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The connection between unconventional superconductivity and charge density waves (CDW) has
intrigued the condensed matter community and found much interest in the recently discovered super-
conducting Kagome family of AV3Sb5 (A = K, Cs, Rb). Xray diffraction and Raman spectroscopy
measurements established that the CDW order in CsV3Sb5 comprises of a 2x2x4 structure with
stacking of layers of star-of-David (SD) and inverse-star-of-David (ISD) pattern along the c-axis
direction. Such interlayer ordering will induce a vast normalization of the electronic ground state;
however, it has not been observed in Fermi surface measurements. Here we report quantum os-
cillations of CsV3Sb5 using tunnel diode oscillator frequency measurements. We observed a large
number of frequencies, many of which were not reported. The number of frequencies can not be
explained by DFT calculations when only SD or ISD distortion is considered. Instead, our results
are consistent with calculations when interlayer ordering is taken into account, providing strong evi-
dence that CDW phase of CsV3Sb5 has complicated structure distortion which in turn has dramatic
effects on the Fermi surface properties.

The Kagome lattice is an ideal environment to host
topological physics within the strong electron correlation
regime due to its special geometric structure, promoting
a destructive quantum phase interference of electron hop-
ping paths [1, 2]. Tight binding model predicts flat bands
together with Dirac cones, that are protected by the lat-
tice symmetry [3]. The recent discovery of superconduc-
tivity in the quasi-2D Kagomemetal family of AV3Sb5 (A
= K, Cs, Rb) has introduced a new material set to study
superconductivity and topology in the strong correlation
regime [4]. Theoretical calculations and angle-resolved
photoemission spectroscopy (ARPES) have shown that
these compounds host topological Dirac surface states
with a Z2 topological invariant near the Fermi energy [4–
10]. A robust zero-bias conductance peak has been ob-
served inside the superconducting vortex in CsV3Sb5,
making it an ideal candidate for topological supercon-
ductor [11]. Furthermore, signatures of spin-triplet pair-
ing and an edge supercurrent in Nb/K1−xV3Sb5 devices
have been reported [12].

In the normal state, this family of materials exhibit
clear transport and magnetic anomalies at temperatures
between 78 104 K due to the formation of charge density
wave (CDW) order [4, 6, 13, 14]. Under applied pressure,
the transition temperature of the CDW phase, TCDW ,
decreases while the superconducting transition temper-
ature, Tc, shows an unusual multiple-dome feature with
a significant enhancement to about 8 K at 2 GPa, indi-
cating a competition between CDW and superconductiv-
ity [15–17]. Growing evidence has been shown that the
CDW phase is highly unconventional with a chiral charge
order, giving rise to the observed anomalous Hall effect in

the absence of long-range magnetic order [18–20]. Xray
diffraction and scanning tunneling microscopy (STM)
measurements have revealed the formation of a 2 2 su-
perlattice within the plane in the CDW phase [19, 21–24].
In addition, another 4a0 unidirectional superlattice has
also been observed at low temperatures [19, 21, 25, 26].

Despite the extensive studies of the CDW phase, its
nature remains elusive. Theoretical calculations find
that the CDW transition is related to breathing-phonon
modes of the Kagome lattice and electronically mediated
by the Fermi surface instability [27]. Phonon band struc-
ture of AV3Sb5 exhibits softening acoustic phonon modes
at the Brillouin zone boundary near M and L points, in-
dicating strong structural instability [28]. M -point soft
mode corresponds to a breathing phonon of V atoms in
the Kagome lattice [28]. Breathing in and out lead to
two different structures, the Star of David (SD) struc-
ture where V atoms move away from the center and the
inverse Star of David structure (ISD) with an inverse de-
formation [29]. Both SD and ISD exhibit an in plane 2 2
superlattice [30]. Initial observation of 2 2 superlattice
by STM was explained in terms of SD distortion [23, 31].
On the other hand, DFT calculations show that ISD dis-
tortion is more energetically favored and can be consis-
tent with STM results [30]. More recently, Xray diffrac-
tion and Raman spectroscopy measurements reported a
2 2 4 modulation, with one layer of ISD and three con-
secutive layers of SD, highlighting nontrivial interlayer
ordering along the c-axis direction [17, 32].

By introducing a periodicity in real space that is dif-
ferent from the native lattice, the CDW transition can
have significant impact on Fermi surface and topologi-
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cal properties. Quantum oscillation measurements have
been used to infer the Fermi surface of AV3Sb5, in par-
ticular CsV3Sb5, in the CDW phase [20, 32–36]. Consis-
tent with the complexity of the Fermi surface, multiple
frequencies were observed in CsV3Sb5 that have been ex-
plained based on either SD or ISD distortion; however,
no evidence has been observed to show the effects of al-
ternating SD and ISD layers on the Fermi surface [32, 35].
In this experiment, we investigated the Fermi surface of
CsV3Sb5 using tunnel diode oscillator (TDO) frequency
measurements under applied magnetic fields up to 41.5 T.
Our data exhibit quantum oscillations with the largest
number of frequencies reported so far, several of which
have never been reported. The number of frequencies can
not be explained by DFT calculations when only SD or
ISD distortion is considered [32, 35]. Instead, our results
are consistent with calculations based on 2 2 4 superlat-
tice, providing stong evidence of the impact of interlayer
ordering on the Fermi surface properties.

Figure 1a shows the fast Fourier transform (FFT) spec-
trum of the TDO data. In the frequency range of 0 -
2850 T, we observed more than twenty distinct frequen-
cies, which is the largest number of frequencies observed
in a single sample with a single measurement technique.
To assist the discussions, we divide all the frequencies
into four groups: 0 - 250 T range (Figure 1b), 500 -
1000 T range (Figure 1c), 1000 - 2000 T range (Figure
1d), and above 2000 T (Figure 1e). Some of the frequen-
cies have been observed in previous studies, which are
in good agreement with our results [20, 32–36]. We ob-
served seven new frequencies, potentially due to the good
sample quality and high sensitivity of the measurement
technique. Previous studies mainly have used magne-
toresistance while we used TDO, which has been widely
used to investigate the Fermi surface of quantum mate-
rials with high sensitivity.

In the low frequency range, we observed four distinct
frequencies, Fα = 28 T, Fβ = 74 T, Fγ = 85 T, and Fδ

= 221 T. The low frequencies correspond to the small
Fermi surfaces, since the the frequency of quantum oscil-
lations is proportional to the area of the extremal orbits.
Some of these Fermi surfaces have nontrivial topological
properties based on theoretical calculations, confirmed
by previous quantum oscillation studies [34, 35]. While
Fδ has been previously reported with non-zero φ [34], the
signal is quickly damped below the noise resolution. To
investigate the topological nature, Landau level fan di-
agrams are constructed for Fα, Fβ , and Fγ(Figure 2b).
After using filters to isolate a given frequency, Landau
levels are labeled corresponding to half integer levels for
maximums, and integer filling at minimums [37]. Fre-
quencies obtained from the slope of the Landau level
fan diagrams are in good agreement with the frequencies
obtained from the Fourier transform, indicating the sig-
nals are well preserved when filters are applied. Non-zero
phase is revealed by linear extrapolation to zero in 1/H
for all three frequencies, close to the predicted φ = 0.5 for
topological orbits [38, 39]. It is notable that we observe

the 1st Landau level for the 28 T orbit at fields of 41.5 T,
making the liner extrapolation highly reliable. Nontrivial
φ has been reported for Fα and Fβ , with values consistent
with ours [34, 35]. Our observation of nontrivial φ for Fγ

further confirm the richness of nontrivial band topology
of CsV3Sb5.

In the range of 500 - 1000 T, we observed six well
resolved frequencies, while only up to two frequencies
were observed together by a single measurement in pre-
vious studies [32–35]. Out of the six orbits, Fζ = 646 T
and Fι = 815 T have never been reported before. Fig-
ure 4a shows the TDO frequency data after filtering out
frequencies outside the range of 500 - 1000 T. Beating,
due to the multiple frequencies of similar magnitude, is
clearly seen. The superposition of multiple oscillation
waves causes a broadening and shift of the oscillation
extrema, making it difficult to assign the Landau level
index [40]. Previous DFT calculations indicate that the
frequencies in this range can be understood in terms of
structure distortion due to the CDW order [32, 35]. In
the native Kagome structure, vanadium d band forms a
triangular orbit at the K points at kz = 0.5, giving rise
to frequency of 700 T. Upon CDW transition, a structure
distortion occurs that changes the Fermi surface [30, 41].
The Kagome breathing mode can give rise to two types of
distortions, SD and its inverse structure ISD [30, 41]. On
the kz = 0 plane, a large V orbit reconstructs into small
orbits, while generating a new triangular orbit around
the K points [32, 35]. This new triangular orbit gives
rise to another frequency, in the range of 700 - 900 T
for both distorted structures. From the current under-
standing, the native triangular orbit from V d band at K
points remains upon structure distortion on the kz = 0
plane. Therefore, when either SD or ISD type of dis-
tortion is considered, two frequencies between 500 and
1000 T are predicted [32, 35]. All the previous quantum
oscillation studies report up to two frequencies in this
range, even though not always the same two frequencies
are reported by different studies, leading to the conclu-
sion that CDW transition is accompanied by either SD
or ISD distortion [32–35].

Six frequencies clearly observed in this study begs the
question to the source of these additional orbits. In the
current study, we applied a magnetic field up to 41.5 T,
while a maximum of 35 T was applied in the previous
studies [34]. However, even if we use data only up to
35 T, we get the same six frequencies, as shown in Fig-
ure 3b, indicating the additional frequencies we observed
are not due to the magnetic breakdown in higher mag-
netic field. We propose that our results could be rec-
onciled, when more complicated structure distortion is
considered. In reality, both SD and ISD type of struc-
ture distortion could exist simultaneously, with alterna-
tive SD and ISD distortion from layer to layer. This could
result in a distortion with 2 2 2 modulation, which
has been investigated in AV3Sb5 [7, 23, 29, 42]. Xray
diffraction measurement reported more complicated dis-
tortions, with 2 2 4 modulation, i.e., one layer of ISD
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Figure 1. (a) The FFT spectrum plotted up to 2850 T, capturing data from 0.59 K to 30 K in field up to 41.5 T. A noise
sampling from 250-450 T was averaged and subtracted from the FFT Spectrum to aid in accuracy of effective mass fittings.
(b-e) The FFT Spectrum is split up into four sub-figures ((b) 0-250 T, (c) 500-1050 T, (d) 1050-1800 T, (e) 1800-2850 T)
for better resolution of the peaks. The log of all peaks can be found in Supplementary Table I, where they are compared to
recent quantum oscillation articles. (f-i) The experimental data and LK fittings, corresponding to the sub-figure above it (ie.
(b) and (f)), are plotted as a function of temperature. The effective mass is calculated from the LK formula (equation in the
main text) to determine the effective mass of each orbit. Calculations of kF , SF , and vF can be found in Supplementary Table
II.

and three consecutive layers of SD [32]. Recent Raman
spectroscopy measurement confirmed the 2 2 4 modu-
lation [7].

With additional interlayer ordering along the c-axis,
Fermi surface will naturally be more complicated. At
the minimum, two new triangular orbits potentially ap-
pear at the K points on the kz = 0 plane, each from one
type of distortion [32, 35]. In addition, as the unit cell is
enlarged, the size of Brillouin zone will be reduced. Band
folding will substantially modify the Fermi surface, lead-
ing to more complicated structures [33, 43]. Such compli-
cated Fermi surface and the resulting quantum oscillation
frequencies have been revealed by recent DFT calcula-
tions based on 2 2 4 structure with interlayer ordering
of SD and ISD layers [33]. Ten frequencies are predicted
in the range of 400 - 1000 T, in contrast to two frequencies
when only SD or ISD distortion is considered [32, 33, 35].

Based on the effective mass obtained from the LK fitting
to our data, three frequencies with relatively high effec-
tive masses would not match our observations. The six
frequencies we observed could correspond to six of the re-
maining seven frequencies predicted (Supplementary Ta-
ble III). While the predicted frequencies are about 100 T
lower than the observed values, it has been pointed out
that the calculated quantum oscillation frequencies are
very sensitive to the Fermi energy [32]. The true value of
the Fermi energy in the materials could be different from
the value in the calculations, leading to discrepancy be-
tween calculated frequencies and the observed ones. In
the previous studies, the discrepancy is even larger when
only SD or ISD distorted in considered [32, 35]. The
qualitative match of our results to the prediction based
on 2 2 4 structure in this frequency range strongly in-
dicate that the Fermi surface of CsV3Sb5 is substantially
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Figure 2. (a) By isolating the 28 T frequency with a high pass
filter of 25 and a low pass of 35, the Fα orbit Landau levels
are able to be assigned (labeled with red text). The inset dis-
plays the FFT spectrum for the plotted data, confirming the
frequency is well isolated. (b) The Landau level fan diagram
for orbits Fα, Fβ, and Fγ are constructed from the filtered
data. By assigning maximums to n + 1/2 and minimums to
n, the phase shift, φ, is identified with linear extrapolation to
0 T−1 [37].

modified by the interlayer stacking of SD and ISD lay-
ers [33]. Note that we can not rule out distortions with
other types of interlayer ordering, e.g., 2 2 2 structure,
as they also give rise to enlarged unit cell leading to more
complicated Fermi surface [42]. Detailed calculations of
quantum oscillation frequencies based on the 2 2 2 struc-
ture is needed to investigate the exact periodicity along
the c axis in the CDW phase.
Another six frequencies are observed in the range of

1200 - 1800 T. At first glance, these six frequencies look
like the second harmonics of the six frequencies observed
in the range 500 - 1000 T. Careful analysis indicate that
the frequencies are not exactly doubled (Supplementary
Figure 3). As such, these six frequencies are not the
harmonics but independent frequencies corresponding to
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Figure 3. (a) Filters have were used to isolate the mid-range
peaks from 500T to 1000 T, and the TDO Frequency for 0.59
K is plotted versus H−1. The dashed line indicates the 35 T
maximum field from previous studies. (b) The fast Fourier
transform of the 0.59 K data plotted from 500 - 1000 T, dis-
played for the full field range (blue) and for fields limited to
35 T (red).

real orbits on the Fermi surface. Indeed, five out of these
six frequencies were reported in previous studies, even
though only up two frequencies from the same study [32–
35]. DFT calculations based on SD or ISD distortion have
not revealed any Fermi surface that could potentially cor-
responds to these frequencies, while eight frequencies are
predicted based on 2 2 4 structure [33]. Our observation
of six frequencies in this range again underscores that the
impact of interlayer ordering is pertinent to understand-
ing the Fermi surface properties of CsV3Sb5.

We also observed a few frequencies above 2000 T. How-
ever, these frequencies are not predicted even in the 2 2
4 structure. Similar frequencies were recently reported
on thin flakes, but missing in the bulk samples in the
same study [33]. Observation in the thin flakes has been
attributed to selective hole doping from oxidation, which
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potentially reduce Fermi level for certain orbits, increas-
ing the Quantum Oscillation frequency [33]. Such effects
will be more significant in the thin flakes. At first glance,
since we observed similar frequencies in the bulk sam-
ple, the origin of these frequencies may not be related
to the oxidation. However, TDO frequency is sensitive
to the skin depth. Therefore, surface states could man-
ifest in our measurements. Further investigation is re-
quired to fully understand the Fermi surface properties
of CsV3Sb5.

To summarize, our quantum oscillation data provide
crucial new insight into the Fermi surface properties
of the Kagome superconductor CsV3Sb5. Recent Xray
diffraction and Raman spectroscopy measurements have
revealed the interlayer ordering in CsV3Sb5 upon CDW
transition [17, 32]. The impact of such ordering on
the Fermi surface properties have not been previously
observed. There have been several quantum oscilla-
tion studies of CsV3Sb5, with different frequencies re-
ported [20, 32–36]. In the frequency range of 500 -
1000 T, at least four distinct frequencies were previously
reported, which already indicate the inconsistency with

theoretical calculations when only SD or ISD distortion is
considered. However, in the previous studies, only up to
two frequencies were observed in a single measurement,
leaving the conclusion ambiguous. In the current study,
we observed several distinct frequencies in a single mea-
surement that are not predicted when only SD or ISD
distortion is considered. Our results provide strong evi-
dence of the interlayer stacking of SD and ISD layers of
CsV3Sb5 and the impact on its Fermi surface properties.
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