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Three-dimensional Fermi surfaces from charge order in layered CsV3Sb5
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The cascade of electronic phases in CsV3Sb5 raises the prospect to disentangle their mutual interactions in a
clean, strongly interacting kagome lattice. When the kagome planes are stacked into a crystal, its electronic
dimensionality encodes how much of the kagome physics and its topological aspects survive. The layered
structure of CsV3Sb5 reflects in Brillouin-zone-sized quasi-two-dimensional Fermi surfaces and significant
transport anisotropy. Yet here we demonstrate that CsV3Sb5 is a three-dimensional (3D) metal within the
charge density wave (CDW) state. Small 3D pockets play a crucial role in its low-temperature magneto- and
quantum transport. Their emergence at TCDW ≈ 93 K results in an anomalous sudden increase of the in-plane
magnetoresistance by four orders of magnitude. The presence of these 3D pockets is further confirmed by
quantum oscillations under in-plane magnetic fields, demonstrating their closed nature. These results emphasize
the impact of interlayer coupling on the kagome physics in 3D materials.
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I. INTRODUCTION

When structurally layered materials host strong electronic
correlations, their effective electronic dimensionality is key
to understanding their microscopic physics. The anisotropic
Fermi surface then sets the canvas on which correlated
ground states unfold, such as magnetism, charge density
waves (CDW), or superconductivity. Cuprate and pnictide
high-temperature superconductors are prime examples of lay-
ered materials in which reduced dimensionality defines the
superconducting state [1,2]. The anisotropy is further a critical
parameter to describe the vortex formation and the orbital
limit of the upper critical field. Recently, metals hosting
planes with kagome nets have attracted significant attention
due to their topological phases as well as potential corre-
lation effects [3–5]. The latter have been argued to arise
from small-bandwidth bands (flat bands) that are predicted in
phenotypical two-dimensional (2D) kagome models [6]. Flat
bands naturally enhance correlation effects when the Coulomb
energy exceeds the kinetic energy and they lead to a divergent
density of states, an entropic catastrophe which is commonly
avoided by the formation of electronically ordered states at
low temperatures. However, when the kagome nets are stacked
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into a three-dimensional (3D) crystal, the existence of flat
bands depends on the strength of the interlayer hybridization
and its impact on band dispersion. Therefore, in order to
explore how much kagome physics survives in a 3D metal, it is
necessary to investigate the electronic structure and especially
its effective dimensionality.

Here we investigate the electronic dimensionality of
CsV3Sb5 [Figs. 1(a) and 1(b)], a stacked kagome crystal,
and its influence on the rich physics it hosts, such as the
nontrivial band topology, superconductivity, and CDW order.
The nonmagnetic kagome nets formed by vanadium atoms
result in a symmetry-enforced pair of Z2 topological bands
with opposite Chern numbers [5,7–9]. The hybridization with
Sb atoms effectively expands the bandwidth, and therefore
the flat band gains sizable dispersion yet leaves multiple bulk
Dirac points intact, as observed by angle-resolved photoemis-
sion spectroscopy (ARPES) [7,10]. Upon cooling, the kagome
lattice undergoes a CDW transition at TCDW = 93 K [11–13].
The 2×2 reconstruction within the kagome plane is accompa-
nied by a π phase shift of the CDW across an atomic step
edge as observed by STM experiments [13,14], suggesting
a band reconstruction along the c direction. X-ray studies
further suggest a 2×2×4 superlattice formation [15,16] with
long-range out-of-plane coherence, again highlighting the im-
portance of out-of-plane coupling in this system. At even
lower temperatures of Tc ≈ 2.8 K, superconductivity appears
[7]. The large upper critical field anisotropy (∼9) is a result of
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FIG. 1. (a) Side and (b) top view of crystal structure of CsV3Sb5, which consists of layers of Cs, V, and Sb atoms that form the kagome
lattice plane. (c) Electronic structure of CsV3Sb5 calculated by density-functional theory. There exist multiple electronic bands across the
Fermi level. (d) Fermi surfaces in the Brillouin zone, including several types of Fermi surfaces and their symmetric copies. (e) Illustration
of membrane-mount CsV3Sb5 device. The sample is suspended with soft SiNx springs, which ensures minimum strain effect. (f) Scanning
electron microscope (SEM) image of the membrane device. The 250×250 μm membrane window was patterned into several branches of
springs with FIB.

its anisotropic superconducting properties [17]. Meanwhile,
the nontrivial band topology may give rise to topological su-
perconductivity. Indeed, STM has uncovered a zero-bias peak
in the vortex cores which, while not conclusive, is compatible
with a scenario of bound Majorana states [13].

II. RESULTS

The single-particle band structure from ab initio calcula-
tions serves as a starting point to investigate the dimension-
ality of this strongly correlated compound. The electronic
structure of CsV3Sb5 in the high-symmetry state at room tem-

perature is calculated using density functional theory (DFT)
methods, and the computational details can be found in the
Supplemental Material [18] (see also Refs. [19–23]). Multiple
bands are found at the Fermi level [Fig. 1(c)], consistent
with the previous reports [5,7,8]. Accordingly, multiple Fermi
surfaces of cylindrical shape are expected in the Brillouin
zone [Fig. 1(d)]. While the layered structure is reflected in
the electronlike cylinders centered at � and K, their sizable
dispersion signals pronounced interlayer coupling. In absence
of spin-orbit coupling (SOC), the cylinder at the Brillouin
zone boundary (H to K) would surround a nodal line, yet SOC
breaks this degeneracy gapping the nodal line.
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FIG. 2. (a) Temperature dependence of the out-of-plane (ρc) and in-plane resistivity (ρab). (b) An abrupt jump occurs in the temperature
dependence of ρc, which corresponds to the charge-density-wave transition temperature TCDW. Consistently, ρab also displays a weak
discontinuity. (c) Enlarged view of (a) within the low-temperature range which demonstrates a clear superconducting transition at Tc = 2.8 K.
(d) Temperature dependence of resistivity anisotropy (ρc/ρab). The dashed lines stand for the averaged Fermi velocity anisotropy for all Fermi
surfaces. (e) First-order derivative of temperature dependence of resistivity anisotropy [d (ρc/ρab)/dT ]. At the charge-density-wave transition
temperature (TCDW) a sharp peak can be observed, as well as a broad hump at T ” ≈ 14 K.

The band structure of CsV3Sb5 indicates a clear out-of-
plane dispersion, giving rise to warping of the cylindrical
Fermi surfaces. Experimentally the electronic dimensionality
can be explored via resistivity anisotropy. As is common
in structurally layered materials, CsV3Sb5 crystals grow as
thin platelets along the kagome plane [5]. While this crystal
morphology lends itself to in-plane resistivity measurements,
quantitative out-of-plane transport poses a well-known chal-
lenge. Focused ion beam (FIB) milling can be used to
prepare micron-sized c-direction bars with well-defined ge-
ometries to quantify the resistivity [24]. CsV3Sb5, like other
soft CDW compounds, is susceptible to mechanical strain
[25,26], so we suspend the microstructured sample (purple)
in free space. It is mechanically and electrically connected
to a supportive silicon frame only via thin, gold-coated SiNx

membrane microsprings (gold) [Figs. 1(e) and 1(f)]. These
structures exert only minimal residual pressure on the sample
(∼9.8 bar, see Supplemental Material [18]), thus allowing an
intrinsic evolution of the ordered states. Moreover, a low-
voltage polish step at 5 kV reduces the amorphization layer
into the nanometer range [27], which minimizes its possible
influence.

In these suspended structures, the in-plane resistivity de-
creases from 80 μ� cm at 300 K to 0.3 μ� cm at Tc = 2.8 K.
The high residual resistivity ratio (RRR) of 250 is compara-

ble to bulk samples [9], evidencing the high quality of the
microstructure fabrication (Fig. 2). The in-plane resistivity
displays a small yet sharply defined discontinuity at the CDW
transition at TCDW, which is consistent with previous reports
[5,9,28]. The out-of-plane resistivity ρc is comparably larger
yet shows an overall similar metallic temperature dependence.
It decreases from ρc(300 K) ∼ 〈issn〉1.9 m� cm to ρc(Tc)
≈33 μ� cm, corresponding to a lower RRR of 60. These
results are qualitatively reflected in the challenging measure-
ments of ρc on bulk crystals [7,28], yet deviate quantitatively.
In comparison to the in-plane resistivity, ρc shows an up-
ward jump at TCDW [Fig. 2(c)]. This jump of [ρc(T +

CDW) −
ρc(T −

CDW]/ρc(T +
CDW) ≈ 12% is much more pronounced com-

pared to the change of ∼− 3% for in-plane resistivity. This
relative difference again emphasizes the importance of the
CDW in the out-of-plane direction.

Further information about the electronic dimensionality is
contained in the temperature dependence of the anisotropy. At
high temperatures above TCDW, the picture of an anisotropic
metal emerges [ρc/ρab(T = 300 K) ≈ 24], which falls close
to the Fermi velocity anisotropy when averaged over the entire
Fermi surface (|vF,‖|/|vF,⊥| ≈ 20, [Fig. 2(d)]). The domi-
nant carrier density originates from the Brillouin-zone-sized
hexagonal Fermi surfaces with weak kz dispersion. These
feature six almost-flat surfaces parallel to the crystalline a
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FIG. 3. Field dependence of (a) out-of-plane and (b) in-plane magnetoresistance ratio [MR = (ρ(18 T) − ρ(0 T))/ρ(0 T)] with field
applied along the a and c(ab) axis. (c) Temperature dependence of magnetoresistance ratio at B = 18 T with current along the ab axis
and field along the a axis, which are defined in the inset. (d) Illustration of Fermi surface reconstruction due to charge ordering. The abrupt
appearance of magnetoresistance below TCDW is a direct consequence of the 3D pockets that appear only after the CDW reconstruction.

directions [Fig. 1(b)], which play an important role in the
magneto-transport as discussed later.

Further lowering the temperature beyond the jump at TCDW

increases the anisotropy, which eventually saturates around
100 at Tc, suggesting dominant in-plane electronic transport
at low temperatures. Yet ρc reaches a low value of 33 μ� cm
at Tc, which signals metallic three-dimensional transport. The
first-order derivative of the resistivity anisotropy reveals fur-
ther, more subtle changes in the material [Fig. 2(e)]. Besides
the clear spike at TCDW, a local minimum occurs at around
70 K. This temperature coincides with the onset of anisotropy
in the muon spin depolarization rate that has been associ-
ated with time-reversal-symmetry breaking (TRSB) [29]. The
TRSB state has been theoretically proposed to arise from an
effective orbital current loop flux [30,31], and a modification
of a magnetic scattering channel would be a natural connec-
tion between this experiment and ours.

This further emphasizes the emerging question about
its effective electronic dimensionality. The large resistivity
anisotropy is compatible with an effective 2D description,
which may be captured by a simplified model based on a
2D kagome lattice. Yet to discuss the effective dimension-
ality, one has to carefully distinguish between the transport
dimensionality and the dimensionality of the Fermi surface.
In general, the transport anisotropy is determined by the
Fermi velocity vF (k) and the scattering time τ (k) distribution,
while the Fermi surface topology encodes another aspect of
electronic dimensionality. For example, a cylindrical Fermi
surface with strong warping naturally features low trans-
port anisotropy. Here we demonstrate that CsV3Sb5 is a 3D
kagome metal as the emergent small, closed Fermi pockets
play a crucial role in its magneto- and quantum transport
properties.

The magnetoresistance provides further information about
the electronic dimensionality (Fig. 3). Most intriguing is the
complete absence of transverse magnetoresistance for orthog-
onal in-plane fields and currents at any temperature above
TCDW. The field-independent noise floor provides an upper
bound for the magnetoresistance, at �ρa(18 T)/ρa(0 T) <

10−5 at 120 K, here δρa = ρa(18 T) − ρa(0 T). Even rather
unsuspicious metals such as Cu commonly show transverse
magnetoresistance around 1% (20 T) at room temperature and
100% (20 T) at 100 K [32]. In contrast, for all other orthogonal
current and field orientations in CsV3Sb5, the magnetore-
sistance increases with decreasing temperature following a
conventional semiclassical scaling of the magneto-transport
by ωcτ . Given the complex Fermi surface and putative in-
cipient TRSB order, such absent magnetoresistance for one
particular direction appears quite exotic.

The reconstruction of the main cylindrical Fermi surfaces
at TCDW offers a natural explanation for such behavior. When
a current is applied in the plane, the conductivity is domi-
nated by the weakly warped main Fermi surfaces [Fig. 3(d)].
Such flatness ensures that the quasiparticle velocity remains
approximately unchanged by the Lorentz force. This behavior
is commonly observed in quasi-2D materials when only cylin-
drical Fermi surfaces are present [33,34]. For magnetic field or
current applied along any other direction, magnetoresistance
is bound to appear as the Lorentz force significantly impacts
the carrier trajectories. These results consistently demonstrate
that CsV3Sb5 is electronically quasi-2D above TCDW.

However, this conclusion no longer holds in the charge
ordered phase. Though the exact type of CDW reconstruc-
tion is still under debate, all different scenarios predict the
emergence of small closed 3D pockets as a direct conse-
quence of zone folding [35]. Compared to the quasi-2D Fermi
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FIG. 4. (a) Fast-Fourier-transformation (FFT) spectrum with different field directions for Shubnikov-de-Hass (SdH) oscillations measured
with current applied along the c axis. Here θ stands for the angle between the a axis and field direction. (b) SdH oscillations (ρosc) at θ = 6◦, 0◦,
and -10◦. Here ρosc = �ρ/ρBG, with �ρ as the oscillatory part of the magnetoresistivity and ρBG as a polynomial fit to the magnetoresistivity
background. (c) Corresponding FFT spectrum with star symbols indicating the identified peaks. (d) Angular dependence of SdH oscillation
frequencies. The error bar is defined as full width at half maximum of the peaks in the FFT spectrum.

surfaces, these small pockets support closed cyclotron or-
bits which lead to the sudden recovery of magnetoresistance
[Fig. 3(d)]. The direct connection between the abrupt change
of magnetoresistance and Fermi surface reconstruction further
demonstrates the importance of the small, closed pockets to
the 3D electronic transport properties of CsV3Sb5, especially
at low temperatures.

Such small 3D-like pockets at low temperature should be
visible in quantum oscillations. Four low-frequency quan-
tum oscillations have been reported for out-of-plane fields
and associated with these small 3D pockets [11,35]. How-
ever, these quantum oscillations were observed to quickly
disappear as the field is rotated toward the plane, which
precluded the distinction between a closed 3D pocket and
an open 2D cylinder. The weakly perturbed, suspended mi-
crobars now allow to track this frequency over the entire
angle range, firmly establishing them as closed 3D pockets
within the density wave phase (Fig. 4). At low angles, the
oscillation frequencies observed in our structures are con-
sistent with these previous reports. A likely scenario for
the loss of amplitude in conventional experiments involves
stacking disorder along the c direction due to residual strain,
which reduces the quantum-coherent transport along the out-
of-plane direction. This is consistent with the larger RRR
and lower resistivity observed in the microstructures com-
pared to macroscopic crystals [7,28]. The angular dependence
of the oscillation frequencies is well described by a simple

ellipsoidal model Fi ∝ 1/

√
sin2(θ ) + (1 + A2

i )cos2(θ ). The
factor Ai characterizes the anisotropy of the ith Fermi sur-
face [Fig. 4(d)]. These results further support the presence of
3D pockets as suggested by the unusual magneto-transport.

The emergence of 3D Fermi pockets due to CDW recon-
struction has already been observed in other CDW materials
[36,37], as a 3D zone-folding of Brillouin-zone-sized Fermi
surface naturally results in small Fermi surface pockets. These
pockets are connected by the 3/4 Bragg wave vector in the
3Q directions, which results in an exotic pairing density
wave phase at low temperature [38], as observed in STM
experiments [39]. Here 3Q stands for the triple q-wavevector
for the charge density wave.

In conclusion, the electronic anisotropy and Fermiology
of charge-ordered CsV3Sb5 are characterized by the coexis-
tence of a high-mobility in-plane electronic system with small
3D pockets. They emerge when the charge order is estab-
lished, demonstrating an electronic dimensionality crossover
at TCDW. Therefore, the interlayer coupling must be taken into
account for theoretical modeling as considerations based on
2D kagome lattices may miss important aspects of this mate-
rial. It will be highly interesting to explore how the cascades
of correlated electronic states are influenced by the coupling
between kagome nets.
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