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High quantum oscillation frequencies and nontrivial topology in kagome superconductor KV;Sbs

probed by torque magnetometry up to 45 T
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Here, we present the Fermi surface properties of the kagome superconductor KV;Sbs using torque magnetom-
etry at applied fields up to 45 T and temperatures down to that of liquid *He (0.32 K). The torque signal shows
clear de Haas—van Alphen (dHvA) oscillations with 14 major frequencies ranging from ~33 to 2149 T, nine
of which are higher frequencies (above 500 T) that have never been reported in KV;Sbs. Angular dependence
measurements of the dHvA oscillations were carried out to investigate the dimensionality of the Fermi surface.
Based on our analysis, several frequencies follow the 1/cos 8 dependence, where 6 is the tilt angle with respect
to the applied field direction and oscillations disappear above 0 = 60°, which suggest that Fermi surfaces
corresponding to these frequencies are quasitwo dimensional. The Berry phase (®p), determined by constructing
a Landau level fan diagram, was found to be ®g ~ m, which strongly suggests the nontrivial topology of
KV;Sbs. To explain the experimental results, we carried out band-structure and Fermi-surface calculations using
density functional theory (DFT) for both pristine and charge-density wave (CDW) phases. We found that the
Fermi surface undergoes severe reconstruction in the CDW phase and, more importantly, our calculation results
are in reasonable agreement with the experimentally measured Fermi-surface frequencies. The observation in
this paper of very high quantum oscillation frequencies in KV;Sbs and the determination of their detailed
Fermi-surface properties, along with the analyses of corresponding DFT calculation results, are crucial for
understanding CDW order, unconventional superconductivity, and nontrivial topology in AV3Sbs (A = K, Rb,

and Cs), as well as the interplay among them.

DOLI: 10.1103/PhysRevB.107.155128

I. INTRODUCTION

Recently, the discovery of kagome metals AV3Sbs (A =
K, Rb, and Cs) [1-3] has attracted significant interest in
the study of condensed-matter physics as they provide fer-
tile ground for exploring the interplay among charge-density
wave (CDW) order, superconductivity, and nontrivial band
topology. Several exotic quantum phenomena, including su-
perconductivity (7. ~ 0.3—3 K), CDW order near Tcpw ~
(80—110 K) [4-7], anomalous Hall effect [8,9], and a van
Hove singularity [10] have been discovered in these mate-
rials. They possess several Dirac-like band crossings near
the Fermi level [1-3] with a nonzero Z, topological invari-
ant. The observation of a robust zero-bias conductance peak
in a tunneling experiment on CsV3Sbs [11] suggests that
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this compound could be an ideal candidate for topological
superconductivity.

CDW order gradually disappears, whereas 7. shows an
unusual M-shaped double dome with the application of ex-
ternal pressure [5,6]. These observations strongly suggest
unusual interplay between CDW order and superconductivity
of AV;Sbs that needs to be investigated. In addition, time-
reversal symmetry breaking and electronic nematicity have
been revealed inside the triple-Q CDW state [12,13], implying
that the nature of the CDW phase is unconventional. There-
fore, a detailed knowledge of the Fermi surface would be
invaluable for understanding the CDW phase and supercon-
ductivity in AV3Sbs. There have been several Fermi surface
studies [8—10,14—17] of these materials using both quantum
oscillations and angle-resolved photoemission spectroscopy
measurements. Based on the quantum oscillation measure-
ments, only low oscillation frequencies (below 500 T) have
been reported in AV3;Sbs. However, our recent high-field
measurements [18] on CsV3Sbs, along with studies by Ortiz
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et al. [16] and Fu et al. [19], have shown that there exist
several higher frequencies with values reaching as high as
3000 T. The most recent quantum oscillations data [20-22]
have shown even higher quantum oscillation frequencies up
to 10 kT, as well as a very large effective mass (m*) of the
charge carriers m* ~ 2m,, where m, is the free-electron mass.
The observation of such high frequencies in CsV3Sbs is quite
interesting, and their origin has yet to be understood. It has
been argued that the CDW transition results in Fermi-surface
reconstruction and that the high frequencies emerge from
the reconstructed pockets [16,19]. Most Fermi-surface stud-
ies, especially those using quantum oscillation measurements,
have focused on CsV3Sbs. It would be intriguing to explore
whether similar high frequencies exist in other members of the
AV3Sbs family (KV3Sbs and RbV;Sbs) and how their Fermi
surfaces would appear. There have only been a few quantum
oscillation studies on KV3Sbs [9] and RbV3Sbs [14] to date,
and only low frequencies below 500 T have been reported.
Yang et al. [9] observed two frequencies (34.6 and 148.9 T)
in KV3Sbs using Shubnikov—de Haas (SdH) oscillations, but
they did not provide the detailed Fermi-surface properties.

Here, we present details regarding the Fermi surface of
one of the AV3Sbs compounds, KV3Sbs, determined using
the torque magnetometry technique. The torque signal clearly
shows de Haas—van Alphen (dHvA) oscillations with 14 dis-
tinct frequencies up to 2149 T. The angle-dependent data
prove that these frequencies arise from quasi-two-dimensional
(2D) Fermi-surface pockets. Our Berry phase analyses con-
firm the nontrivial topology of KV;Sbs. Electronic structure
calculations using density functional theory (DFT) were car-
ried out to support the experimental data. A comparison
between the experimentally determined frequencies and those
calculated from DFT is presented.

II. EXPERIMENTAL DETAILS

High-quality single crystals of KV3Sbs were synthe-
sized using the self-flux method. The detailed procedures
of the material synthesis, along with energy-dispersive x-
ray spectroscopy analyses, are presented in the Supplemental
Material [23] (Fig. S1 and Table S1). The KV3;Sbs crys-
tal structure was characterized using an x-ray diffractometer
(Rigaku SmartlLab) equipped with Cu Ko radiation and a
fixed graphite monochromator. Magnetic susceptibility and
electrical transport measurements were carried out using a
superconducting quantum interference device magnetome-
ter (Quantum Design, MPMS 5 T) and a physical property
measurement system (Quantum Design, 9 T), respectively.
High-field measurements were carried out at the National
High Magnetic Field Laboratory in Tallahassee, FL. The mag-
netic torque was measured using a miniature piezoresistive
cantilever as described in our previous publication [18]. We
rotated the sample at different tilt angles (), where 6 is the
angle between the magnetic field and the ¢ axis of the sample,
under an applied field. The sample was maintained at a fixed
0 during temperature-dependent magnetic torque measure-
ments. Magnetic fields were swept at each fixed temperature
at arate of 2.2 T/min.

The DFT calculations were performed by using the Vienna
ab initio simulation package (VASP) [24,25]. The Perdew-

Burke-Ernzerhof exchange-correlation functional [26] within
the generalized gradient approximation was used in all the
calculations. Full lattice relaxation was performed for both
the pristine and the CDW (2 x 2 x 1 trigonal hexagonal)
phases until the forces were less than 0.02 eV/A. A plane-
wave energy cutoff of 520 eV and an energy convergence
criterion of 107 eV were used for both pristine and CDW
(2 x 2 x 1) structures. y-centered k grids with dimensions
of 16 x 16 x 10 (for the primitive cell) and 8 x 8 x 10 (for
the supercell) were used to sample the respective Brillouin
zones. Band unfolding of the CDW phase into the undistorted
phase was achieved using the method developed by Popescu
and Zunger [27] as implemented in the VASPBANDUNFOLD-
ING code [28].The Fermi surfaces were generated using a
dense k-point grid of 18 x 18 x 20 and visualized using the
XCRYSDEN software package [29]. The quantum oscillation
frequencies were calculated using the SKEAF code [30].

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1(a) shows the room-temperature x-ray diffrac-
tion (XRD) pattern of a KV3Sbs single crystal. The XRD
peaks can be indexed to the hexagonal structure [space-group
P6/mmm]. The presence of only peaks with Miller indices
(00) (I = 1-3,...) implies that the ¢ axis is perpendicular
to the plane of the platelet (i.e., the ab plane). Figure 1(b)
shows magnetic susceptibility () vs temperature for KV3Sbs
measured under an applied field of 7 T along the ¢ axis. A
sharp anomaly appears in the x (T') curve at Tecpw ~ 80 K as
indicated by the arrow due to CDW order. The CDW transition
is more visible in the inset to Fig. 1(b).

The temperature-dependent electrical resistivity (p) of
KV;3Sbs from room temperature to 1.8 K is shown in Fig. 1(c).
p(T) decreases with decreasing temperature, showing typi-
cal metallic behavior. The residual resistivity ratio (RRR) =
p(300 K)/p(2 K) is found to be 19, which is almost half of
the RRR value (~45) reported by Yang et al. [9]. Since the
T, value for KV3Sbs is 0.93 K [2], the temperature range used
for these measurements is not low enough to show the absence
of electrical resistance resulting from superconductivity. It is
important to note that, unlike in the magnetic susceptibility
data [Fig. 1(b)], there is no clear indication of the CDW
transition in the p(7) data. Therefore, we have calculated the
first derivative of p(T), i.e., dp/dT as shown in the inset of
Fig. 1(c). An anomaly at Tcpw ~ 80 K resulting from CDW
order is visible in the temperature-dependent d p /dT results as
indicated by the arrow. The Tcpw values in our magnetic sus-
ceptibility and resistivity measurements are comparable to one
another and are consistent with those previously reported [1,3]
for KV3 Sb5

To investigate the Fermi surface of KV3;Sbs, we measured
the magnetic torque (t) for two KV3Sbs single crystals K1
and K2 at applied fields up to 45 T and temperatures down to
0.32 K. Figure 2(a) shows t vs H for K1 and K2 at 0.32 K. The
T signal increases with H and shows clear dHVA oscillations
above 20 T. The quantum oscillations are visible in both K1
and K2, and we found that both samples have comparable
frequency spectra (Fig. S2 in the Supplemental Material [23]).
However, as seen in Fig. 2(a), the oscillations are more
pronounced in K2 compared to those in KI1. Therefore,
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FIG. 1. XRD, magnetic susceptibility, and electrical resistivity. (a) Room-temperature XRD pattern of a KV;Sbs single crystal indexed to
the P6/mmm structure. (b) Temperature-dependent magnetic susceptibility x (7'), measured by applying H = 7 T along the ¢ axis. There is
a clear anomaly in the x(7") data near 80 K as indicated by the arrow. The inset: magnified view of x (7") near the CDW transition (Tcpw)-
(c) In-plane electrical resistivity vs temperature, p(7'), for KV3Sbs. p(T') decreases with decreasing temperature, indicating typical metallic
behavior. The residual resis- tivity ratio (RRR) value is found to be ~19. The inset: first derivative of the p(7") data showing Tcpw ~ 80 K.
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FIG. 2. dHvA oscillations and Fourier transform. (a) Magnetic torque for two KV;Sbs single crystals (K1 and K2) measured at 7 = 0.32 K.
Both samples show clear dHVA oscillations above 20 T. (b) Background-subtracted dHvA oscillations for K2 at & = 0°. Fast Fourier transform
(FFT) spectrum in the frequency ranges of (c) 0 to 600 T and (d) 600 to 2400 T. There are 14 labeled frequency peaks, nine of which are above
500 T. Some peaks in the spectrum as indicated by the daggers in (c) and (d) are not considered here (see the discussion below).
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FIG. 3. Angular dependence of dHVA frequencies: (a) background-subtracted torque data for KV;Sbs at selected 6°s at 0.32 K. The higher
frequencies gradually disappear with increasing 6 and are completely absent at 91°. FFT spectra in the ranges of (b) 0 to 500 T and (c) 500 to
3500 T. Note that the x axis is plotted as F cos6. F, ~ 39 T in (b) is visible at all measured angles. Most of the peaks in (b) and (c) remain
nearly unchanged as indicated by the vertical dot lines. Angular dependence of (d) F, and Fg, (e) Fq, and (f) Fy. Frequencies can be clearly
resolved up to 70°, and Fg, Fg, and Fy show 1/cos 6 dependence (solid red curves), which strongly suggests that their Fermi surfaces are 2D.
The error bar for each data point is defined as the half-width at half maximum of the corresponding peak in the respective frequency spectrum.

we have selected K2 for further temperature and angle-
dependence analyses. Figure 2(b) shows the background-
subtracted torque data (At) for K2 at one of the measured
angles 8 = 0°. The oscillations are smooth and well defined.
However, it appears that the signal is composed of multiple
periods (and, hence, several frequencies), which is further
evidenced in the frequency spectrum as shown in Figs. 2(c)
and 2(d).

Figures 2(c) and 2(d) show the FFT spectrum of the dHVA
oscillations data in the ranges of 0—600 T and 600-2400 T,
respectively. There are 14 distinct frequency peaks, five of
which are below 500 T (F,, =33 £21,F3 =119 £20, F) =
194 £ 25, F, = 285 £ 34, and F5 = 454 £ 21 T) and the re-
maining nine (F, = 660 £ 15, F, =881 £20, F; = 1016 +
22, F, = 1106 + 25, Fo = 1267 + 30, F, = 1430+ 27, Fy =
1830 £ 26, Fr = 2001 £24, and F, =2149+£42T) of
which are higher frequencies. It should be noted that there
are additional peaks as indicated by daggers in Figs. 2(c)
and 2(d) that are not clearly visible at other measured 6
values. Even when they are visible, it is hard to determine
their evolution with 6 and identify their Fermi surfaces (to be
discussed below). Therefore, we are not considering them as
frequencies at this moment. These kinds of peaks were also
observed in the FFT spectrum of CsV3Sbs in our previous
report [18] and in another report [16], and they were not
considered as frequencies. Torque measurements under even
higher fields might help to resolve the origin of these peaks.
Two lower frequencies in KV3Sbs, 34.6 and 148.9 T, were

reported by Yang et al. [9] based on their SdH oscillations,
and those values are comparable to F, and Fg, respectively,
in our torque measurement data. However, the remaining 12
frequencies (Fy, F,, Fs, Fy,, Fy,, Fy, F,, Fo, Fe, Fy, Fr,and F,)
in KV3Sbs are novel and have never previously been reported.
Recently, we performed high-field torque measurements on
CsV3Sbs and along with other groups [16,18-22] have
reported multiple quantum oscillation frequencies in this
compound with values reaching as high as 10 kT. Therefore,
the observation of higher frequencies in KV3Sbs is consistent
with that for CsV3Sbs, and those frequencies likely have the
same origin [16,19].

Angle-dependent dHVA oscillations provide information
about the shape, size, and dimensionality of the Fermi sur-
face [2,31]. Therefore, we rotated the sample in situ and
measured the torque signal as a function of 6. Figure 3(a)
shows the At vs 1/H plot for KV;Sbs at selected 6 values. As
can be seen in the figure, the period of the oscillations (and,
hence, the frequency) changes with increasing 6. The lower
frequencies are present at all 8 values, whereas the higher
frequencies gradually disappear above 63°. This is reflected
in the FFT data shown in Figs. 3(b) and 3(c). Note the the
x axis is plotted as F cos 6 to identify the scaling behavior of
frequencies. Most of peaks are visible only up to 63°, and their
positions remain nearly unchanged as indicated by the vertical
dotted lines. This behavior strongly suggests that the observed
frequencies scale with 1/cosf and have 2D Fermi surfaces.
F, is present at all the measured 6 values. Interestingly, the
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FIG. 4. Band-pass filter and Landau level (LL) fan diagram. (a) Separation of the dHVA oscillations corresponding to the S-band using
the band-pass filter of (77-212 T). The black curve represents the raw data at & = 28°, and the red curve is the filtered oscillation. The inset:
FFT of the filtered signal. The existence of a single frequency at 138 T confirms that the filtered signal has oscillations only for Fg. (b) LL
fan diagram for Fg. Minima and maxima of the oscillations were assigned to (N 4 1/4) and (N — 1/4), respectively, for constructing the LL
fan diagram. The dashed line is a linear extrapolation of the data in the limit 1/H — 0. The inset shows the ®p vs the 6 plot up to 35° with a

dashed line included as a guide for the eye.

previously unseen F, appears only above 42°, and it is visible
up to 84°.

We noted that F,, = 33 T does not show any systematic
dependence on 6. Angular dependence of the frequency peak
at 34.6 T for KV3Sbs was also studied by Yang et al. [9]
and they concluded that the 34.6-T pocket is not strictly 2D.
The angular dependence of Fy, Fg, Fg, and Fy is shown in
Figs. 3(d)-3(f). As expected, F; is present only in the short 6
range of 42°-84°. Fg increases with increasing & and exhibits
1/cos 8 behavior as shown by the solid red curve in Fig. 3(d).
Similarly, F, and Fy (along with F; as shown in Fig. S3 in the
Supplemental Material [23]) also exhibit 1/cos & dependence
[solid red curves in Figs. 3(e) and 3(f), respectively]. This
strongly suggests that the Fermi surfaces of these frequencies
(Fg, Fq, F., and Fy) are 2D [2,32,33]. The disappearance
of these frequencies above 6 = 63° further confirms the 2D
nature of their Fermi surfaces [2,34-36]. Our results regarding
the angular dependence of frequencies in KV3Sbs suggest the
richness of quasi-2D Fermi surfaces in this compound. There
have been a few recent reports of the existence of quasi-2D
Fermi surfaces in CsV3Sbs [16,18,19,21]. Therefore, the ob-
servation of quasi-2D Fermi surfaces in KV3Sbs is consistent
with previous findings for another AV3;Sbs compound.

From the analysis discussed above, we discovered that
KV;3;Sbs possesses several Fermi-surface pockets that are
quasi-2D in nature. To understand the topological features
of the Fermi surfaces, we calculated the Berry phase (®p)
by constructing a (LL fan diagram [2,35,37,38]. Theoreti-
cally, ®p is 7 and O for topologically nontrivial and trivial

systems, respectively [2,33]. Due to the presence of multiple
frequencies in KV;Sbs, it would be challenging to separate
quantum oscillations corresponding to individual frequencies
and then construct a LL fan diagram. Therefore, we used a
band-pass filter to separate the quantum oscillations from the
raw data [39-43]. The black curve in Fig. 4(a) represents
the raw data for dHVA oscillations at 0 = 28°, and the red
curve is the oscillation corresponding to Fg obtained using the
band-pass filter of (77-212) T. The inset shows the FFT of the
filtered oscillations. The presence of a single peak at 138 T
confirms that the filtered signal has only one frequency (Fp).
The assignment of the LL index for the torque data depends on
the slope (dF/d0) of the frequency vs 6 plot. For dF /d6 > 0,
the minima and maxima of the oscillations should be assigned
to (N + %) and (N — }1)’ respectively [18,37,42]. Since the
frequencies in KV3Sbs increase with 6 (Fig. 3),1.e.,dF/d0 >
0, we assigned (N + }T) for the minima and (N — %) for the
maxima whereas constructing the LL fan diagram shown in
Fig. 4(b).

From the linear extrapolation of the LL fan diagram data
in the limit 1/H — 0, we have obtained the intercept (0.57 +
0.01). This intercept value corresponds to g ~ 7, implying
that Fy exhibits a nontrivial Fermi-surface topology. Based on
the linear extrapolation, we have also obtained a slope equal
to (140.2 & 1.6) T, which is very close to the Fg frequency
value of 138 T obtained from the FFT at & = 28° [the inset
to Fig. 4(a)]. This confirms both that there is no significant
error in determining the intercept (and, hence, the ®p value)
using the linear extrapolation of the N vs 1/H data and that
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FIG. 5. DFT calculated Fermi-surface pieces. Band-resolved Fermi-surface pieces of the (a) pristine and (b) 2 x 2 x 1 CDW phases of
KV;3Sbs. The Fermi surface of the pristine unit cell displays a prominent 2D feature, including the cylinderlike Fermi surface centered around

I and the large hexagonal Fermi surface in its vicinity. The heavily reconstructed Fermi-surface sheet resulting from distortion is seen in that
of the CDW phase. The last image in both (a) and (b) shows the Fermi surface from all bands.

the band-pass filter preserves the original dHvA oscillation
signal.

There have been reports [44-46] on some topological ma-
terials in which ®p changes with 6. As seen in Fig. 3(a), it
appears that the positions of the maxima and minima change
especially when rotating from 6 = 28° to 35°. Since the &g
value depends on the maxima and minima positions, we cal-
culated &y at a few angles near 28° by constructing an LL
fan diagram as mentioned above. We found that although &g
changes slightly with 6, its value remains close to 7 as shown
in the inset of Fig. 4(b). This further confirms the nontrivial
topology of the B band. We did not calculate &g at & = 0° nor
above 35° due to the weak dHVA signal and the interference
between F; and Fg, respectively.

To calculate the effective mass of the charge carriers,
we carried out torque measurements at different tempera-
tures in the range of 0.32 to 20 K and observed how the
dHvA oscillations behave as temperature increases. This
behavior can be explained by the Lifshitz-Kosevich (LK)
formula [31,37,47]. The detailed LK analyses along with
various physical parameters characterizing the Fermi-surface
pockets are presented and tabulated in the Supplemental Ma-
terial [23] (Figs. S4 and S5, and Table S2). As shown in
Table S2 in the Supplemental Material [23], we observed that
the effective mass (m*) values of charge carriers in KV3Sbs,
m* ~ 0.8m,, are m* = 0.125m,, reported by Yang et al. [9]
for KV3Sbs and those for other family members RbV;Sbs [9]
and CsV;Sbs [8,16,20]. However, they are comparable with
those observed in recent studies on CsV3Sbs [18,21,22]. It
is important to note that the Fermi-surface parameters for
KV;3Sbs presented here (Table S2 in the Supplemental Ma-
terial [23]) are measured at & = 49°. m* and other relevant
parameters might show angle dependence [48,49]. Systematic
LK analyses at different 6’s are necessary to resolve this
issue.

>
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NS o P
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IV. COMPARISON WITH DFT CALCULATIONS

For comparison with the experimentally determined
quantum oscillations frequencies, we also performed DFT
calculations for both pristine and CDW phases of KV3Sbs.
Here, we focus on the trihexagonal (or inverse star-of-David)
CDW phase, which is characterized by the in-plane (2 x 2 x
1) distortion of V atoms (see Fig. S6 in the Supplemental
Material [23] for a comparison between the pristine and the
CDW phases). This CDW phase is found to be slightly more
energetically favorable by ~7 meV /unit cell in comparison
to the pristine phase. We find that the CDW phase is in
reasonable agreement with the measured quantum oscillation
frequencies, which provides indirect evidence of the presence
of the CDW phase.

Figures 5(a) and 5(b) show the Fermi surface of the pristine
and 2 x 2 x 1 CDW phases, respectively, of KV3;Sbs. The
Fermi surface becomes reconstructed by the CDW pattern.
Our results regarding the electronic band structure (Fig. S7
in the Supplemental Material [23]) and the Fermi surface are
consistent with a previous report [19]. The theoretical Fermi
surface cross-sectional areas were converted into oscillatory
frequencies using the Onsager relation [50] for comparison
with experimental results.

Table T shows the comparison between the calculated
Fermi-surface frequencies for pristine and CDW phases along
with some of the experimentally measured frequencies. Our
results show that the Fermi-surface frequencies calculated
from the CDW phase are in good agreement with those experi-
mentally measured except for some higher frequencies greater
than 4 kT. In addition, some experimentally observed frequen-
cies especially frequencies from ~800 to 1800 T, could be not
be explained from the DFT calculations. These discrepancies
could be due to either the CDW phase not being the correct
ground state or the inability of the experimental probe to
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TABLE I. Comparison of theoretical and experimental quantum
oscillation frequencies when the direction of the magnetic field is
along the out-of-plane direction. Here, e and & denote electron and
hole, respectively. The Fermi level for the CDW phase is shifted
downward by 20 meV for better comparison with experiments.

Pristine CDW with Er — 20 meV  Experimental
Band F(T) Orbit Band F(T) Orbit F(T)
169.00 32.40 33.00
322.15 39.00
2402.15 207.06 194.00
4454.28 404.95 454.00
25 6139.07 h 94 583.29 h
6538.37 2111.75 2001.00
7332.88 2129.29 2149.00
4334.47
58.13 109.50 119.00
95 e
73.03 5500.98
%6 196.73 . 96 593.06 e 660.00
226.12 97 296.00 e 285.00
376.90

capture some frequency orbits. On the other hand, the pristine
phase shows poor agreement with the experimental results.
This provides an indirect justification of the presence of the
CDW phase in this system.

V. SUMMARY

We have synthesized high-quality single crystals of
KV3Sbs, a member of the AV3Sbs (A =K, Rb, and Cs)
kagome metal family and have determined its detailed Fermi-
surface properties using the torque magnetometry technique.
The torque signal under a DC magnetic field of 45 T and
at the liquid *He temperature (0.32 K) shows clear dHvA
oscillations above 20 T. Similar to our findings from previous
high-field studies on CsV3Sbs [18], we observed 14 distinct
peaks in the frequency spectrum, nine of which are above
500 T. The application of extremely high DC fields up to 45 T
is helpful in tracking the angular variation of most of the fre-
quencies observed here and unambiguously determining their
Fermi-surface dimensionality. We discovered that Fg, Fq, Fe,
Fy, and F,, show 1/cos 6 dependence, where 6 is the tilt angle
of the applied field, confirming the quasi-2D Fermi surfaces of
these frequencies. Furthermore, the Berry phase determined

by constructing the Landau level fan diagram is ~, strongly
suggesting that the topology of KV3Sbs is nontrivial.

The observation of higher frequencies above 500 T in
KV3Sbs is quite intriguing. To understand the origin of
these frequencies, we also carried out DFT calculations on
the KV3Sbs electronic band structure and Fermi surfaces.
Our DFT calculations confirmed that the Fermi surface of
KV;Sbs reconstructs in the CDW phase, and the oscillatory
frequencies calculated from the cross-sectional areas of Fermi
surfaces are comparable to quantum oscillation frequencies.
There remain a few experimentally determined frequencies
that could not be explained by the DFT calculations, and
some high frequencies predicted by DFT are not observed
in the quantum oscillations. This could be due to the CDW
phase in DFT calculations not being the actual ground state
or the inability of the experimental technique to capture some
frequency orbits. Systematic DFT calculations and quantum
oscillation studies at even higher magnetic fields might be
helpful in resolving this issue. The detailed Fermi-surface
information for KV3Sbs and the corresponding DFT calcu-
lations presented here will be crucial in understanding the
superconductivity, CDW order, and topological properties
in this material and in the other AV3Sbs family members
CSV3Sb5 and RngSbS
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