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ABSTRACT

This study investigates the electronic structure of the vanadium-based kagome metal YVSne using magnetoresistance (MR) and torque mag-
netometry. The MR exhibits a nearly linear, non-saturating behavior, increasing by up to 55% at 35 T but shows no evidence of Shubnikov-de
Haas oscillations. In contrast, the torque signal, measured up to 41.5 T, reveals clear de Haas-van Alphen (dHvA) oscillations over a wide
frequency range, from a low frequency of F, ~20 T to high frequencies between 8 and 10 kT. Angular and temperature-dependent dHvA
measurements were performed to probe the Fermi surface parameters of YV¢Sne. The dHVA frequencies display weak angular dependence,
and the effective mass, determined by fitting the temperature-dependent data to the Lifshitz-Kosevich formula, is 0.097 m,, where m, repre-
sents the free electron mass. To complement the experimental findings, we computed the electronic band structure and Fermi surface using
density functional theory. The calculations reveal several notable features, including multiple Dirac points near the Fermi level, flatbands, and
Van Hove singularities. Two bands cross the Fermi level, contributing to the Fermi surface, with theoretical frequencies matching well with
the observed dHvA frequencies. These combined experimental and theoretical insights enhance our understanding of the electronic structure
of YV6Sne and provide a valuable framework for studying other vanadium- and titanium-based kagome materials.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0252563

I. INTRODUCTION ~0.3-3 K, CDW order near Tcpw ~80-110 K, and a Van Hove

singularity, among other intriguing features.” '’ Electronic band
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Recently, kagome materials, with atomic arrangements resem-
bling a corner-sharing kagome lattice, have attracted significant
attention in condensed matter physics due to their fascinating
properties, such as non-trivial topology, flatbands, charge-density
wave (CDW), and superconductivity. ~ A prototypical example
is AV3Sbs (A = K, Rb, and Cs), also known as the “135” fam-
ily, which forms a hexagonal lattice of V atoms coordinated by Sb
atoms.”® AV;Sbs exhibits superconductivity with T, ranging from

structure calculations reveal several remarkable properties, includ-
ing the presence of flatbands, Van Hove singularity points, Dirac
points near the Fermi level, and non-trivial Z, topological invari-
ants. Recent quantum oscillation studies'' *' on AV;Sbs have con-
firmed the non-trivial band topology and uncovered significant
reconstruction of the Fermi surface in the CDW phase.

Another class of kagome compounds, RMsXs, known as
the 166 family, has been discovered, where R represents alkali,
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alkaline earth, or rare earth metals (e.g., Li, Mg, Yb, Sm, Gd,
etc.); M represents transition metals (e.g., Co, Cr, Mn, V, Ni, etc.);
and X represents Si, Ge, or Sn.”” *" This family crystallizes in the
MgFesGes prototype structure, exhibits significant chemical diver-
sity, and, therefore, offers a wide range of functionalities. Several
interesting physical phenomena have already been observed in this
family, for example, a large anomalous Hall effect in LiMneSns,
non-trivial topological properties in GdVSns,”*”* Chern topo-
logical magnetism in TbMneSne,” competing magnetic phases in
YMneSne,”” and more. Notably, within this family, ScVSns is the
only member to exhibit a CDW transition at Tcpw = 92 K0!
However, no superconductivity has been observed in ScVSne under
either ambient conditions or high pressures up to 11 GPa.”” We
recently reported on the electronic structure of ScV¢Sng, studied
using high-field torque measurements®’ and density functional the-
ory (DFT), which probed its electronic bands and Fermi surface,
uncovering its non-trivial topology.

This work focuses on YVSneg, a member of the 166 kagome
family. Figure 1(a) shows the unit cell (upper panel) and the
kagome lattice (bottom panel) of vanadium atoms in YVSne. Pre-
vious electrical transport and magnetic studies by Pokharel et al.*
have shown that YVSne does not exhibit a magnetic transition or
CDW order down to 2 K. Recent studies® suggest that the CDW
phase in ScVsSne originates from a structural instability caused by
tin-tin bond modulation in the rare-earth-tin chains. This instabil-
ity appears to be driven by the undersized scandium atoms, which
allow the scandium-tin chains to rattle within the larger V-Sn
framework. In contrast, yttrium is too large, preventing the rat-
tling of the rare-earth-tin chain and inhibiting the development of a
CDW phase in YVSne. DFT studies’” on this material have revealed
a non-trivial band topology, confirmed by calculating the Z, topo-
logical invariants. Here, we have investigated the electronic structure
of YVsSns by employing high-field torque measurements and DFT
calculations. Torque measurements under applied fields of 41.5 T
revealed well-defined de Haas-van Alphen (dHvA) oscillations with
frequencies reaching up to 10 kT. DFT calculations of the electronic
band structure show multiple Dirac points, Van Hove singularities,
and flatbands near the Fermi level. A comparison of the theoreti-
cal frequencies derived from DFT with the experimental frequencies
demonstrates good agreement.

pubs.aip.org/aip/apq

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS

High-quality single crystals of YVsSne were synthesized via
the tin flux method following the recipe in Refs. 34 and 35. Ele-
mental Y (Alfa Aesar, 99.9%), V (Alfa Aesar, 99.8%), and Sn (Alfa
Aesar, 99.9999%) were put in an alumina Canfield crucible set and
then sealed in silica ampoules filled with about 0.2 atm argon. The
ampoules were heated to 1150 °C over 12 h, held for 15 h, and
cooled to 780 °C over 300 h. To remove the tin flux, the ampoules
were centrifuged at 780 °C. To remove the remaining tin on the sur-
face, the crystals were etched in an aqueous 10 wt. % HCI solution
for 12-36 h. Temperature-dependent resistivity measurements were
carried out in a physical property measurement system (Quantum
Design) using the four-probe technique. Magnetoresistance (MR)
and torque measurements with maximum applied magnetic fields
up to 35 and 41.5 T, respectively, were carried out at the National
High Magnetic Field Laboratory (NHMFL), Tallahassee, FL. Torque
measurements were conducted using a miniature piezoresistive can-
tilever. A tiny single crystal of YVsSne was selected and attached
to the cantilever arm using vacuum grease and then mounted on a
rotating platform of the measurement probe. The probe was slowly
cooled down to a base temperature of 0.5 K. Two resistive ele-
ments on the cantilever were balanced at the base temperature before
taking the field dependent and temperature dependent torque mea-
surements. Magnetic fields were swept at each fixed temperature at
arate of 1.5 T/min.

Electronic structures were calculated using density functional
theory (DFT) with the full-potential linearized augmented plane
wave (FP-LAPW) method, as implemented in the WIEN2k code.*
The exchange-correlation energies were treated using the stan-
dard generalized gradient approximation (PBE-GGA).”” Internal
atomic coordinates were optimized in the scalar relativistic mode
until the forces on individual atoms were reduced to below 20
meV/A. Spin-orbit coupling (SOC) was incorporated through the
second variational step.”® The energy convergence criterion for self-
consistent calculations was set to 10™* Ry. The atomic sphere radii
(RMT) were chosen as 2.50 bohrs for Y, V, and Sn. Self-consistent
calculations utilized a grid of 800 k-points across the full Brillouin
zone, while a denser k-point mesh of 5000 points was employed for
Fermi surface computations.

100 N ”

_ 10
g ~ s FIG. 1. (a) Unit cell (upper panel) and the
] 75| = 45¢ top view (lower panel) of YVgSng, illus-
< %0700 200 300 R trating the kagome network formed by
5 T(K) X V' atoms. (b) Temperature dependence
i 501 —0T x 301 of resistivity for a YVsSng single crystal
&~ —9T = at 0 and 9 T. Inset: Magnetoresistance
= (MR) vs temperature plot. (c) MR plot for
B 25¢ 15¢ a YVgSng single crystal with the mag-
Kagome layer [~ RRR =11 (b) netic field applied along the c-axis at
‘ ‘ ‘ ‘ (© T = 15 K. The MR reaches up to 55%,
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I1l. RESULTS AND DISCUSSION

Figure 1(b) shows the electrical resistivity, p, ., as a function of
temperature. As seen in the graph, the resistivity decreases with tem-
perature, indicating typical metallic behavior. The residual resistivity
ratio (RRR), calculated by dividing p_ . at 300 K by its value at 2 K, is
11, indicating the high quality of our YV¢Sns crystals. Upon apply-
ing a magnetic field of 9 T, the resistivity increases, as shown by the
red curve. The p,_ (T exhibits a similar behavior to that observed in
another 166 family member, LuVsSne.” The inset displays the mag-
netoresistance (MR), defined as MR = [p, (9 T) - p, (0)]/p,,(0),
wherep_ (9 T)and p, (0) represent the resistivity valuesat 9and 0 T,
respectively. As shown in the inset, the MR reaches as high as 15% at
2 K and decreases to nearly zero at 300 K. In order to understand the
effect of a magnetic field on electrical transport, we measured the
electrical resistance as a function of the magnetic field. Figure 1(c)
shows the MR for YVsSns with the magnetic field applied along the
c-axisat T = 1.5 K. As seen in the graph, the MR increases nearly lin-
early with the applied field, without any indication of saturation. At
35 T, the MR reaches 55%, but no Shubnikov-de Haas oscillations
are observed. However, observing quantum oscillations is essential
to probe the Fermi surface of YV4Sne. Therefore, we proceed with
an alternative measurement technique: torque magnetometry.

Figure 2(a) shows the 7 vs field plot at two different tilt angles,
0 = -7° and -21°. Here, 0 is defined as the angle between the mag-
netic field and the c-axis of the sample, as depicted in the upper
inset of Fig. 2(a). The dHVA oscillations are clearly observed at both
angles above 5 T. In addition to the low-frequency signal, there is
an additional high-frequency signal at high magnetic fields above
30 T. The high-frequency signal is more prominent at 6 = —7° com-
pared to 6 = —21°, as indicated by the dotted circle. This is clearer
in the zoomed-in plot of the high-field region, shown in the lower
inset. To extract the oscillation frequencies, we subtracted a smooth
polynomial background from the torque data and then performed a
fast Fourier transform (FFT). Figure 2(b) shows the Fourier trans-
form of the torque data presented in Fig. 2(a). The low-frequency
component, F, = 25 T, is present at both angles, as shown in the

(a

N

Torque T (arb. units)

39 40 41
1 1 1 L

0 10 20 30 40
Magnetic Field H (T)

pubs.aip.org/aip/apq

inset. The torque signal at 6 = —7° exhibits additional frequencies
at 180, 1400, and 8800 T. In contrast, at 6 = —21°, these frequencies
are completely overshadowed by the dominant lower frequency, Fa.
Due to the low resolution of the high-frequency signal, it is difficult
to extract from the torque data at some 6 values. However, the lower
frequency F, is consistently observed at all measured angles. We
observed a similar behavior in torque measurements™ of another
166 compound, ScVsSng, where low frequencies are dominant and
present at all 6 values, while high frequencies are weak and only
emerge at very high magnetic fields. This will be discussed in detail
later.

In order to calculate the effective mass of charge carriers,
we carried out the torque measurement at different temperatures.
Figure 3(a) shows the temperature dependent torque data mea-
sured at 6 = 28°. As seen in the graph, the dHvA oscillations are
pronounced at low temperatures and gradually disappear at higher
temperatures. At 35 K, the quantum oscillations are not visible. At
this tilt angle, the lower frequency F, changes to 18 T, and there
is no interference from the high frequency signals, as seen in the
frequency spectrum in Fig. 3(b). The amplitude of the frequency
decreases at higher temperatures, and this behavior can be described
by the Lifshitz-Kosevich (LK) theory.” According to the LK theory,
the temperature dependent quantum oscillations in torque is given
by

A(T/H)

Ar(TH) e e o DT

1)

with Ap(H) = Zig‘ﬂm*% and A(T/H) = %m*% Here, Tp, kg,
and m” represent the Dingle temperature, Boltzmann’s constant,
and effective mass of the charge carriers, respectively. The first
term is the Dingle factor, which describes the attenuation of the
oscillations with decreasing field H. The second term explains the
weakening of the oscillations at higher temperatures.

The inset in Fig. 3(b) shows the FFT amplitude at different

temperatures. The scattered squares represent the FFT amplitude,

25T 25T

180T
YVSng '

0 150 300 450
F(T)

FFT Amplitude (arb. units)

Frequency F (kT)
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FIG. 2. (a) Torque (7) of a YVsSng single crystal measured up to 41.5 T at 6 = —=7° and —21° and T = 0.5 K. The de Haas-van Alphen (dHvA) oscillations are observed
at both angles above 5 T. A high-frequency signal is apparent at 6 = —7°, as indicated by the dotted circle. Upper inset: A schematic diagram defining the tilt angle, 6.
Lower inset: Zoomed-in torque data in the high-field region. The high-frequency signal is prominent at 6 = —7°, although it is observed at both angles, —7° and —21°. (b)
Frequency spectrum of the dHVA oscillations shown in (a). The low-frequency peak at F, = 25 T is present at both angles, while three additional frequencies, 180, 1400, and
8800 T, are observed only at 6 = —7°. Inset: A zoomed-in view of the frequency spectrum highlighting the lower frequencies.
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E F,=18T § (‘Jg m*=0.097m,

@ g f 206 FIG. 3. Torque data of YVsSn6 at dif-
= S I : g: ferent temperatures. The de Haas-van
= E ) 00t Alphen (dHvA) oscillations are visible at
—g © Temperature T (K) low temperatures and gradually diminish
= 'g at higher temperatures. (b) Frequency
; = spectrum of the torque data shown in (a).
=] g A prominent peak is observed at F,, = 18
g < T in the frequency spectrum. Inset: tem-
= ~ perature dependence of the frequency
(a) & (b) peak. The squares represent the data

L L L L . points, and the solid curve is the best fit

0 10 20 30 40 1 10 100 1000 using the Lifshitz-Kosevich formula.
Magnetic Field H (T) Frequency F (T)

while the solid red curve represents the best-fit curve to the data
using the LK formula [Eq. (1)]. As shown in the graph, the LK for-
mula explains the temperature-dependent behavior of the frequency.
From the best fit, we determined m”* = 0.097 m,, where m, is the rest
mass of an electron. This m* is comparable to the effective mass of
other kagome systems"""’ " reported previously.

The angular dependence of quantum oscillations provides
information about the shape, size, and dimensionality of the Fermi
surface.””"*** To explore this, we conducted torque measurements
at various tilt angles. In Fig. 4(a), the torque data for YVsSns mea-
sured at different 0 values are shown. As shown in Fig. 4(a), there are
clearly more than two periods, representing multiple quantum oscil-
lation frequencies, and they seem to vary with 6 values. Furthermore,
the dHVA oscillations are present even if the magnetic field is per-
pendicular to the sample surface, indicating the three-dimensional
nature of the Fermi surface. We have carried out background sub-
traction from the torque signal and determined the frequency values
at different 6 points, as presented in Fig. 4(b). For comparison
purposes, we have also included possible theoretical frequencies
computed by using DFT. We will discuss it in detail later.

From our high-field data, we observed a prominent peak at Fy,
which appears to remain nearly constant while rotating the sam-
ple. In order to understand its topological feature, we calculated the

Berry phase (®g) of the Fermi pocket of F, using the Landau level
(LL) fan plot, as shown in Fig. S1 of the supplementary material.
For a topologically non-trivial (or trivial) system, the ®g value is 7
(or zero).””"” To avoid possible interference from other frequency
signals, we employed the FFT bandpass filter approach’"'""*"" to
extract the oscillations corresponding to the particular frequency.
When constructing this diagram, we assigned the LL index to
the minima and maxima positions as (N — i) and (N + i),
respectively.” ** By performing a linear extrapolation of the data,
represented by the dashed line, we derived an intercept No = 0.18 +
0.02, corresponding to ®p = (0.36 + 0.04)7. Although ®g is not
exactly 7, its non-zero value indicates the non-trivial topology of
the o pocket. Furthermore, the slope value (18.1 + 0.3) T closely
matches the F, value of 18 T in Fig. 3(b), validating the preci-
sion of the linear extrapolation in determining the intercept (and
consequently the ®g value). Furthermore, the bandpass filter’s effec-
tiveness in retaining the original dHvA oscillation signal without
significant error is affirmed. A non-trivial @ has been reported
for the sister compound ScVeSne using quantum oscillation
studies.”"

To better understand the experimental observations, we com-
puted the electronic band structure and Fermi surface of YVsSng.
Figure 5 illustrates the electronic band structures of YV Sns (a) with-

02:Lt:GL 920z Asenuer 60
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FIG. 5. Electronic band structure of pris-
tine YVgSng with (a) non-SOC and (b)
SOC. The SOC is oriented along the
[001] direction, corresponding to the out-
of-plane axis of the material. The flat-
band is denoted by the shaded purple
area, and the Dirac points near the Fermi
level are indicated by the dotted circles.
Two bands, indicated by red and green
colors, cross the Fermi level. The dashed
arrows represent the Van Hove singular-
ities. Inset: first Brillouin zone showing
high-symmetry points.

out and (b) with the inclusion of spin-orbit coupling (SOC). The
inset in Fig. 5(a) shows the high-symmetry points in the first Bril-
louin zone. As shown in Fig. 5(a), the electronic bands exhibit several
intriguing features, including multiple Dirac points near the Fermi
level (highlighted by the dotted circles), a flatband (shaded area), and
multiple Van Hove singularities (indicated by the dashed arrows).
Orbital-resolved electronic band structure provides detailed insights
into the contributions of specific atomic orbitals to the electronic
bands in a material. This information is critical for understanding
the electronic, magnetic, and optical properties of materials. There-
fore, we computed the orbital-resolved electronic bands of YVSns,
as presented in Fig. S2 of the supplementary material. As shown in
the graph, the electronic bands near the Fermi level are primarily
dominated by the vanadium 3d orbitals. Moreover, features such as
Dirac points, Van Hove singularities, and flatbands arise from the
vanadium 3d and tin 5p orbitals. Notably, there appears to be no
contribution from the yttrium 4d orbitals to the electronic bands of
YV65n6.

Here, we have aligned the SOC along the [001] direction, cor-
responding to the out-of-plane axis of the material. To investigate
the magnetic anisotropy, we calculated the effect of SOC along vari-
ous directions, including [001], [100], [110], and [111]. Our analysis
revealed that [110] is the easy axis for magnetization, while [001]
is the hard axis. By computing the total energy differences between
magnetization orientations along different crystallographic direc-
tions, we determined the magnetic anisotropy energy to be 0.23 meV
for YVsSns.

Our electronic band structure is consistent with those calcu-
lated for other 166 kagome families.”””""""”" With the inclusion
of SOC, the electronic bands slightly shift (either up or down), as
shown in Fig. 5(b). Here, the SOC is oriented along the [001] direc-
tion, corresponding to the out-of-plane axis of the material. While
some of the Dirac points develop gaps due to the inclusion of SOC,
the flatbands and Van Hove singularity points remain nearly intact.
For example, the previously gapless Dirac point along the K-T" and
A-L directions develops a gap as high as ~50 meV in the presence
of SOC. There are two bands: band 86 and band 87 cross the Fermi

level, as indicated by the green and red colors, respectively. These
bands contribute to the Fermi surface of YVsSns.

Figure 6 shows the band-resolved Fermi surface of YVsSns. The
Fermi surface of band 86 exhibits a chain-like feature at the Brillouin
zone boundary, along with small pockets at the edge of the Bril-
louin zone. For band 87, there is a deformed, cylinder-like feature
with a belly in the middle. The final inset represents the combined
Fermi surface sheets from both bands. To understand the effect
of SOC, we computed the Fermi surface of YVsSne including the
SOC effect, as shown in Fig. S3 of the supplementary material. It is
found that the Fermi surface remains nearly unchanged. According
to Onsager’s relation,””**”*"" the frequency (F) of quantum oscil-
lations is directly proportional to the cross-sectional area (Ar) of
the Fermi surface as F = fi/(27e) Ar*, where f is the reduced Planck
constant and e is the charge of an electron. Therefore, we can calcu-
late possible theoretical frequencies by measuring the cross-sectional
area of the Fermi surface.

We employed the SKEAF code’* for computing possible the-
oretical frequencies from the Fermi pockets derived from band 86
and band 87. The calculated angular dependence of frequencies
from different bands is plotted in Fig. 4(b) alongside the experi-
mental data. As observed in the figure, frequencies derived from

Band 86 Band 87

Merged FS

FIG. 6. Band resolved Fermi surface (FS) of YVgSng. Two bands: band 86 and
band 87 contribute to the FS. The last inset is the combined FS sheets from both
bands.
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both bands 86 and 87 describe the behavior of F,. Low frequencies
below 1000 T, observed in dHvA oscillations, are in good agreement
with the theoretical frequencies computed from band 86. Similarly,
the high-frequency signal near 10 kT is in good agreement with
those computed from band 87. It is important to note that, although
the frequency values are comparable, the angular dependence of
the theoretical frequency derived from band 87 shows an upward
trend, especially above 60°, which is not clearly observed in the
experimental data. The high frequency signal appears in very high
fields (around 35 T) and is dominated by the low frequency signal,
reducing its resolution [Figs. 4(a) and 2(a) and 2(b)]. This makes it
challenging to track the angular dependence precisely. However, the
angular dependence of the low frequencies is well captured by the
frequencies derived from band 86. There are also possible frequen-
cies below 100 T, but we did not observe these frequencies in our
dHvVA oscillation data. However, quantum oscillation experiments
are not uncommon to miss higher frequencies.”°

IV. SUMMARY

Despite the chemical diversity of 166 compounds, there are
limited studies™""**"""*" that use quantum oscillations to under-
stand their electronic properties. Moreover, most of these studies
report the presence of low-frequency signals (below 100 T).*””"**
For instance, Ma et al. performed Shubnikov-de Haas (SdH) oscilla-
tions in RMngSne (R = Gd-Tm, Lu) and observed frequencies below
100 T. This paper focuses on the detailed electrical transport, mag-
netotransport, and torque magnetometry studies of YVsSns with
applied fields up to 41.5 T. Our electrical transport measurement
shows that this material demonstrates a good metallic behavior. To
investigate the magnetotransport properties, we measured magne-
toresistance (MR) with the applied fields up to 35 T. We found nearly
a linearly varying and non-saturating MR with the value reaching
as high as 55%; however, there is no clear sign of SdH oscillations
in MR data. Therefore, we proceeded with another measurement
technique: torque magnetometry. Our torque data, measured up to
41.5 T, show clear de Haas-van Alphen (dHvA) oscillations with the
major frequency near 20 T, along with a high frequency signal as
high as 10 kT.

To probe the Fermi surface properties, we performed both
angular and temperature-dependent torque measurements. To com-
plement the experimental results, we calculated the electronic band
structure and the Fermi surface of YVsSne using density functional
theory (DFT). The calculations reveal several Dirac points near the
Fermi level, along with notable features such as flatbands and Van
Hove singularities. Two electronic bands cross the Fermi level, con-
tributing to the Fermi surface. Unlike other kagome materials, the
Fermi surface consists of a deformed cylindrical pocket at the center
and chain-like features along the boundary of the Brillouin zone. By
analyzing the cross-sectional areas of these Fermi pockets, we com-
puted theoretical dHVA frequencies, which show good agreement
with the experimentally observed values.

We did not observe SdH oscillations in YV¢Sne even at a max-
imum applied magnetic field of 35 T [Fig. 1(c)]. This is likely due
to the sensitivity of resistivity-based SAH measurements to various
damping effects, including electron-phonon interactions and scat-
tering from defects and impurities within the crystal, which can
suppress quantum oscillations. In contrast, torque magnetometry,

pubs.aip.org/aip/apq

which detects changes in magnetization, offers a higher signal-to-
noise ratio and can amplify even subtle oscillations. Notably, torque
measurements can resolve tiny high-frequency signals embedded
within larger, low-frequency oscillations [Fig. 2(a)]. The proxim-
ity of multiple Dirac points near the Fermi level results in charge
carriers behaving like massless Dirac fermions, characterized by
exceptionally high mobility and unique quantum mechanical prop-
erties. As shown in Fig. 5, the flatband resides near the Fermi
level (~0.4 eV above) and can be tuned closer through doping or
application of external pressure. Furthermore, the presence of Van
Hove singularities, or saddle points in the band structure where the
density of states (DOS) diverges, significantly enhances electronic
interactions, increasing the likelihood of emergent phenomena,
such as magnetism, charge-density waves, and superconductivity.
These combined experimental and computational insights presented
here for YV¢Sne provide a valuable foundation for understanding
the electronic properties of other titanium- and vanadium-based
kagome systems.

SUPPLEMENTARY MATERIAL

The supplementary material provides details on the Berry phase
calculations (Fig. S1), orbital-resolved electronic band structures
(Fig. S2), and band-resolved Fermi surfaces (Fig. S3) of YV Sns.
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