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Quantum oscillations revealing topological band in kagome metal ScV6Sn6
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Compounds with kagome lattice structure are known to exhibit Dirac cones, flatbands, and van Hove singular-
ities, which host numerous versatile quantum phenomena. Inspired by these intriguing properties, we investigate
the temperature and magnetic field-dependent electrical transports along with the theoretical calculations of
ScV6Sn6, a nonmagnetic charge-density wave (CDW) compound. At low temperatures, the compound exhibits
Shubnikov–de Haas quantum oscillations, which help to design the Fermi-surface (FS) topology. This analysis
reveals the existence of several small FSs in the Brillouin zone, combined with a large FS. Among them,
the FS-possessing Dirac band is nontrivial and generates a nonzero Berry phase. In addition, the compound
also shows the anomalous Hall-like behavior up to the CDW phase transition, and they might be correlated.
Combining these interesting physical properties with the CDW phase, ScV6Sn6 presents a unique material
example of the versatile HfFe6Ge6 family and provides various promising opportunities to explore the series
further.
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The kagome lattice gives rise to unavoidable exotic topo-
logical electronic states, namely Dirac point [1,2], van Hove
singularity [3,4] and flatband [1,2]. These features have been
extensively studied by different spectroscopy experiments in
various kagome compounds. Depending on band filling and
interactions, they accommodate a number of unconventional
quantum phases, topological band structure [5–7], Chern
insulator [8], unconventional superconductivity [9,10], and
charge-density wave (CDW) [11–14]. The profound impacts
of the kagome lattice have recently been highlighted by the
discovery of CDW below 90 K in nonmagnetic AV3Sb5 and
antiferromagnetic hexagonal-FeGe [11]. The charge orders in
these systems are distinct. In AV3Sb5 [14–18], it is chiral,
whereas in FeGe [11,19] magnetism is mediated. Similar
to AV3Sb5 and FeGe, the CDW transition temperature (at
92 K) was recently discovered in the ScV6Sn6 compound
[20]. ScV6Sn6 is the only known compound from the vast
hexagonal HfFe6Ge6 family to exhibit a CDW phase tran-
sition, which is a first-order-like transition with propagation
vector (1/3, 1/3, 1/3) revealed by early x-ray and neutron
experiments [20]. The strongly coupled out-of-plane lattice
dynamics suggests an unconventional nature of the CDW
phase, which is different from the in-plane lattice dynamics in
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AV3Sb5 [12]. Furthermore, CDW of ScV6Sn6 is easy to tune
[21] and exhibits various microscopic features such as critical
role of phonons [22–25], large-spin Berry curvature [26], par-
tial band-gap opening [26–28], and hidden magnetism [29].
As the first such member of the versatile kagome family
of HfFe6Ge6-type compounds, it is worthwhile to study the
temperature and magnetic field-dependent electrical transport
properties of high-quality single crystals of ScV6Sn6 in order
to obtain information about the Fermi surface (FS) and lattice
dynamics, reported in this paper.

ScV6Sn6 crystallizes at room temperature in a hexagonal
centrosymmetric structure with a P6/mmm space group. The
V atoms form a kagome lattice in the ab plane [Fig. 1(a), left],
while the Sn atoms sit above and below, separating the lattice
[20]. High-quality hexagonal single crystals [Fig. 1(b), inset]
were grown by the flux method; see Supplemental Material
(SM) [30].

To facilitate further measurements, the crystal orientations
were marked in Cartesian coordinates x̂, ŷ, and ẑ, which cor-
respond to (2 1̄ 1̄ 0), (0 1 1̄ 0), and (0 0 0 1) crystallographic
directions in the hexagonal crystal structure, respectively.
Laue x-ray-diffraction patterns were recorded along ẑ and
show a clear sixfold symmetry [Fig. 1(a), right]. The patterns
fit well with the lattice parameters a = b = 5.473 3(5) Å and
c = 9.172 4(8) Å derived from the fitting of power x-ray pat-
terns (see Fig. S1 in SM) [30,31]. The measured chemical
compositions from the energy-dispersive x-ray spectrum are
close to the stoichiometric atomic ratio of Sc : V : Sn = 1 :
5.97 : 6.07. We further cut the crystals in defined orientations
of Hall-bar geometry and fabricated four-probe Pt-wire con-
tacts with highly conductive Ag paint. The I-V characteristics
at 2 K in different fields are linear [Fig. 1(b)], confirming
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FIG. 1. Kagome lattice, Laue pattern, I-V characteristic, and CDW phase transition of ScV6Sn6. (a) Kagome lattice of ScV6Sn6 viewed
along the c axis (left) and recorded single-crystal Laue patterns along the c axis. (b) I-V characteristics at various fields at 2 K. The inset is an
optical image of the crystal with Cartesian coordinate. (c) Magnetic susceptibility along x̂. Resistivity in zero field (d) along ŷ and (c) along ẑ,
where the sudden jumps show CDW phase transition.

the high quality of the ohmic contacts. The appearance of
CDW in this compound is a key property, and we found it
in the temperature-dependent magnetization and the electrical
resistivity [Figs. 1(c)–1(e)]. A sharp transition appears at 92
K, depicting the CDW transition temperature similar to the
previous reports [19,20]. The measured magnetic suscepti-
bility in Fig. 1(c) describes a weak Pauli paramagnetic-like
behavior, which is different from its structural sister com-
pound YV6Sn6 [32]. The zero-field electrical resistivity shows
a metallic behavior with temperature, and both ρyy and ρzz

drop suddenly at the CDW phase transition due to the large
softening of the acoustic phonon modes [Figs. 1(d) and 1(e)]
[23,24]. The typical values of ρyy(ρzz) at 2 K are found
to be 1 × 10−5(4.58 × 10−5) �cm and the resulting residual
resistivity ratio (RRR = ρ300 K/ρ2 K) is 8.9(4.3). Noticeably,
the ρzz changes significantly from the ρyy at the CDW phase
transition.

After the basic characterization of the crystals, we then
focused on the magnetic field, B-dependent transverse re-
sistivity, which was measured at different temperatures and

angles in the field of ±9 T. The angular dependence of the
field is defined as θ (= x̂ → ẑ) and φ(= x̂ → ŷ), where 0◦ =
B||x̂, 90◦ = B||ŷ or ẑ. First, we describe the behavior of ρzz

when B||x̂ (θ and φ = 0), and the measured data are shown in
Fig. S6(a) in SM [30]. At low temperatures, ρzz exhibits clear
Shubnikov–de Haas (SdH) quantum oscillations which are a
striking feature that helps to probe the low-energy bands. At
2 K, the quantum oscillation starts from the field around 1.5 T,
as seen in Fig. 2(a) for the dρzz/dB plot and it is easily visible
up to 12 K (see Fig. S6(b) in SM [30]). The magnetoresis-
tance MR (= ρzz(B)/ρzz(0) − 1) is estimated, and the highest
value is found to be 170% at the lowest temperature of 2 K
[see Fig. S6(a) in SM) [30]). Unlike the other typical semimet-
als, e.g., NbP, the present compound ScV6Sn6 does not show
an extremely large MR [33]. However, the SdH oscillation
indicates a low effective mass of the electron charge carrier in
the CDW phase [23,24]. To obtain the amplitude of the SdH
oscillations, a smooth polynomial background was subtracted
from the measured ρzz. The resultant �ρzz at several temper-
atures is plotted as a function of 1/B, as shown in Fig. 2(b).

035124-2



QUANTUM OSCILLATIONS REVEALING TOPOLOGICAL … PHYSICAL REVIEW B 109, 035124 (2024)

FIG. 2. Shubnikov–de Haas (SdH) oscillations and Berry phase. (a) Longitudinal ρzz at 2 K and its first derivative with field showing
quantum oscillations. (b) Background-subtracted SdH oscillation amplitude at several temperatures. (c) Corresponding FFT amplitude
exhibiting α, β, and γ frequencies. (d) FFT amplitude fit estimating effective mass. (e) SdH oscillations when B||ẑ and their FFT spectrum
(inset) showing only the γ frequency in the field window of 5–8 T. (f) Intercept of the Landau fan diagram revealing nonzero Berry phase.
(g) Angular dependence of the Berry phase.

As expected, the oscillations are periodic in 1/B and they
arise from quantization of the energy level further, forming
Landau levels (LLs) [34]. The analysis of the temperature-
and field-dependent periodic oscillations provides insight into
the fermiology of the compound and the associated physical
characteristics of the charge carriers.

In the fast Fourier transform (FFT) of the SdH oscillations
presented in Fig. 2(c), we detected the existence of three
distinct frequencies: Fα = 10 T, Fβ = 28 T, and Fγ = 50 T.
These frequencies indicate the presence of small FSs. Com-
pared to AV3Sb5 (A = K, Rb, and Cs), the splitting of FS
in ScV6Sn6 is simpler. At least nine FSs have been detected
in CsV3Sb5, with their belonging frequency ranging from 10
to 2000 T [35–38]. Lifshitz-Kosevich (LK) theory is used
extensively to analyze the physical properties of FSs [34],
and it fully explains the SdH oscillations. The effective mass,
Dingle temperature, and phase factor are evaluated using the
LK equation, where �ρ ∝ RT RDcos[2π ( F

B + γ−δ)]. Specif-
ically, RT = 14.69m∗T/B × sinh(14.69m∗T/B) and RD =
exp(−14.69m∗TD/B) are the cyclotron effective mass term
and Dingle term, respectively, in which m∗(m0) is the effective
(bare) mass of the electron, B is the average field used in the
FFT, and TD is the Dingle temperature. The phase factor γ−δ,
which is directly related to the Berry phase within δ, equals to
0 for the 2D system and ± 1

8 for the 3D system (± corresponds
to the contribution from the minimal/maximal cross section)
[36,39,40]. Among the various parameters of FSs that can be
estimated using the LK formula, the estimation of the Berry

phase is very promising for proving the nontrivial topology of
the band. Accordingly, we designed the Landau fan diagram
by assigning LLs to the oscillatory extrema. The integer nth
LLs are assigned to maxima when ρxx � ρyx, while they are
assigned to minima when ρxx � ρyx [36,39,41]. For ScV6Sn6

where ρzz ∼ 10ρyz, which satisfies the condition of ρxx � ρyx,
the integer nth are assigned to the maxima and the half-
integer (n + 1

2 )th are assigned minimum of �ρzz, as shown
in Figs. 2(e) and 2(f). The Landau indices n and 1/B satisfy
the Lifshitz-Onsager relationship, which is described by the
equation n = F

B + γ−δ. The slope of the plot between n
and 1/B provides the oscillatory frequency, while the intercept
offers the information on the Berry phase. To attain an accu-
rate estimation of the Berry phase of Fγ , we selected a field
window between 5 and 8 T to exclude the weak Fα oscillatory
component [Fig. 2(e), inset]. From Fig. 2(f), the intercept of
the Landau fan diagram for Fγ in terms of the phase factor
γ−δ is estimated to be −0.101, indicating a nontrivial Berry
phase [42,43]. Similarly, we obtained the Berry phase further
for the angular dependence of the field from x̂ to ẑ without
interference from the other exiting frequencies, and the values
are given in Fig. 2(g). The figure indicates the Berry phase
factor γ−δ falls within the range of 0 ± 1

8 for θ � 60◦. While
it is possible to estimate the Berry phase factor θ > 20◦, since
the Fβ is absent, but the SdH amplitude declines rapidly. At
all other angles of θ and φ, the Fβ is consistently present
[see in Fig. 4(b)], which intervenes the amplitude in terms
of the beating patterns [44,45], as can be seen in Figs. S9(c)
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DP

FIG. 3. Band structure in charge-density wave (CDW) phase. (a) Band structure of ScV6Sn6 CDW phase with the presence of spin-orbital
coupling (SOC). The structural parameters are the same as in Ref. [20] at 50 K. The magnified view of the band structure around K1 locating
the Dirac point (DP) (b) without the SOC and (c) with the SOC.

FIG. 4. SdH oscillations and fermiology. (a) SdH oscillation frequency at different rotating angles θ (= x̂ → ẑ) and φ(= x̂ → ŷ), where
dotted lines represent their tracking with angle. The insets show a sketch of the field rotation. (b) Angular dependence of Fα,β,γ , where Fα,β

do not change while Fγ shifts slightly. Solid lines are corresponding calculated frequencies. The error bar is taken from the half-width of
the half maximum value of the frequency peaks. (c) Brillouin zone and three-dimensional (3D) Fermi surfaces (FSs) at the Fermi energy.
(d)–(g) Enlarged FSs, including the FS at M point (d, yellow), the banana-shaped α pocket along M-L (e, red), the spindle-shaped inner
β pocket at K point (f, yellow), and the apple-shaped outer γ pocket at K point (g, blue).
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and S9(d) in SM [30]. One method to separate the amplitude
corresponding to each frequency is to use the bandpassing
filter as shown in Figs. S6(c) and S6(d) in SM) [30,46], but
may not be very reliable. We also tried to estimate the Berry
phase related to Fα and Fβ . As we can see, Fα shows very
weak oscillatory amplitude with limited cycle up to 9 T. One
the other hand, the presence of the beating patterns harms the
amplitude of the Fβ , which only appears for θ � 20◦, and after
that the Fβ vanishes. These together make it difficult to carry
out the Berry phase analysis for Fα and Fβ .

To determine the effective mass for the carriers corre-
sponding to each FS, the temperature dependence of the
amplitude of each peak in the FFT is plotted, and then it
is fitted with an RT term [Fig. 2(d)] from the LK formula.
From these fittings, we find the values of m∗

α,β,γ = 0.105 m0,
0.128 m0, and 0.184 m0. These masses are very low (even
lower than CsV3Sb5 [35,36]). Furthermore, the Dingle tem-
perature TD can be estimated from the semilog plot described
by ln(A/RT ) ∝ −14.69m∗TD/B (see Fig. S8 in SM) [30],
where A corresponds to the amplitude of the SdH oscil-
lations. We found TD to be 2.5 K for γ pocket and the
corresponding quantum scattering time τq is ∼ 5 × 10−13 s.
For the Fα,β,γ = 10, 28, and 50 T, the equivalent periodici-
ties 1/(Fα,β,γ ) = 0.1, 0.036, and 0.02 T−1, which are further
related to the cross-sectional area AF of FS by the Onsager
relation F = (0/2π2)AF, where the value of magnetic flux
quantum 0 = 2.068 × 10−15 Wb. The corresponding area
AF α,β,γ = 0.001, 0.0027, and 0.0048 Å−2. Assuming a circu-
lar cross section of these FSs for simplicity, the very small
Fermi vectors kFα,β,γ = 0.017, 0.029, and 0.039 Å−1 are
found, and their corresponding Fermi velocities vFα,β,γ are
1.92 × 105, 2.64 × 105, and 2.45 × 105m s−1. Additional
relevant experimental parameters of the FSs are summarized
in Table S1 in SM [30].

To capture the topology in electronic band structure of
ScV6Sn6, we performed detailed band-structure calculations
by using density-functional theory (DFT). Due to the presence
of CDW transition, we transformed the band structure of
low-temperature (LT) phase into the high-temperature (HT)
phase, the LT phase (CDW phase) has been characterized at
a temperature of 50 K, and the lattice parameters are taken
from the previous report [20]. From Fig. S11 in SM [30], the
unfolded band structures of LT and HT phases are in a good
agreement with the angle-resolved photoemission spectrum
experiment [27]. Among the two phases, the major change
in the electronic band structure appears only along the A-L-H
direction (where the band opens a gap because of the CDW
transition [27]), while the van Hove singularity bands at the
M point and the Dirac bands at the K point do not change.
From a closer view, a fascinating feature depicted in Fig. 3(a)
is the band-folding phenomenon, whereby the original K point
at coordinates (1/3, 1/3, 0) transmutes into a folded K1 point
situated at (1/3, 1/3, −2/3). This figure unambiguously reveals
that the K1 point intrinsically possesses a substantial band gap
near the Fermi energy (EF). Furthermore, both the conduction-
and valence bands are completely split at this point, implying
the absence of topologically protected Dirac points. Utilizing
the transformation matrix, we ascertain that the original M

point at (1/2, 0, 0) and the � point at (0, 0, 0) have been
mapped to the M1 point at (1/2, 0, −1/2) and � point at (0,
0, 0), respectively. As a result, we discovered that the genuine
Dirac point [labeled as DP in Fig. 3(b)] has been mapped
to the position of (0.341666, 0.316 666, −0.658327). From
this magnified view of the band structure near this point, its
Dirac nature is clearly confirmed. Similar to the Dirac points
in graphene systems, this point develops a band gap when
considering spin-orbit coupling as shown in Fig. 3(c), and
gives rise to nontrivial topological properties. Therefore, we
believe that the nontrivial π Berry phase extracted in the SdH
oscillation actually comes from the electron pockets formed
in the energy bands where the DP is located.

To gain more information about the topography of the
FS, we measured the angular θ (= x̂ → ẑ) and φ(= x̂ → ŷ)-
dependent oscillations. The rotating angles of field with the
crystal axes are sketched in the insets of Fig. 4(a), where
0◦ = B||x̂ and 90◦ = B||ŷ or ẑ. The angular-dependent FFT
is plotted in Fig. 4(a). As we mentioned earlier, the three
frequencies, namely α, β, and γ , appear when B||x̂. Depending
upon the shape of FS, the movement of frequency depends on
the rotating angle. From Fig. 4(a), we carefully tracked the
position of all visible frequencies with the rotating angles as
demonstrated in Fig. 4(b). This indicates that when the field
B moves either from the x̂ → ŷ or x̂ → ẑ, the frequencies α,
β and γ change slightly. Noticeably, when the θ > 20◦, the
β disappears. This helps further to improve the accuracy of
Berry phase analysis related to γ . In order to allocate the
experimentally observed frequencies, we theoretically calcu-
lated 3D FSs and their corresponding frequency from the
unfolded band structure of the LT phase. As we can see in
Fig. 4(b), all observed frequencies are accurately replicated
by the calculated 3D FSs, except for higher frequency (green
line). In addition, the calculated Fβ is present at all angles,
but it disappears at θ > 20◦ in the experiment, which needs
further investigation. Figure 4(c) shows 3D FSs within the
Brillouin zone (BZ), in which a large electron pocket (blue
color) around � covers the whole BZ, together with a small
banana-shaped FS (red color) along the M-L direction, a
small apple-shaped FS (blue color) at K, and a larger FS at
M (yellow color). There is another spindle-shaped FS at K,
which comes from the same band with the FS at M and is
covered by the apple-shaped pocket. After comparing with
DFT results, we found that the Fα belongs to the banana-
shaped FS [Fig. 4(e)]. The Fβ belongs to the spindle-shaped
FS [Fig. (4f)]. The Fγ is part of the apple-shaped FS that
is contributed by the Dirac bands [Fig. 4(g)], exhibiting the
nontrivial Berry phase. The calculated high frequency [green
solid line in Fig. 4(b)] comes from the FS [Fig. 4(d)] at the
M point, which is not detectable up to 9 T in the present
measurements.

After exploring the striking features of the FS, we now
get the insight of classical Drude transport from the Hall
resistivity ρzy for current I||ŷ and B||x̂. From these data,
the Hall constant RH(= ρzy/B) was calculated by consid-
ering the high field slope between 6 and 9 T at different
temperatures [Fig. 5(a), inset], resulting in electron density
n(= 1/eRH) and mobility μ(= RH/ρyy) of 2.4 × 1021 cm−3

and 265 cm2V−1s−1 at 2 K, respectively (see Fig. S3(c) in
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(degree)

FIG. 5. Anomalous Hall-like behavior in ScV6Sn6. (a) Field-dependent measured anomalous behavior of Hall resistivity, ρzy at
various temperatures (inset) and extracted Hall resistivity ρA

zy. (b) Temperature and (c) angular-dependent corresponding anoma-
lous Hall-like conductivity. Electrons picking up anomalous velocity from the different sources and their typical example. (d)
Nonzero Berry phase from ferromagnetic spins. (e) Topological orbital moment due to spin chirality. (f) Formation of local loop
currents.

SM [30]). The Drude scattering time, τtr = μm∗/e = 2.1 ×
10−14s, where m* is 0.139m0 (the average of m∗) and e is the
elementary charge. The ratio of τc/τtr (∼ 25) is large, where
τc and τtr are related to electron-electron and electron-phonon
scattering processes, respectively. Besides the usual high- and
low-angle scattering mechanisms, the large lowering value
of τtr could be related to the phonon modes, arising from
promoting the electron-phonon coupling crucially in the CDW
phase [22–24].

The field-dependent ρzy shows a nonlinear behavior, which
is primarily thought to be the presence of multicarriers in
a nonmagnetic system such as ScV6Sn6, since the multiple
bands are around the EF. To clarify this apparent reason, we
fitted both the Hall and longitudinal conductivities by using
the standard two-band model (see Fig. S5 in SM) [30,47–50].
Both fits are seemingly good, but their fitted parameters are
very different from each other. The fitting of the σyz reflects
both electron carriers, while the fitting of σyy shows both
electron and hole carriers. For the implementation of a reliable
and accurate model, the parameters from both fittings must
be the same within the error bar as reported in the typical
multiband systems [49,50]. Therefore, given the type of carri-
ers, the concentrations and mobilities are highly inconsistent,
indicating that the two-band model may not be applicable to
the nonlinear Hall effect for ScV6Sn6. It is also worthy to note
here that the Hall resistivity from a typical multiband system
is nonlinear close to zero field, while it becomes linear at high
field [33,51–53]. In contrast, the present compound ScV6Sn6

shows the linear Hall close to zero field and it bends at high
field (>2 T) like a typical soft ferromagnetic system [54,55].
By considering the anomalous behavior naively, we subtracted
the linear part from the high field and the anomalous part
of the Hall resistivity at different temperatures as shown in
Fig. 5(a). Like in soft ferromagnet, an anomaly in the ρzy (a
sharp increase at a lower field followed by saturation with a
further increase in the field) is observed, which is attributed
to anomalous Hall-like behavior. Such an anomaly usually
appears as a hallmark in magnetic systems and it resembles
the magnetization curve, wherein magnetic spins play the
role [Figs. 5(d) and 5(e)]. However, magnetization is linear
with the field (see Fig. S2 in SM) [30] and does not fol-
low the Hall resistivity in the present case. The as-calculated

value of anomalous Hall conductivity (AHC ≈ ρA
zy

ρzzρyy
since

ρyy 
= ρzz) at 2 K is 3.2 × 103 �−1 cm−1, which is smaller
than AV3Sb5 systems [14,15,38]. The AHC remains almost
constant up to 45◦ and starts to decrease with increasing angle
further [Fig. 5(c)], while it sustains up to the CDW transition
temperature. In contrast to the involvement of magnetism
[Figs. 5(d) and 5(e)], one of the possible explanations could
be similar to the origin in AV3Sb5 [Fig. 5(f)], where the CDW
forms a current loop and breaks the time-reversal symmetry
(TRS) [16,56,57], since ScV6Sn6 also breaks the TRS mea-
sured by the muon spectroscopy [29] and to speculate such
loop current is a bit premature. In the present scenario, it is
difficult to understand the observed Hall behavior of ScV6Sn6,
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and needs further study. Moreover, the behavior of ρyz is
closer to ZrTe5, assuming the presence of a single Dirac
band that splits into a pair of Weyl points in the presence of
the magnetic field [58]. However, several bands are present
in ScV6Sn6, where the concept of Weyl points is not easily
applicable.

In conclusion, with the help of field-dependent electri-
cal transports and theoretical calculations, we have revealed
the fermiology of ScV6Sn6. Along with a large FS, the
BZ comprises the several other small-electron FSs, except
for the one tiny hole FS. The small FSs exhibit SdH os-
cillations, resulting in the small effective mass, and the
symmetric and asymmetric nature of the FSs for electron
and hole, respectively. The electron Dirac band located at
the K point gives rise to the nonzero Berry phase, proving
that it is a nontrivial topological FS. Furthermore, the non-
linear Hall, which resembles the anomalous Hall, does not
fit well with the two-carrier model. Finding the microscopic
origins for the anomalous Hall-like signal remains an impor-
tant issue that requires further theoretical and experimental
investigations.

Note added. During the preparation of our work, a similar
work including anomalous Hall-like behavior in ScV6Sn6 was
found [59].
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APPENDIX A: MAGNETIC AND ELECTRICAL
MEASUREMENTS

Temperature-dependent susceptibility (2–300 K) under
various magnetic fields was measured in zero-field-cooled and
field-cooled configuration in a Magnetic Properties Measure-
ment System (MPMS, Quantum Design Inc.) equipped with
a Superconducting Quantum Interference Device - Vibrating
Sample Magnetometer (SQUID-VSM) option. Temperature-
dependent four-probe transverse and Hall resistivities were
measured on a standard rotating sample holder in a Physi-
cal Property Measurement System (PPMS, Quantum Design
Inc.). The alternative current transport option was used for
measurement with an excitation current of 1.5 mA at a fixed
frequency of 93 Hz. Data were collected in the temperature
range of 2–300 K, and the magnetic field range of −9 to 9 T
in sweep mode.

APPENDIX B: ELECTRONIC
BAND-STRUCTURE CALCULATIONS

Ab initio calculations were performed using DFT imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[60,61]. The projector augmented-wave method [62] and
the generalized gradient approximation with Perdew-Burke-
Ernzerhof exchange-correlation functional [63] were used
for the calculation. Here, we used refined lattice parameters
for the band-structure calculations, including the pristine
structure and the CDW structure. A 15 × 15 × 7 k mesh was
used to sample the Brillouin zone of the pristine structure,
with an energy cutoff of 500 eV. For the CDW structure, an
8 × 8 × 8 k mesh was used, with an energy cutoff of 450 eV.
The CDW band structures were unfolded using the VASPKIT

toolkit [64]. To obtain the quantum oscillation frequencies,
we constructed a Wannier tight-binding Hamiltonian using
the WANNIER90 code [65], including Sc 3d , V 3d , and Sn 5p
orbitals.
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