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Quantum confinement is a restriction on the motion of electrons in a material to specific region,
resulting in discrete energy levels rather than continuous energy bands. In certain materials, quantum
confinement could dramatically reshape the electronic structure and properties of the surface with
respect to the bulk. Here, in the recently discovered kagome superconductors CsV3Sb5, we unveil the
dominant role of quantum confinement in determining their surface electronic structure. Combining
angle-resolved photoemission spectroscopy (ARPES) measurement and density-functional theory
simulation, we report the observations of two-dimensional quantum well states due to the
confinement of bulk electronpocket andDirac cone to the nearly isolated surface layer. The theoretical
calculations on the slab model also suggest that the ARPES observed spectra are almost entirely
contributed by the top two layers. Our results not only explain the disagreement of band structures
between the recent experiments andcalculations, but also suggest an equally important role playedby
quantum confinement, together with strong correlation and band topology, in shaping the electronic
properties of this material.

The observations of superconductivity and chiral charge density wave
(CDW) orders in AV3Sb5 (A =K, Rb, Cs) family of materials1–4 have pro-
voked intensive research interest in condensed matter physics. The critical
temperature of superconductivity was found as: TC ¼ 0:93K for KV3Sb5

5,
TC ¼ 0:92K for RbV3Sb5

6, and TC ¼ 2:5K for CsV3Sb5
2, respectively.

Meanwhile, a chiral CDW order was observed at T ∼ 80� 103K1–8, whose
relationship with superconductivity is still under debate9–15. Recent experi-
mental and theoretical works have suggested the unconventional nature of
both orders9–17.While the nature and relationship between these two orders
are under active investigations, the nontrival band topology is certainly
playing a fundamental role. Recently, signatures of current flux, especially
the resultant time-reversal symmetry breaking (TRSB), have been observed
by probes such as scanning tunnelling microscopy (STM)3, muon spin
relaxation18,19, magneto-optical Kerr effect20, and electronic magnetochiral
anisotropy21. However, there are also other experiments reporting sample-
dependent signatures of TRSB or even negative evidence22–25.

Partially inspired by their 2 × 2 × 2 or 2 × 2 × 4 CDW order7,26, the
experimental studies on the electronic structures of this family have been
mainly concentrated on the CDW gap and van Hove singularities
(VHSs)2,12,27–35. General agreement has been reached on the formation of
momentum-dependent CDW gaps12,27,29,33 as directly measured by angle-
resolved photoemission spectroscopy (ARPES). Concerning the VHSs,
while several ARPES works have reported the existence of multiple VHSs
around the �M point with pure or mixed sublattice nature28,31,32, such
observations are only partially in line with the density-functional theory
(DFT) calculations36,37. To be specific, DFT has predicted two VHSs in a
narrow energy region (<200meV) below the Fermi level at the M point of
bulk but noVHS in the same energywindowat the L point because of a clear
kz dispersionalongM� L:The recentARPESworks28,31,32 have reported the
observations of these two VHSs through a conjecture guided by DFT, yet
their kz information and the band structure at the L point are missing. In
fact, most of the ARPES spectra at �M are close to the energy bands at the L
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point of bulk rather than the M point predicted by DFT calculations. Such
disagreement between experiment and theory not only calls for a systematic
ARPES experiment to examine the kz dispersion, but also an alternative
picture to correctly understand the observed electronic structures.

In this work, we report a quantum confinement phenomenon at the
surface of kagome superconductor CsV3Sb5, which can fully account for the
observed spectral features, including the lack of kz dispersion as discussed
above, and the emergence of quantum well states which we discovered for
the first time in this family. Through systematic photon energy-dependent
ARPES measurements, we observe a weak but periodic kz dispersion along
the Γ� A direction but absence of kz dispersion along the M� L and
K�H directions. This causes the results that the measured ARPES spectra
along both K�M� K and H� L�H look almost identical to the DFT
calculated bands along H� L�H. Furthermore, a clear band splitting is
observed for the electron pocket at �Γ, leading to a subband with pure 2D
nature. Both of these features suggest the formation of quantum well states
due to the confinement of bands on the surface. Simulated by a slab model
with 6 layers of CsV3Sb5, all the ARPES spectral features can be captured by
our DFT calculations considering the surface relaxation effect. It is found
that the interlayer spacing between the topmost and the second kagome
layers is increased, which results in a nearly isolated surface layer and the 2D
band structure. The ARPES spectra are thus mainly composed of the
quantum well states residing on the top two kagome layers. Our results
unveil the dominant role of quantum confinement, together with strong
correlation and band topology, in shaping the electronic properties of this
material.

Results
High-quality CsV3Sb5 single crystals are grown by the self-flux method
(Methods section), exhibiting a CDW transition at T ∼ 94 K and super-
conductivity at T ∼ 2:5K as demonstrated by our resistivity, heat capacity
and magnetization measurements (Supplementary Note 1 and Supple-
mentary Fig. 1). We first present the comparison between the ARPES
spectra and DFT calculated band structures of bulk, and show their main
disagreements as encountered in most recent works. Taking CsV3Sb5 as an
example, photon energy-dependent ARPES measurements have been per-
formed. According to the periodic spectral intensity variation of energy

distribution curves (EDCs) at the�Γpoint, thehigh-symmetrypointsΓ andA
of bulk are determined, which correspond to photon energies of 83 eV
(Fig. 1a) and 70 eV (Fig. 1e), respectively. For the band structures calculated
by slab or measured at a random photon energy, we use �Γ, �K and �M to
represent the high symmetry points in the 2D Brillouin zone. Experimental
and calculated electronic structures are compared at the Γ�M� K plane
(Fig. 1a–d) andA� L�Hplane (Fig. 1e–h). For theDFT calculated Fermi
surfaces, clear differences can be seen at the Γ�M� K and A� L�H
planes. For example, while the A� L�H Fermi surface (Fig. 1f) shows
closed loops surrounding the bulk H point, they expand in the Γ�M� K
plane, merging with each other and forming a closed loop surrounding the
bulk Γ point (Fig. 1b). The tiny loops surrounding the bulk L point (Fig. 1f)
are absent at the bulk M point (Fig. 1b). In sharp contrast, despite some
intensity variation, theARPESmeasured Fermi surfaces are almost identical
to each other at both the Γ�M� K (Fig. 1a) and A� L�H (Fig. 1e)
planes, both of which are close to the DFT calculated one at the A� L�H
plane (Fig. 1f).

Such differences between ARPES measurements and DFT calcula-
tions can be also reflected by the band structures along high-symmetry
lines. According to DFT results, there is a small gap between conduction
and valence bands at the bulk M point (dashed box in Fig. 1d), while two
conduction and one valence bands cross with each other near the Fermi
level around the bulk L point (dashed box in Fig. 1h). In particular, the
outer conduction band centered at L crosses one branch of the upper
Dirac cone centered at H, forming a new Dirac node almost at the Fermi
level. This DFT predicted kz dependence along M� L is missing in the
ARPES results, as one can see that both ARPES spectra along Γ� K�M
(Fig. 1c) and A�H� L (Fig. 1g) show very similar features. The Dirac
nodes at the Fermi level as discussed above can be clearly observed in
both ARPES spectra along K�M and H� L. In summary, the DFT
calculations on the bulk CsV3Sb5 predict a clear kz dispersion along
M� L, but ARPES results around the �M point are kz independent, with
spectral features almost identical to the DFT calculated results around the
bulk L point.

We then move to the electron pocket around the �Γ point. Before
discussing its kz dispersion, we will study its detailed band structure based
on the high-quality ARPESdatawe could achieve in this family ofmaterials.

Fig. 1 | Comparison between ARPES measurements and DFT calculated band
structures of CsV3Sb5. a Fermi surface mapping of CsV3Sb5 measured with photon
energy hν ¼ 83 eV , which corresponds to kz ¼ 7 � 2π=c plane. b DFT calculated
constant energy contour (CEC) at kz ¼ 0 plane. c ARPES spectra measured along

Γ� K�M as indicated in (a) by the black solid line. d DFT calculated band structure
along the Γ� K�M direction. e–h Same as (a–d) but measured at kz ¼ 6:5 � 2π=c
(photon energy hν ¼ 70 eV) and calculated at kz ¼ π=c plane, respectively. The hex-
agonal Brillouin zones are marked by the red solid lines.
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Figure 2 presents the ARPES results measured by a general photon
energy (77 eV). Different from the single electron pocket predicted by DFT
(Fig. 1b, d, f, h), the ARPES results show two circles around �Γ at the Fermi
surface (Fig. 2a), twomain electron-like bands crossing theFermi level along
the high-symmetry cut �Γ� �K (Fig. 2b, c), and multiple EDC peaks in the
corresponding energy-momentum window. These features of multiple
bands seem to be the quantized subbands of the bulk electron pocket, which
are reminiscent of the quantum well states observed in topological
insulators38–41.

Other trivial scenarios may also account for band duplicates. The first
one is surface inhomogeneity, which could lead to multiple sets of bands
from different domains. This is not the present case as the subbands
observed here are all symmetricwith respect to�Γ, andnot all themain bands
have replicas (seemore details in SupplementaryNote 2 and Supplementary
Fig. 2). The second possibility is superlattice bands induced byCDW,which
can be also ruled out as these subbands are still present above the CDW
transition temperature (Fig. 2e–g). The third one is caused by kz projection,
in which the minimum and maximun edge of band continuum along kz
contribute two band-like features in ARPES spectra42. Such features have
indeed been captured in recent ARPES measurement from this family of
materials27–29. According to the available data27, split bands of the �Γ electron
pocket from kz projection have different in-plane dispersion curvature (e.g.,
effective mass) (Supplementary Fig. 3). However, the split bands we
observed here (Fig. 2b, c, f, g) are almost shifted rigidly to each other.
Furthermore, the number of split bands we find here is more than just two
(Fig. 2c, d and Supplementary Fig. 4). Both features suggest that kz pro-
jection is unlikely the reasonofour case.Otherpossibilities suchaspolaronic
effect43,44 can also be excluded since these split bands cross the Fermi level.
The above analyses strongly point to quantum well states as the origin of
these split bands.

The definitive evidence of quantum well states come from the
(quasi-) 2D nature of the split subbands. In Fig. 3a, we show the photon
energy-dependent spectra, corresponding to 8 consecutive kz values
between kz ¼ 6:5 � 2π=c and kz ¼ 7:0 � 2π=c. The most striking feature
is the outmost electron-like band as highlighted by the green dashed
lines. At the first glance, this electron band shows no detectable change
with kz . By detailed analysis, the band bottom and Fermi vectors all
present flat dispersion with kz , as demonstrated in Fig. 3b, c, respectively.

This clearly proves the outmost subband as a surface quantumwell state.
Concerning the inner electron subband, the same analyses presented in
Fig. 3a, b unveil its kz dependence with a band width ∼100meV .
However, this kz dispersion is much weaker than the bulk band
(∼400meV) calculated by DFT. It suggests that besides the bulk nature,
the inner subband also shares a similar origin of quantum confinement,
but its confinement is weaker than that of the outmost band. Never-
theless, the different kz dependence between the outmost and inner
bands suggests that they are not from kz projection of the same bulk
band. In addition, a swapped intensity is observed between the two kz
projected subbands under different photon energies31, while for ours, the
outer band always has the highest intensity. We assume that the dis-
crepancies on the kz dependence may be attributed to differences in the
terminations measured by ARPES (see more details in Supplementary
Note 3 and Supplementary Figs. 5 and 6). Our ARPES measurements
indicate that a well potential may be formed on the surface.

To demonstrate the origin of this quantum confinement, we build a
symmetric slabmodel consisting of six Cs-Sb2-V/Sb1-Sb2 layers of CsV3Sb5
with Cs atomic layers at both terminations (upper panel of Fig. 4a). The
(0001) surface of CsV3Sb5 belongs to a polar surface. In general, a stable
polar surface of solid is often accompanied by large structural relaxation or
surface reconstruction45. Our DFT calculations reveal that the structural
relaxations mainly occur at the surface layers of CsV3Sb5 (Supplementary
Fig. 7).The topmostCs-Sb2-V/Sb1-Sb2unit-cell (UC) layer is found far away
from theUC layers below, and atomic-layer spacing inside this topmostUC
layer is reduced, which leads to the surface UC layer of CsV3Sb5 relatively
free-standing. In contrast, the relaxation effect of inner UC layers is negli-
gible, and they almost keep the bulk structure nature. In the lower panel of
Fig. 4a, we plot the average local potential on each CsV3Sb5 UC layer along
the z direction of slab. Remarkably, a potential drop (∼1 eV) occurs at the
surface due to the relaxation, which causes the formation of a quantum
confinement near the surface. In Fig. 4b, c, we present the DFT calculated
band structures of slab with projections onto the topmost UC layer and the
top twoUC layers, respectively. By comparingwithARPES results (Fig. 4d),
the following relevant messages can be obtained. First, the pure surface
quantum well state (the outmost electron band) is almost entirely con-
tributed by the topmost CsV3Sb5UC layer (Fig. 4b), confirming its origin of
quantum confinement. Second, just using the DFT calculated bands from

Fig. 2 | Emergence of quantum well states from the electron pocket at Γ. a Fermi
surfacemapping of CsV3Sb5measured with 77 eV photons at 17K. b Band structure
measured along the �Γ� �K direction marked in (a) by the black solid line. c The
second derivative image of b. d EDCs stack plot of (b) with the black arrows in (b)

and (d)marking themomentum region and direction. Red, blue, and green tipsmark
the peak position of the three bands around �Γ that are also plotted in (c) by the red,
blue and green dashed lines. e–g Same as a–c butmeasured at 120K, above the CDW
transition temperature.
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the contributions of the top two UC layers of a 6-layer slab is enough to
simulate the ARPES spectra satisfactorily (Fig. 4c), in agreement with the
ARPES probe depth (1∼ 2 nm) within the photon energy range reported.
This indicates that the ARPES observed spectra are almost of surface origin,
providing consistent explanation for the lack of kz dispersion at the �Kand �M

points, as well as the weak kz dependence of the inner electron band at �Γ.
Employing the slab model of CsV3Sb5, the calculated Fermi surface with
projection to the top two UC layers is shown in Fig. 4e, which is in good
agreement with the experimental measurements (Fig. 4f) using a general
photon energy. Importantly, this Fermi surface is nearly kz independent due

Fig. 4 | Surface relaxation effect on the formation of quantumwell states. aUpper
panel: schematic of slab structure consisting of six layers of CsV3Sb5. Lower panel:
average local potential on each CsV3Sb5 unit-cell (UC) layer along the z direction of
slab after surface relaxation. b–d Comparison of calculated and measured band

structures along the �K� �Γ� �K direction. In b and c, the simulated band structures
are projected to the topmost layer and the top two layers, respectively. In d, the
ARPES data was measured using 77 eV photon energy, same as that in Fig. 2.
e, f Comparison of calculated and measured Fermi surfaces.

Fig. 3 |Kz dispersion of the quantumwell states. a Band structure around Brillouin
zone center �Γ under a series of photon energies.Main subbands are labeled by the red
and green dashed lines, in the same way as in Fig. 2c. b Photon energy-dependent
spectra for photoemission intensity at the Brillouin zone center. Open circles

represent the binding energy evolution of the corresponding subbands in a. cARPES
spectral intensity map around the Fermi level in kx � kz plane. The two strong linear
features correspond to the Fermi momenta of the outer subband.
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to the (quasi-) 2D nature of bands, significantly different from the cases
shown in Fig. 1b, f.

Discussion
Spontaneous TRSB orders have long been sought in many quantum
systems46–50. Recent theoretical efforts37,51–54 suggested that the chiral flux
phase is the lowest energy state of 2 × 2 CDW in CsV3Sb5 family, which
naturally gives rise to TRSB. Pioneering muon spin rotation measurements
on this family have reported the evidence of TRSB chiral flux phase18,55 but
controversies remain. On the one hand, there are conflicting experimental
results concerning the concurrence of TRSB18,24,25,56 and the chirality of the
2 × 2 CDW3,22,23,57, rendering the nature of CDW and its relationship with
chiral flux phase unclear. On the other hand, no indication of chiral flux
current can be found from spin-polarized STM measurement22. Our find-
ings suggest that these controversies might come from the layer-dependent
CDW instability due to the quantum confinement and surface relaxation as
we revealed.

Our DFT calculations further prove that the CDW instability is layer-
dependent.The surface (top/bottom)UC layer has significantly less phonon
softening than the inner UC layer (Supplementary Fig. 8a), indicating that
the surface CDW instability is less favorable. The tri-hexagonal recon-
struction is obvious for the inner UC layer, while almost invisible for the
surface UC layer of the relaxed slab (Supplementary Fig. 8b). The corre-
sponding unfolded band structure projected to the top/bottom UC layer
(Supplementary Fig. 8e) resembles with the unreconstructed one (Supple-
mentary Fig. 8c), e.g., the Dirac nodes surrounding K remain intact. In
contrast, theseDiracnodesprojected to the innerUC layer are gappedby the
reconstruction (Supplementary Fig. 8f). These results suggest that quantum
confinement and surface relaxation lead to much weaker CDW instability
on the surface. Together with the much reduced interlayer coupling (See
Fig. 4a), these effects make the proposed interlayer coupled chiral flux
phase52 unfavorable. This potentially explains why bulk sensitive probes
such as muon spin rotation18, optical Kerr rotation56, and electronic mag-
netochiral anisotropy21 give positive evidences of TRSB, while the surface
sensitive probe such as spin-polarized STM22 could not detect any signature
of spin texture corresponding to the chiral flux phase. Consequently,
quantum confinement and surface relaxation provide active ingredient to
understand the surface-related, controversial phenomena in this family.

Methods
Sample growth and characterization
KV3Sb5 and CsV3Sb5 single crystals were grown by the self-fluxmethod.
High purity K and Cs (clump), V (powder) and Sb (ball) in the ratio of
2:1:6 were placed in an alumina crucible. The crucible was then double
sealed into an evacuated quartz tube under a pressure of 10−6 Torr to
prevent the assembly from reacting with air during the reaction. The
quartz tube containing the alumina crucible was placed in the furnace
and the temperature was increased to 500 °C in 5 h. The mixtures were
kept in 500 °C for 10 h. Then the quartz tube was heated at 1050 °C for
12 hours, after this, the quartz tube was cooled to 650 °C very slowly.
After the heat treatment, the quartz tube was removed and centrifuged.
A large number of millimeter-sized hexagonal KV3Sb5 and CsV3Sb5
single crystals were obtained.

Transport, heat capacity, and magnetic measurements
Resistivity and heat capacity were measured by Physical Property Mea-
surement System (PPMS, QuantumDesign). To characterize the resistivity,
a standard four - probe method was employed with a probe current of
0.5mA in the ab plane of the crystals. And to measure the heat capacity,
several flat crystals of approximate 1.5 mm size were selected, and Apezion
N-grease was used to ensure the connection with heat capacity stage.
Magnetization measurements were performed by Magnetic Property
Measurement System (MPMS3, Quantum Design). Quartz paddle was
used, and the magnetic field was perpendicular to c - axis to minimize the
diamagnetic contribution.

ARPES measurement
ARPES measurements were performed at the BL03U beamline of the
Shanghai Synchrotron Radiation Facility (SSRF) and beamline 13U of the
National Synchrotron Radiation Laboratory (NSRL). The energy resolution
was set at 15meV for Fermi surface mapping and 7.5 meV for band
structure measurements. The angular resolution was set at 0.1°. Most
samples were cleaved in situ under ultra-high vacuum conditions with
pressure better than 5 × 10−11 mbar and temperatures below 20 K, while
some samples were cleaved above 120 K.

First-principles calculations
The first-principles calculations are performed using the Vienna ab initio
simulation package58 within the projector augmented wave method59 and
the generalized gradient approximation of the Perdew-Burke-Ernzerhof60

exchange-correlation functional. The plane-wave basis with an energy
cutoff of 400 eV is adopted. To simulate the surface structures, the slab
model is built, and the thickness of vacuum is taken to be 16Å. Г-centered
12 × 12 × 6 k-point meshes and 12 × 12 × 1 k-point meshes are adopted for
bulk and slab structures respectively. Employing the experimental lattice
constants of a = b = 5.495 Å (and c = 9.308 Å for bulk), the crystal and slab
structures of CsV3Sb5 is relaxed with van der Waals correction61 until the
residual forces on each atom is less than 0.005 eV/Å.

Data availability
Themain data supporting the conclusions of this study are available within
the paper and its Supplementary Material. Additional data can be obtained
from the corresponding authors upon request.
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