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Magnetic-tunnelling-inducedWeyl node
annihilation in TaP
Cheng-Long Zhang1, Su-Yang Xu2, C. M.Wang3,4, Ziquan Lin5, Z. Z. Du3,6, Cheng Guo1,
Chi-Cheng Lee7,8, Hong Lu1, Yiyang Feng1, Shin-Ming Huang7,8,9, Guoqing Chang7,8,
Chuang-Han Hsu7,8, Haiwen Liu1, Hsin Lin7,8, Liang Li5, Chi Zhang1,10, Jinglei Zhang11, Xin-Cheng Xie1,10,
Titus Neupert12, M. Zahid Hasan2, Hai-Zhou Lu3*, JunfengWang5* and Shuang Jia1,10*

Weyl nodes are topological objects in three-dimensional metals. Whereas the energy of the lowest Landau band of a
conventional Fermi pocket increases with magnetic field due to the zero-point energy (1/2h̄ω), the lowest Landau band ofWeyl
cones stays at zero energy unless a strong magnetic field couples Weyl fermions of opposite chirality. In the Weyl semimetal
TaP, which possesses two types of Weyl nodes (four pairs of W1 and eight pairs of W2 nodes), we observed such a magnetic
coupling between the electron pockets arising from theW1Weyl fermions. As a result, their lowest Landau bands move above
the chemical potential, leading to a sharp sign reversal in the Hall resistivity at a specific magnetic field corresponding to the
separation in momentum space of the W1 Weyl nodes,

√
(eB/h̄)∼1kW1. By contrast, annihilation is not observed for the hole

pocket because the separation of the W2 Weyl nodes is much larger. These findings reveal the nontrivial topology of Weyl
fermions in high-field transport measurements and demonstrate the observation of Weyl node annihilation, which is a unique
topological phenomenon associated with Weyl fermions.

Understanding electronic properties under a high magnetic
field has been a fertile ground for discovering new physics.
Historically, in various types of two-dimensional electron

gases (2DEG), researchers have discovered novel phases, including
the fractional quantum Hall effect (FQHE)1,2 or Wigner crystals3,
under an intense magnetic field. In a 3D metal, a magnetic field
leads to the formation of a Landau band (LB) spectrum. The
ultra-quantum limit refers to a condition where, at a sufficiently
high magnetic field, all higher LBs are pushed away from the
Fermi level whereas only the lowest Landau band (LLB) crosses
the chemical potential. Unfortunately the ultra-quantum limit
can be accessed only in a limited number of materials under a
moderate magnetic field, as it requires the carrier density to be
sufficiently low. Previously, the ultra-quantum limit was achieved
in a few topologically trivial materials such as lightly doped
semiconductors4,5 and certain compensated semimetals, including
graphite, bismuth, and silver selenide (Kramers Weyl points are
far away from the experimental Fermi level)6–9. A number of very
interesting phenomena were discovered6–14.

The recently discovered topological Weyl semimetals in the
TaAs family15–24 open up a new territory along this direction. In
contrast to a conventionalmetal/semimetal, themetallicity of aWeyl
semimetal is guaranteed by the presence of Weyl nodes. The Weyl

nodes, which arise from the crossings between the conduction and
valence bands, are topological objects in a 3D band structure. In
the presence of translational symmetry, they cannot be removed
unless pairs of Weyl nodes of opposite chirality are moved together
to annihilate each other. The Weyl node annihilation is a unique
topological phenomenon associated with Weyl fermions. Although
angle-resolved photoemission spectroscopy (ARPES) has revealed
the linear dispersion of the Weyl cones and previous quantum
oscillation measurements have studied high Landau bands22,25,
the topological character of the Weyl fermion is reflected by the
unique properties of its LLB, as described below, which remains
unexplored. Equally importantly, ARPES and other experiments
have not observed the annihilation of the Weyl nodes. In this
paper, we make an attempt to understand how these nontrivial
topological properties of a Weyl semimetal affect its transport
properties in the ultra-quantum limit. In particular, we study a
Landau physics phenomenon—magnetic tunnelling—where LBs
from adjacent Fermi pockets hybridize, leading to new features in
the quantum oscillation. Themagnetic tunnelling of LLBs has never
been observed because, in the few existing semimetals where LLBs
can be accessed (bismuth and graphite6–8,10–13), the pockets are far
separated in k space so that magnetic tunnelling is negligibly small.
Here, we report the observation of magnetic tunnelling of the LLBs
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Figure 1 | Weyl Fermions in TaP and its anomaly at high magnetic field. a–d, ARPES measurements of band dispersions near W1 and W2 Weyl nodes.
The E–k dispersion of the W1 Weyl fermions (a,b) was taken with a photon energy of 610 eV, whereas the E–k dispersion of the W2 Weyl fermions (c,d)
was taken with a photon energy of 650 eV. e, Electron and hole pockets in a reduced unit cell. f,g, The locations of W1 and W2 in the projected kx–ky plane
in momentum space. h, ρxx and ρyx versus magnetic field H at 1.5 K and 4.2 K (data in selected field range). The SdH oscillations in ρyx are more significant
than those in ρxx, while both quantities show dips at the same fields for the SdH oscillations. The dips are associated with two main frequencies (17.3 T and
36.7 T), corresponding to the electron-like (‘t’) and hole-like (‘s’) pockets, respectively. With the relation ρxx>−ρyx, the dips are attributed to the peaks of
the density of states (DOS) in the centre of each LB from di�erent bands. All of the dips of−ρyx were indexed with the letters t, t′ (double frequency) and s.
The subscripts denote the LB indices. The anomaly indicated by a purple arrow at 44 T shows a strong temperature dependence in the
low-temperature region.

in any material irrespective of its topological nature. Furthermore,
we show that the magnetic tunnelling of the LLBs in TaP reveals the
nontrivial topology of Weyl fermions in high-field measurements.

For a trivial pocket, its LB spectrum can be understood as a
series of parabolic bands. The energy at the vertex is given by
En
= (n+ (1/2))h̄ωc, where n represents the nth LB and ωc is the

cyclotron frequency (ωc= eB/mc, mc is the cyclotron mass). The
LLB (E0) has a finite energy, the zero-point energy (1/2)h̄ωc, which
increases with magnetic field. By contrast, for a Weyl fermion cone,
its LLB is a one-dimensional chiral mode that connects the gap
separating the higher LBs. At the Weyl node (k=kWeyl), the energy
of a LB is given byEn

= sgn(n)
√
2eh̄vF2|n|B , where vF is the effective

Fermi velocity near theWeyl nodes. Therefore, the energy of the LLB
at k=kWeyl is always zero. SinceWeyl nodes come in pairs of opposite

topological charge in crystalline systems, the LLBs for a pair of
Weyl nodes are two counter-propagating chiral modes connecting
the energy gap (for detailed discussion on the difference of various
Landau bands, see Supplementary Section I). Therefore, pushing the
LLBs away the Fermi level is possible only if a gap opens at their
crossing point. How such a gap opens and how it affects the high-
field transport signals are unexplored in experiments, which are the
subject of this work.

We first present basic information and characterizations
necessary for our experiments. Tantalum monophosphide, TaP,
crystallizes in a body-centred tetragonal structure without inversion
symmetry. TaP possesses two types of Weyl nodes, four pairs of W1
on the kz=2π/c (c is the lattice constant) plane and the other eight
pairs of W2 that are away from this plane20,21. ARPES experiments
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Figure 2 | Mechanism of the gap opening andWeyl node annihilation. a–c, Simple sketches showing the process of hybridization of LBs at higher fields.
Solid blue lines show the W1 band structure in the kx–ky plane. Dashed lines represent the energy levels of the LBs, n is the LB index,1kW is the momentum
spacing of W1 nodes of opposite chirality, and kmag is the inverse of the magnetic length. The grey shaded areas are the wavefunction of the Weyl nodes in
kx space. In the absence of an out-of-plane magnetic field Bz, kx is a good quantum number. Hence the wavefunction of the electron occupying the state of
a Weyl node has a definitive kx eigenvalue. Upon the inclusion of Bz, the translation symmetry along kx is broken. Hence the wavefunction is broadened into
a finite peak in kx, as schematically shown by the grey peaks here. When quantities kmag and1kW become comparable, a sizable gap∆ opens. d–f, The LB
spectra based on a toy model where pairs of Weyl nodes of opposite chirality are located on the kz=0 plane. We show the LB spectra at three magnetic
fields whose inverse magnetic length, kmag=

√
eB/h̄, is much smaller than, comparable to, or larger than the Weyl node separation1kWeyl. g, The Weyl

node distribution for the toy model, based on which the LB spectra (d–f) were calculated. In this model, we have pairs of Weyl nodes located on the same
kz=0 plane. h, Evolution of the tunnelling gap opened at the crossing between the LLBs (∆tunnelling) as the ratio between the two crucial momentum
quantities, kmag/1kW.

(Fig. 1a–d) carried out on our TaP samples not only confirm the
existence of the two types of Weyl nodes, but also show that the
Fermi level is above the W1 Weyl nodes but below the W2 Weyl
nodes. Indeed, these ARPES observations are consistent with the
theoretical calculations, which show that the calculated Fermi
level is 44meV above W1 (ref. 26). As shown in Fig. 1f, the W1

Weyl fermion cones contribute eight banana-shaped electron-like
pockets, whereas the W2 Weyl fermion cones lead to the eight
sea-horse-shaped hole-like pockets. Further, the momentum space
separation of the W1 nodes is 1kW1 = 0.021 Å−1, whereas the
separation of the W2 nodes is much larger, 1kW2 = 0.061 Å−1.
These findings in ARPES and band structure calculations suggest
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Figure 3 | Temperature-dependent magneto-transport of TaP. a, ρyx as a function of the magnetic field µ0H at di�erent temperatures. b, A schematic
illustration for the LLBs at H>H∗.∆ represents the gap between EF and the bottom of the electron-like LLBs.∆tunnelling represents the full gap opened by
magnetic tunnelling at high fields. At the same time, EF still cuts inside the hole-like LLBs. Therefore, only the electron-like carriers show an activation type
of behaviour. c, Zoom-in around t1. d, Zoom-in around H∗. e, Temperature dependence of t2, t1 and H∗= t0. t2, t1 and H∗= t0 do not show a strong
temperature dependence, consistent with the single-particle LB physics. f, Temperature dependence of ρyx at H∗ showing strong temperature dependence.
g, Gap∆ versus B showing the existence of an activation gap for the electron-like carriers. The error bars were obtained from the standard deviations when
fitting ne−nh as a function of temperature via the activation behaviour. The details of this analysis are shown in the Supplementary Information.

that the Fermi surface of TaP consists of identical hole-like pockets
arising from theW2Weyl fermion cones, and identical electron-like
pockets arising from the W1 Weyl fermion cones. The sample that
we mainly described in this paper is the sample T6 studied in
ref. 27, although other samples with slightly different Fermi level
show similar properties (see Supplementary Fig. 2). Indeed, low-
field transport measurements27 yield the following observations, in

agreement with ARPES and calculations. First, low-field (see ref. 27)
Hall measurements also show the coexistence of electron-like and
hole-like Fermi pockets with almost identical carrier densities
(ne = 7.5 × 1017 cm−3/per pocket, nh = 7.2 × 1017 cm−3/per
pocket). Second, the analysis of the low-field Shubnikov–de Haas
(SdH) oscillations (Supplementary Fig. 8a and ref. 27) reveals
frequencies of 17.3 T and 36.7 T for the extremal cross-sectional
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area of the electron-like pockets (the W1 Weyl fermions named ‘t ’
here) and hole-like pockets (the W1Weyl fermions named ‘s’ here).
Third, we label LB indices ‘tn’ as the fields at which EF cuts at the
bottom of the nth LB. We identify ‘tn’ by finding the peak of the
longitudinal conductivity σxx (refs 7,28–30). Last, we further find
that the LB fan diagram shows extrapolation around 0, indicating
that the electron-like pockets arise from gapless band crossings in
three dimensions, consistent with the existence of Weyl fermions
(see Supplementary Section V and Supplementary Fig. 8e for
more details).

We now present the high-field data (Fig. 1h). We see that the
Hall resistivity ρyx exhibits a sharp sign reversal at a magnetic
field located well inside the ultra-quantum limit. Specifically, the
Hall resistivity at low fields shows a negative linear field-dependent
background until it reaches a plateau at 25 T. Following the plateau,
ρyx flips from negative to positive in a narrow range of 3 T,
accompanied by a slope change in ρxx (Fig. 1h). We denote the
field at which ρyx reaches maximum immediately after the step-
like feature as H ∗ (H ∗= 34.4 T). At H >H ∗, a bump-like feature
emerges at 44 T in bothρxx andρyx (indicated by an arrow in Fig. 1h).
This feature at 44 T is highly sensitive to temperature, as it becomes
hardly observable at 4.2 K. The highly temperature-sensitive nature
of the 44 T feature suggests a possiblemany-body interaction, which
will not be discussed in detail in this paper. Here we focus on the
most striking sign-reversal feature at the field H ∗=34.4 T.

We explain the physical process that leads to a gap opening for the
LLBs of theWeyl fermions.We consider pairs ofWeyl nodes located
on the same (kx ,ky) plane (in this case kz=0) and a magnetic field
along the ẑ direction (Fig. 2g). Their LLBs are counter-propagating
states that cross at kz = 0, as shown in Fig. 2d. We now ask
whether these two counter-propagating chiral modes are allowed to
hybridize and open up an energy gap. In the absence of a magnetic
field, both energy E and momentum k are good quantum numbers.
We label the wavefunction of a specific Weyl node by its E and k
eigenvalues as ΨEWeyl ,kWeyl . The inclusion of an out-of-plane magnetic
field Bz breaks the translational symmetry along the kx and ky
directions. Hence theWeyl node’s wavefunction can only be labelled
by its E and kz eigenvalues ΨEWeyl ,kz=0. With a small Bz (Fig. 2a),
the wavefunction is broadened into a finite peak centred at the kx
value that corresponds to the Weyl node with zero field. As one
increases Bz (Fig. 2b,c), the broadening becomes more significant.
The broadening can be measured by the inverse of the magnetic
length, kmag= l−1mag=

√
eB/h̄, where e is the electron charge, and h̄ is

the Planck constant.We compare kmag with theWeyl node separation
1kWeyl. At small fields, thewavefunction broadening ismuch smaller
than the separation of the Weyl nodes (kmag�1kWeyl). Hence the
magnetic tunnelling gap (∆tunnelling) is negligibly small (Fig. 2a).
Only when Bz is sufficiently large, so that the broadening becomes
comparable to the separation, kmag∼1kWeyl, does a significant gap
start to open up (Fig. 2b,c). Figure 2h shows themagnetic tunnelling
gap (∆tunnelling) as a function of the ratio between these two crucial
momentum quantities, kmag/1kWeyl. We see that, for kmag<1kWeyl,
the magnetic tunnelling gap is non-observable.

By plugging in the numbers in our case, we see that kmag=1kW1
corresponds to a magnetic field value of 29 T, whereas kmag=1kW2
corresponds to a magnetic field value of 237 T. Remarkably, the
magnetic field value corresponding to kmag=1kW1 matches up very
well with the observed step-like feature. The Hall signal (see Supple-
mentary Information, proportional to the density of states) shows a
peak (dip in−σxy) whenever the bottom of a LB (that is, a van Hove
singularity (VHS)) crosses the Fermi level. Therefore, H ∗= 34.4 T
corresponds to the magnetic field at which the hybridized LLBs of
the W1Weyl fermions just move above the Fermi level.

We now present systematic temperature and field-angle depen-
dences of the high-field data, which provide further supporting
evidence for our observation of the magnetic-field-induced gap
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opening and Weyl node annihilation. The ρyx data at different
temperatures are shown in Fig. 3a. The values of H ∗, t1 and t2 are
found to be nearly independent of temperature (Fig. 3e). This is
expected because these magnetic fields correspond to the peak
of the SdH oscillation data (that is, the bottom of a LB crossing
the Fermi level). By contrast, the temperature dependence of Hall
resistivity ρyx at H ∗ is fairly significant (Fig. 3d).

We found that all SdH peaks (for example, ρyx at t2, t1, and
H ∗= t0 in Fig. 3a) are strongly temperature dependent. However,
the temperature dependence of the higher LBs and the LLB are
distinctly different. For a regular SdH peak of a higher Landau
band (for example, tn . . . t3, t2, and t1), we notice the following
facts from our data (Fig. 3c): the T -dependence is described well
by the ‘thermal broadening’ λkBT/(sinh(λkBT )) (see Supplemen-
tary Section IV for more details); on each side of the peak, data
at different temperatures form a crossing point; the temperature
dependence is roughly symmetric about the SdH peak. By contrast,
theT -dependence of the LLBnear 34.4 T is different in the following
aspects (Fig. 3d): the T -dependence is strongly asymmetric about
H ∗ = 34.4 T; only on the left side (H ∗ < 34.4 T), do the data at
different temperatures form a crossing point (at about 31.5 T); the
asymmetric temperature-dependent behaviour is consistent with
the asymmetric band structure of the lowest LB: a regular LB has LBs
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both above and below it, whereas the LLB has no further LB below
it. The unique temperature dependence near H ∗∼ 34.4 T proves
that the behaviour near H ∗= 34.4 T cannot be described by the
‘thermal broadening’ of the regular SdH oscillation alone. In fact,
when EF goes above the bottom of the LLB (that is, forH>H ∗), we
also expect an additional strong temperature dependence from the
‘thermal activation’, as schematically shown in Fig. 3b. Therefore, to
obtain the ‘thermal activation gap’ for H >H ∗, we need to remove
the ‘thermal broadening’ effect. In Supplementary Section IV, we de-
scribe a method to obtain the ‘thermal activation gap’. The obtained
gap is shown in Fig. 3g. We see that the gap ∆ (between EF and
the bottom of the lowest LB) grows with increasing field. We note
that our method still contains approximations (discussions in Sup-
plementary Section IV). Nevertheless, we expect that our analyses
capture the essence of the physical process and therefore should give
a reasonable estimation of the activation gaps at different H fields.

Figure 4 shows the angle-dependent transport, where the
magnetic field is tilted from being parallel to the ẑ direction to being
parallel to the x̂+ ŷ direction (in-plane, 45◦). The angle dependence
data consist of the following two observations: the LBs move to
highermagnetic fields as one tilts the field away from the ẑ direction;
the observed sign reversal quickly vanishes as one tilts the field away
from the ẑ direction. We note that the first observation is naturally
explained by the banana shape of the electron-like pockets, which
means that the cross-sectional area of the Fermi surface increases
as one tilts the field away from the ẑ direction. On the other hand,
the second observation provides further supporting evidence for
the gap opening. Specifically, considering a pair of Weyl nodes of
opposite chirality located on the kz=0 plane, only a magnetic field

along the ẑ direction, Bz , will make the two LLBs cross each other
at the same momentum, kz= 0 (see Fig. 2d). This allows the LLBs
to hybridize and open up a significant gap at the energy of the Weyl
node in a sufficiently large magnetic field. As one tilts the B field
away from ẑ (keeping in mind that only the momentum along the
B field direction is a good quantum number), the LLBs of the Weyl
fermions will be separated by a finite momentum at the energy of
the Weyl nodes, and they cannot easily hybridize at this energy.

We further obtain the conductivity tensor σxx and σxy for H ‖ c
from the equations: σxx=ρxx/(ρ2

xx+ρ
2
yx) and σxy=ρyx/(ρ

2
xx+ρ

2
yx).

The Hall conductivity σxy shows a sharp sign reversal at H >H ∗ at
1.5 K (Fig. 5a), which is similar to what is being observed in ρyx . We
can estimate the imbalance between electrons and holes by using
the equation σxy= (nh−ne)e/B. It is well known that this equation
is valid for a two-band isotropic model. However, in fact, it is
also valid for the two-band model in the ultra-quantum limit (see
Supplementary Section IV for more details). As shown in Fig. 5b,
the carrier imbalance also goes through the steep drop and the sign
reversal, signalling a dramatic reduction of the carriers in the Weyl
electron pockets. This again provides further evidence for the gap
opening for the LLBs of the W1 Weyl fermions in TaP. In Fig. 5c,d,
we show the LB spectrum calculations based on a k·pmodel of TaP,
where the physical parameters of model are determined by fitting
the model band structure to the first-principles calculated results
(see Supplementary Section VII for more details). The results of the
calculations are consistent with the schematics drawn on the basis of
our conceptual arguments (Fig. 2). Specifically, the LBs from theW1
and W2 Weyl fermions are coloured in red and blue, respectively.
Indeed we see that at B= 10 T, the tunnelling gap is small, which
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Figure 6 | Comparison between a trivial compensated semimetal and a topological Weyl semimetal. a, Band structure of a trivial compensated
semimetal, where an electron-like pocket and a hole-like pocket are separated along kx. b,c, LB structures at di�erent magnetic field values. The magnetic
field is along z. A magnetic tunnelling gap opens at all crossing points between the electron-like and hole-like LBs. d, H∗ (the magnetic field at which the
LLB bottom crosses the Fermi level) as a function of1k (k space separation between the two pockets). e–h, The same as a–d but for a topological Weyl
semimetal. For a trivial compensated semimetal, H∗ is mainly dictated by the zero-point energy and therefore shows a minimal dependence on the
magnetic tunnelling gap (∝1k). By contrast, for a topological Weyl semimetal, H∗ depends solely on the magnetic tunnelling gap and therefore shows a
strong dependence on1k. The parameters: M1= 12.7 eV nm2, M2=6.4 eV nm2, A= 1 eV nm, kw=0.147 nm−1, E=−0.008 nm−2, M′1=6.1 eV nm2,
M′2= 12.2 eV nm2 and k′w=0.09 nm−1. In a, α=0.98; and in e, α=0.

is expected to have no observable effect on the magneto-transport.
By contrast, at B= 30 T, the tunnelling gap becomes significantly
large, leading to the observed sign reversal in our data.

The magnetic-tunnelling-induced Weyl node annihilation in
TaP is distinctly different from the magnetic tunnelling effect in
topological trivial semimetals. The band structure of the trivial
compensated semimetal (Fig. 6a) has an electron-like pocket and
a hole-like pocket separated along kx . (Details of the model can
be found in Supplementary Section IX.) With a magnetic field
applied along z , the LB spectrum (Fig. 6b) consists of electron-like
and hole-like parabolic bands crossing each other. The magnetic
tunnelling can open a gap at all the crossing points, which may
lead to additional peaks in the quantum oscillation data31,32. The
magnetic tunnelling gaps in trivial semimetals are away from the
tops/bottoms of the parabolic bands. Because the observed H ∗
corresponds to the bottom of the electron-like LLB crossing the
Fermi level, it is mainly dictated by the zero-point energy. We
define ELLB as the energy of the bottom of the LLB. We show
in Supplementary Information (see Supplementary Fig. 12) that
ELLB is nearly independent of 1k. As a result, we see that H ∗ is
also independent of 1k, as shown in Fig. 6d. By contrast, in a
Weyl semimetal, H ∗ depends strongly on 1k because the LLB can
move away from the Fermi level only by opening up a magnetic
tunnelling gap.We present two critical pieces of evidence in the data:
the observed H ∗ nicely corresponds to 1kW1∼ kmag; the electron-
like pockets (W1) and hole-like pockets (W2) have similar carrier
density and similar cyclotron mass. The key difference between
them is that k separation between adjacent hole-like pockets ismuch

larger than that of adjacent electron-like pockets (1kW2�1kW1).
If H ∗ were solely dictated by the magnetic tunnelling (1k) like in
the Weyl semimetal case, then one would expect to observe the
LLBs moving away from EF only for the electron-like carriers. On
the other hand, if H ∗ were decided only by the zero-point energy
(1/2)h̄ωc (ωc = eB/mc) like in the trivial case, then one would
expect to observe this phenomenon for both carriers. Therefore,
the observation in electron-like pockets and non-observation in
hole-like pockets reveal the nontrivial topology of Weyl fermions.
The magnetic tunnelling observed here is fairly unique in the
following aspects. We believe that this is the first observation of a
magnetic tunnelling of the LLBs. This is because a Weyl semimetal
naturally gives rise to pairs of Fermi pockets with small carrier
densities that are close to each other in k space. Also, because of
the topological character of Weyl fermions, the energy spectrum
of their LLBs remains gapless. Except a strong-disorder-induced
Anderson localization33, the magnetic tunnelling is the only way
to open a gap so that it can be probed at the Fermi level. Just like
previous important findings at high fields6–13, our work revealed
another interesting phenomenon associated with the LLB, that is,
magnetic-tunnelling-induced Weyl node annihilation, which paves
the way for studying nontrivial topology in electron band structures
in other materials.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Single crystals of TaP were prepared and characterized as described in ref. 27.
Magneto-transport measurements in fields up to 56 T were performed at the
Wuhan National High Magnetic Field Center. A Digital lock-in technique was
employed with a 100 kHz frequency and a 5mA excitation current by using a
non-destructive pulse magnet with a pulse duration of 60ms. Magneto-resistance
and Hall resistance were measured simultaneously with a typical five-probe
method. To eliminate the effects of contact asymmetries, measurements with both
positive and negative field polarities were made for all temperatures and angular
positions. Data for the up-sweeping and down-sweeping of the pulse field were in
good agreement, and we can thus exclude the self-heating effect of the sample in
the pulsed high magnetic fields. The de Haas–van Alphen measurements were
carried out in a pulsed field at the National High Magnetic Field Laboratory in
Los Alamos (NHMFL, LANL).

First-principles calculations were performed by the OPENMX code within the
framework of the generalized gradient approximation of density functional
theory34, as discussed in detail in ref. 20. The soft X-ray ARPES (SX-ARPES)

measurements were performed at the ADRESS Beamline at the Swiss Light Source
in the Paul Scherrer Institut in Villigen, Switzerland using photon energies ranging
from 300 to 1,000 eV (ref. 35). The energy and angle resolutions were better than
80meV and 0.07◦, respectively. Samples were cleaved in situ under a vacuum
condition better than 5×10−11 torr, resulting in shiny and flat surfaces. The
measurements were performed at a temperature of approximately 15K.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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