = 10 K along cuts 1-6 in (a).

(c), (d) EDCs and symmetrized EDCs at T = 10 K, respectively, at points 1-6 in (a). (e) Plots of

the CDW-gap magnitude ∆CDW as a function of θ. Magenta, red, blue, and green circles represent

the CDW gaps for the saddle-point band, triangular FS centered at the K/H point, hexagonal FS

centered at the Γ/A point, and electron band at the Γ/A, respectively.
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FIG. 4: (Color online) (a) ARPES intensity at EF measured at the kz ∼ 0 plane, together with the

experimental FSs (solid curves) and the momentum region where the saddle-point of the δ band is

present (magenta). (b) Original FSs extracted in (a) (solid curves) and their folded counterparts

by the 2×2 CDW wave vector (dashed curves). Original and folded saddle-point regions are shown

by magenta and light magenta, respectively.
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