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In quantum field theory, Weyl fermions are relativistic particles that travel at the speed of light and strictly obey
the celebrated Lorentz symmetry. Their low-energy condensed matter analogs are Weyl semimetals, which are
conductors whose electronic excitations mimic the Weyl fermion equation of motion. Although the traditional
(type I) emergent Weyl fermions observed in TaAs still approximately respect Lorentz symmetry, recently, the
so-called type Il Weyl semimetal has been proposed, where the emergent Weyl quasiparticles break the Lorentz
symmetry so strongly that they cannot be smoothly connected to Lorentz symmetric Weyl particles. Despite some
evidence of nontrivial surface states, the direct observation of the type Il bulk Weyl fermions remains elusive. We
present the direct observation of the type Il Weyl fermions in crystalline solid lanthanum aluminum germanide
(LaAlGe) based on our photoemission data alone, without reliance on band structure calculations. Moreover, our
systematic data agree with the theoretical calculations, providing further support on our experimental results.

INTRODUCTION

In 1937, physicist Conyers Herring theoretically identified the con-
ditions under which electronic bands in solids have the same energy
and momentum in crystals that lack inversion symmetry (1). Near these
band touching points, the low-energy excitations, or electronic quasi-
particles, can be described by an equation that is essentially identical
to the Weyl equation (2). Although Herring referred to the degeneracies
as “accidental,” recent advances in band theory have led to the understand-
ing that they are topologically protected and realize a so-called Weyl semi-
metal (1-9). The quasiparticles in the vicinity of these nodes are emergent
Weyl fermions. They behave like Berry curvature monopoles or anti-
monopoles, depending on their respective chirality. The Weyl fermions
of opposite chiralities are separated in momentum space. This
electronic structure leads to a very special electromagnetic repose and
novel nonlocal transport phenomena (10) of the material. In parallel
electric and magnetic fields, the apparent conservation of the chiral
charge is broken by the chiral anomaly, making a Weyl metal, unlike
ordinary nonmagnetic metals, more conductive with an increasing
magnetic field (11). Because of these novel properties, Weyl semimetals
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have the potential to be as important as graphene and topological insu-
lators and have attracted worldwide interest.

Lorentz symmetry is the symmetry that requires physical laws to be
independent of the frame of reference, in which they are observed (12).
Hence, it is at the heart of any accepted physical theory, such as quan-
tum field theory and Einstein’s theory of relativity, and has deep con-
nections to the principle of causality and the charge, parity, and
time-reversal symmetry (13-15). The search for Lorentz violation is
one of the central themes of modern high-energy physics because many
of the theories beyond the standard model, with the intention of further
incorporating gravity, violate Lorentz symmetry. To date, Lorentz
symmetry has survived a century of tests and remained to appear exact.
In high-energy physics, Weyl fermions travel at the speed of light and
therefore strictly obey Lorentz symmetry. Despite its robustness in
high-energy physics, Lorentz symmetry is not present in low-energy
condensed matter physics because slow-moving emergent electronic
quasiparticles in crystals generally break Lorentz symmetry. Several
groups theoretically considered the Lorentz violating emergent Weyl
fermions in various forms including tilted Weyl cones and, as a result,
the condensed matter realization of the Lorentz violating quantum field
theory in a Weyl semimetal (16-19). Recently, it was realized that if the
Lorentz violation in a Weyl semimetal is strong enough, then the emer-
gent quasiparticles should be regarded as a new type of Weyl fermions,
which is named type II Weyl fermions (19). In conventional (type I)
Weyl semimetals, the emergent Weyl fermions respect (or at least ap-
proximately respect) the Lorentz symmetry. Specifically, the small
Lorentz breaking of the type I Weyl fermions can be adiabatically re-
moved. Therefore, any type I Weyl fermion is smoothly connected to
the Lorentz invariant Weyl fermion. The type I Weyl cone arises from
the crossing between two bands that have velocities of opposite sign
for any momentum direction, and the Fermi surface consists of zero-
dimensional isolated points if the Fermi level is set at the energy of the
Weyl nodes. Type I Weyl semimetals have been realized in the TaAs
class of materials and a double-gyroid photonic crystal (7-9). Fermi arcs
and Weyl fermions have been observed by spectroscopic experiments
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(7-9), and the negative magnetoresistance due to the chiral anomaly has
been reported in transport experiments on the TaAs class (39, 40).
The novel type I Weyl fermions (19), in contrast, violate Lorentz
symmetry so strongly that they cannot be smoothly connected back
to the regular relativistic (Lorentz invariant) Weyl fermions (19-31).
Such a type II Weyl fermion cone arises from the crossing between
two bands that have the same sign of velocity along a certain direction.
Its Fermi surface consists of an electron and a hole pocket that touch at
the Weyl node in a topologically protected manner. Since the proposal
of the concept of the type IT Weyl fermions (19), there have been many
theoretical works predicting specific new topological phenomena,
including an exotic chiral anomaly whose transport response strong-
ly depends on the direction of the electric current, an antichiral effect
of the chiral Landau level, a modified anomalous Hall effect,
magnetic breakdown, Klein tunneling, etc. (19, 26-31). These predicted
phenomena can be detected in transport and spectroscopic experiments,

leading to protected properties that can be potentially used in future
applications.

Because the type II Weyl fermion node is a touching point in the
three-dimensional (bulk) Brillouin zone (BZ), it can only be shown
by measuring the band structure along all three momentum space
directions (k,, k,, k) (Figs. 1 and 2). To stress the importance of this
experimental requirement, we compare two cases shown in Fig. 3
(J to M). In Fig. 3L, we show the Fermi surface of a type Il Weyl semi-
metal where bulk electron and hole pockets touch to form the type II
Weyl node. By contrast, in Fig. 3M, we have a trivial electron pocket
and a trivial hole pocket without any Weyl nodes. they do not touch
in the bulk BZ. These two cases can be clearly distinguished by
measuring the band structure along all three momentum space
directions (k,, k,, k). However, if one only has k, and k, resolution,
then all bulk bands at different k, values will be projected onto a
single (k,, k,) plane. As shown in Fig. 3 (J and K), the two cases become
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Fig. 1. Topology and BZ symmetry of LaAlGe. (A) Body-centered tetragonal structure of LaAlGe, with space group /4;md (109). The structure consists of stacks of La,
Al, and Ge layers, and along the (001) direction, each layer consists of only one type of element. (B) The bulk and (001) surface BZ. (C) First-principles band structure
calculations along high-symmetry directions without spin-orbit coupling (SOC). (D) Momentum space configuration of the four nodal lines (two on the k, = 0 and two
on the k, = 0 mirror planes) denoted by the rings, as well as the four spinless pairs of Weyl nodes denoted as W3 on the k, = 0 plane, in the absence of SOC. Blue and red
colors indicate positive and negative chiralities, respectively. (E) Configuration of the 40 Weyl nodes in the bulk BZ created upon the inclusion of SOC. The nodal lines
are gapped out by SOC, and 24 Weyl nodes emerge in the vicinity of the nodal lines. In addition, each spinless W5 Weyl node splits into two spinful Weyl nodes of the
same chirality, which we denote as W5' and Ws". Hence, the eight W3 without SOC evolve into eight W3'" and eight W3" Weyl nodes with SOC. Therefore, in total, there
are 40 Weyl nodes. For the 24 Weyl nodes that emerge from the gapping of the nodal line, we denote the 8 Weyl nodes that are near the boundaries of k, = 0 plane as
W, and the other 16 that are away from the k, = 0 plane as W,. The W' and W5" are also on the k, = 0 plane, but they are near the diagonal lines. (F) Projection of the
Weyl nodes on the (001) surface BZ in one quadrant. (G) Schematics comparing the three types of Weyl nodes appearing upon the inclusion of SOC. The W, nodes are
type Il Weyl nodes, whereas the W;, W3', and W3" nodes are type |. W, Weyl nodes are located almost exactly at the Fermi level, whereas W;, W5', and W5" Weyl nodes
are about 60, 110, and 130 meV above the Fermi level, respectively. (H) Core level measurement of the studied samples, which clearly shows the expected La, Al, and Ge
peaks. a.u., arbitrary units.
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Fig. 2. Observation of type Il Weyl nodes in LaAlGe. (A) High-energy soft x-ray ARPES (SX-ARPES) measurement and (B) first-principles calculation of k, — k, Fermi
surface maps at k, = 0. The dashed green hexagon in (A) and the black hexagon in (B) correspond to the boundary of the first BZ on the k, = 0 plane. The photon
energies corresponding to the k; values in (A) are between 320 and 600 eV. (C) SX-ARPES-measured k, — k, Fermi surface map at k, corresponding to the W, Weyl
nodes. (D) Zoomed-in version of the measured and (E) calculated k, — k, Fermi surface maps in the region marked by the green rectangle in (C). In the first-principles
calculations, blue lines correspond to hole-like pockets, whereas red lines indicate electron-like pockets. (F and G) Same as (D) and (E) for a constant energy contour at
25 meV below the Fermi level. The photon energy used in the measurements presented in (C), (D), and (F) is 542 eV. (G and H) First-principles-calculated k, — k, Fermi
surface map at k, = 0 (location of W;, W5', and W5" Weyl nodes), which shows the shapes of the pockets resulting from W1, W3', and W5" and other trivial pockets. (I) SX-
ARPES-measured k, — k, Fermi surface map at k, = 0 in the region of the BZ denoted by the green dashed rectangle in (H). This experimentally observed Fermi surface
map is in qualitative agreement with the calculated results presented in (H). The photon energy used here is 478 eV. (J) Calculated Fermi surface over the first bulk BZ.
The pockets arising from the Weyl fermion cones are marked. Other pockets are trivial bulk bands. The red and blue colors denote electron- and hole-like pockets.
Particularly, it can be seen that the W, node arises from the touching between electron and hole pockets, confirming their type Il nature.

indistinguishable because the projected Fermi surface in both cases
shows a crossing between the projected electron and hole pockets. This
example highlights the importance of resolving the bulk band structure
along all three momentum space directions for experimentally
observing type II Weyl fermions. Further discussions regarding this is-
sue can be found in section S4.

RESULTS
LaAlGe crystallizes in a body-centered tetragonal Bravais lattice, space
group I4,md (109), C,, point group. The lattice constants according to
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previous diffraction experiments are a = b = 4.336 A and ¢ = 14.828 A
(41). The basis consists of two La atoms, two Al, and two Ge atoms, as
shown in Fig. 1A. In this crystal structure, along the (001) direction,
each atomic layer consists of only one type of element and is shifted
relative to the layer below by half a lattice constant in either the x or
y direction. This shift gives the lattice a screw pattern along the z direc-
tion, which leads to a nonsymmorphic C, rotation symmetry that in-
cludes a translation along the z direction by ¢/4. Figure 1C shows the
calculated bulk band structure along high-symmetry lines without SOC.
It can be seen that the conduction and valence bands cross each other
alongthe I" — X — X, path, demonstrating a semimetal ground state. The
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Fig. 3. Type Il Weyl fermions in LaAlGe. (A) The k, — k, Fermi surface map revealing a pair of type Il W2 Weyl nodes in the form of touching points between electron
and hole pockets. (B) Measured and (C) calculated E - k, dispersion maps along the cut y direction denoted in (A), which clearly resolve the W, type Il Weyl node at the
crossing of two bands with the same sign of Fermi velocity. (D) Measured and (E) calculated E — k, dispersion maps for the direction along the cut x in (A). Here, the two
type Il W2 Weyl cones with opposite chirality nodes are resolved simultaneously. The photon energy used in the measurements presented in (A), (B), and (D) is 542 eV.
(F) Measured and (G) calculated E — k, dispersion maps along cut z, showing that the W, Weyl cone also disperses linearly along the out-of-plane k, direction. (H and 1)
ARPES dispersion maps showing the difference between the type Il Weyl fermions of LaAlGe and type | Weyl fermions of TaAs, respectively. (L) The Fermi surface of a
type Il Weyl semimetal where electron and hole pockets touch to form the type Il Weyl node. (J) The projected Fermi surface shows a crossing between the projected
electron and hole pockets. (M) We have a completely different scenario in the bulk. The electron and hole pockets are separated at different k; values. (K) However, on
the surface, their projections can still touch. This example clearly shows that the observation of a crossing in the projected band structure on surface does not mean a
crossing in the bulk. The red and blue ellipsoids represent the electron and hole Fermi surfaces in the bulk BZ, respectively. The red and blue ellipses are the surface
projection of the bulk Fermi surfaces.

momentum space configurations of the band crossings are shown in
Fig. 1 (D and E). In the absence of SOC (Fig. 1D), the crossing between
conduction and valence bands yields four closed loops, nodal lines on
the k, = 0 and k,, = 0 mirror planes, and also four pairs of (spinless) Weyl
nodes on the k, = 0 plane, which are denoted as W3 in Fig. 1D. Upon the
inclusion of the SOC (Fig. 1E), the nodal lines are gapped out, and
24 Weyl nodes emerge in the vicinity, which is similar to the case of
TaAs (7). We refer to the 8 Weyl nodes located on the k, = 0 plane as W,
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and the remaining 16 Weyl nodes away from this plane as W,. More-
over, when SOC is taken into account, each W3 (spinless) Weyl node
splits into two (spinful) Weyl nodes of the same chirality, which we
call W5" and W5". Hence, in total, there are 40 Weyl nodes in a BZ, as
shown in Fig. 1E. The projection of the Weyl nodes on the (001) sur-
face BZ is shown in Fig. 1F. AIl W; Weyl nodes project as single Weyl
nodes in close vicinity to the X and Y points on the surface BZ edges.
Two W, Weyl nodes of the same chiral charge project onto the same
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point near the midpoint of the I' = X and I — Y lines. The W3’ and
W3” nodes are projected near the midpoint of the I' — M (diagonal)
lines. As schematically shown in Fig. 1G, which is drawn according to
our calculation results, the W, Weyl fermions are of type II, whereas the
Wi, W3', and W3” Weyl fermions are of type I. All Wy, W', and W”
nodes are far away from the Fermi level in energy, whereas the W,
nodes are located almost exactly at the Fermi level. Figure 1H shows
the angle-integrated photoemission spectrum of LaAlGe over a wide
range of binding energy. We identify the La 4p, 44, 5s; Al 2s, 2p; and
Ge 3s, 3p, 3d core levels, confirming that our samples are composed
of these three elements.

Below, we will focus on presenting our angle-resolved photo-
emission spectroscopy (ARPES) data on LaAlGe and show how these
data demonstrate type II Weyl fermions without relying on the agree-
ment with theoretical calculations. Figure 2A shows the measured k, —
k, Fermi surface contours of the bulk bands on the k, = 0 plane. We
observe large identical contours enclosing the X and X; points. In addi-
tion, we observe two small contours on the left- and right-hand sides of
the big contour. These data unambiguously show that the observed
band features are bulk bands rather than surface states by their defini-
tions. A surface state is localized on the surface and therefore does not
disperse along the k, direction. By contrast, a bulk state is delocalized
throughout the bulk and therefore disperses along the k, direction
with a period defined by bulk BZ. Our data in Fig. 2A show that
the observed bands clearly have strong k, dispersions. Even more de-
cisively, the measured periodicity of the k, dispersion matches the
bulk BZ size along the k, direction, which is defined by the lattice
constant ¢ =14.828 A, independently measured by x-ray diffraction
(XRD). Therefore, these data unambiguously show that the observed
band features are bulk bands.

Figure 2C shows the ARPES measured k, — k, Fermi surface using
incident photon energy 542 eV. We see that the Fermi surface consists
of small pockets along the k, and k, axes. Figure 2D shows a high-
resolution zoomed-in Fermi surface map of the region highlighted by
the green box in Fig. 2C. From Fig. 2D, we clearly identify two Fermi
pockets, which touch each other at two discrete zero-dimensional
points, that is, two nodes, located on the opposite sides of the k,, axis.
Figure 2F shows the constant energy contour at Eg = 25 meV of the
same region. We see that the upper pocket expands, whereas the lower
pocket shrinks upon changing the binding energy from Eg = 0 to
25 meV. This demonstrates that the upper pocket is hole-like, whereas
the lower one is electron-like. Therefore, the two nodes observed in
Fig. 2D are touching points between the electron and hole pockets.
We now study the band dispersion away from the touching points
along different momentum space cut directions. Figure 2 (B, D, and
F) shows that the observed node arises from the crossing between two
bands and that these two bands disperse linearly away from the node
along all three k directions. Moreover, although the Fermi velocities of
the two bands have the opposite signs along the k, and k, directions,
they have the same sign along the k,, direction.

Now, on the basis of the established results in topological band the-
ory, we show how our systematic data provide decisive evidence for the
type Il Weyl fermions. Our experimental demonstration below does not
depend on the agreement between ARPES data and band structure cal-
culations. Our data show (i) that the conduction and valence bands
cross each other, (ii) that the crossing points are zero-dimensional,
and (iii) that the bands disperse linearly away from the node along all
three k directions (k,, k,, k). Therefore, the observed crossing points are
either Dirac or Weyl nodes. Dirac nodes can only exist in systems with
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both time-reversal and space-inversion symmetries (45). Moreover, as
exhaustively classified by topological band theory (45), a Dirac node can
only occur at a high-symmetry point or along a rotational axis in the
bulk BZ. By contrast, Weyl nodes can only exist in systems, which either
breaks time-reversal or space-inversion symmetry (4, 5). Topological
band theory shows that they occur at generic k points because they
are accidental band degeneracies, which do not require any additional
crystalline symmetry beyond translation (1, 4, 5). In our case, the
LaAlGe crystal breaks inversion symmetry, as reported in previous
works (41-43) and also further confirmed by our XRD data (see section
S1). Moreover, the k space coordinate of observed crossing point is
(+0.0222% +0.47 2% +0.822%). This is obviously a generic k point,
which does not coincide with any high symmetry point or rotational
axis. These systematic data demonstrate that the observed band cross-
ings are the Weyl nodes but are not sufficient to distinguish between
types I and II, which is the main focus of our paper. We now proceed
to prove the type II character based on its definition. Type I Weyl fer-
mions have a typical conical dispersion, and their Fermi surface consists
of isolated points, the Weyl nodes. Type II Weyl fermions manifest as
tilted-over cones. Their Fermi surface consists of a hole pocket and an
electron pocket touching at points, the type II Weyl nodes (19). Along
the tilting direction, the Fermi velocities of the two bands that form the
Weyl cone are of the same sign, whereas along the other two directions
perpendicular to the tilting direction, the Fermi velocities are of opposite
signs. Our data on the Fermi surface (Fig. 2D), the constant energy con-
tour (Fig. 2F), and the energy dispersions along all three k directions
(Fig. 3 B, D, and F) provide all the decisive evidence, as described above.
Therefore, we have unambiguously and clearly shown the type IT Weyl
fermions in LaAlGe. The decisive experimental proof without relying
on data-calculation agreement achieved here is in sharp contrast with
the ARPES works on W;_,Mo,Te, (32-38). The theoretical predictions
of the type II Weyl fermion state in W;_,Mo,Te, and LaAlGe have al-
ready been well established by first-principles calculations. Hence,
showing some data feature in agreement with calculations and arguing
for the experimental observation based on such an agreement go little
beyond the calculation/prediction itself. Calculations do not account for
sample quality issues. Thus, only an experimental observation
independent of data-calculation agreement can demonstrate that the
sample quality enters the regime where the predicted novel physics is
present in real materials.

On the basis of our data, we can quantify the amount of Lorentz
symmetry breaking and fully characterize the Weyl fermions ob-
served in LaAlGe. From our ARPES data, we can directly obtain
the Fermi velocities of the two bands that form the Weyl cone along
the following momentum space directions: (100), (010), (001), (110),
(101), and (011). For example, we denote the Fermi velocities of the
two bands along the (100) direction as V.0 We show that these
data allow us to obtain systematically quantitative information of
the Weyl cones. Using these Fermi velocities, we define a three-vector
v = (vy, ¥y ¥3), Where v; = 20000 514 the definitions for v, and
v; follows. We also define a 3 x 3 matrix U whose components are
U1 = (Ve00) — V—,(loo))2/4 as well as Uy 5 = [(v,, 110 = V-, (110))2 = 4,100 —
v_ a00)” — (Vs 010) — V-, (010))2]/8, and the definitions of the other compo-
nents will follow. Using v and U, one can reconstruct the full low-energy
dispersion €(k) by €(k) = k"v + Vk" Uk as well as the Berry curva-
ture Q(k) = +kdetU/ (kTﬁk)3/ >, Finally, the type of the Weyl cone is
determined by the eigenvalues of the 3 x 3 matrix U— vvT (19): If all
eigenvalues of this matrix are positive, then the Weyl cone is type I,
otherwise it is type IL
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Fig. 4. Berry curvature contributions from the Weyl nodes. (A) Projection of the Weyl nodes of LaAlGe on the (001) surface BZ in one quadrant. (B and C) Berry
curvature magnitude in k, — k, space at two different k; values (k, = 0 and k, = W,) summed over a wide energy range. Specifically, we summed up Berry curvature
contributions of all the valence bands, from the lowest valence band near the Fermi level to the highest valence band far from the Fermi level. (E and F) Same as (B) and
(C) but only for energies very close to the Fermi level at an Eg of a £10-meV window. (D) A zoomed-in view of the Berry curvature magnitude near the energy of the W,
Weyl nodes. (G) Berry curvature magnitude in k, — k, space summed over a wide energy range in WTe,. The black lines show the Fermi surface contours. We see
significant Berry curvature contribution due to the existence of Weyl nodes. (H) A zoomed-in view of (G) in the k range highlighted by the orange box. (I) Same as (H) for
energies close to the Fermi level in an Eg of a £10-meV window window. Because the Weyl nodes are far (50 meV) away from the Fermi level, when we only consider the

Fermi level, we do not see any significant Berry curvature.

Using our ARPES data, we can determine

v=(0.32,—1,71,—0.32)eV A,
236 —0.73 —0.68
U= | -073 140 —0.15 |eV?.A? (1)
—0.68 —0.15 0.94

The eigenvalues of U — vvT are 2.46, — 1.74, and 0.85 eV>A?, which
again proves the type II nature of the Weyl nodes. This precise
information about the low-energy effective theory will, for example,
be important to analyze the anomalous transport response of Weyl
semimetals sourced by the the Berry curvature around the Weyl node.

The above experimental demonstration and quantitative character-
ization of the type II Weyl fermions in LaAlGe are only based on our
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systematic experimental data and established results in topological band
theory. We did not rely on any agreement between data and calcula-
tions. We now compare our data and calculations in Figs. 2 and 3.
All the critical properties including the Fermi surface (Figs. 2, D and
E), the constant energy contour (Fig. 2, F and G), and the energy dis-
persions along all three k directions (Fig. 3, B to G) are qualitatively
consistent between data and calculations. We emphasize that the bulk
band structure calculations, unlike the surface-state calculations, do not
have free parameters and therefore are quite reliable. The agreement
between our data and calculations provide further strong support on
our conclusions.

We also present k, — k, Fermi surface data at a different photon
energy, which corresponds to the k, value of the W;, W5’, and W5”
Weyl nodes (k, = 0). Figure 2 (H and I) show the calculated and
measured Fermi surfaces at k, = 0, respectively. We observe three types
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of pockets, a small pocket near each BZ boundary, a trapezoid-shaped
pocket along each diagonal (45°) direction, and a circular pocket in be-
tween two adjacent trapezoidal pockets. The data (Fig. 2I) and calcula-
tion (Fig. 2H) are in good agreement. From the calculations, we know
that the small pocket near the boundary arises from a pair of nearby W,
Weyl fermions, and the trapezoid-shaped pocket arises from pairs of
W3’ and W3” Weyl fermions. Because the energy of the W;, W3/,
and W3” Weyl nodes are far above the Fermi level, the constant energy
contour at the Fermi level already merges into a single pocket and hence
does not carry net chiral charge.

We show that the type IT Weyl nodes dominate the low-energy Berry
curvature physics. The color plots in Fig. 4 (B and C) show the Berry
curvature magnitude in k, — k,, space at the two different k, values. We
note that Fig. 4 (B and C) considers the Berry curvature magnitude
summed over contributions from a wide energy range. It can be seen
that the Berry curvature is indeed dominated by the contribution from
the Weyl nodes. By contrast, the trivial pocket at k, = 0 has no observ-
able Berry curvature contribution. To understand the low-energy Berry
curvature physics, which can be measured by certain transport
experiments such as the negative longitudinal magnetoresistance, we
need to know the Berry curvature in close vicinity of the Fermi energy.
In Fig. 4 (E and F), we again show the Berry curvature magnitude but
only considering the contribution near the Fermi level within a +10-meV
window. We see that the Fermi pockets that arise from W, and W3’ (W3;")
Weyl cones (Fig. 4E) do not carry observable Berry curvature near the
Fermi level. On the other hand, Fermi pockets that arise from the type II
Weyl cones (Fig. 4E) show strong Berry curvature in the vicinity of the
W, Weyl nodes. This is quite intuitive. Because the Weyl nodes are
monopoles, the Berry curvature decays rapidly as; away from the energy
of the node. Therefore, the Fermi pockets from W, and W3'(W5") Weyl
cones show negligibly small Berry curvature contribution. We prove
that the type II Weyl nodes dominate the low-energy Berry curvature
physics, which dictates topological phenomena such as the negative lon-
gitudinal magnetoresistance and the nonlocal transport due to the chiral
anomaly (10, 11).

DISCUSSIONS

We discuss the distinction between LaAlGe and the W,_Mo,Te,
systems. Current experimental searching for the type II Weyl fer-
mions has been focused on the W;_,Mo,Te, system (19-22, 32-38).
Most works tried to study the surface states in connection to the Fermi
arcs (32-38). However, the surface Fermi arcs cannot discern whether
the bulk Weyl fermions are of type I or type II. Huang et al. (32)
argued the existence of Weyl nodes by normalizing the 6-¢V ARPES
spectrum taken at high temperature with a Fermi Dirac distribution.
As we explained in Fig. 3 (J to M), the projected band structure with-
out k, resolution cannot distinguish a type II Weyl node in the bulk
BZ (Fig. 3K) from a projected trivial crossing between a trivial elec-
tron and a trivial hole pocket. Moreover, the type II Weyl nodes in
W,_Mo,Te, is quite far away (~50 meV) from the chemical potential.
By contrast, our systematic ARPES data on LaAlGe provide the clear
and direct observation of the type II Weyl fermions. The type II Weyl
nodes in LaAlGe are located exactly at the Fermi level, and their Berry
curvatures dominate at the Fermi level. Finally, we suggest that one
could engineer the chemical potential by chemically doping LaAlGe.
For example, both La;_,Ce,AlGe and LaAl,_,Ge,,, may electron dope
the system, by which we may be able to move the chemical potential
to the Wy, W5', or W3” Weyl nodes. This may give rise to a transition
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from a type II to a type I Weyl semimetal in an engineered LaAlGe
system.

MATERIALS AND METHODS
High-quality single crystals of LaAlGe were grown by the flux method
(46). The SX-ARPES measurements were performed at the ADRESS
Beamline at the Swiss Light Source, Paul Scherrer Institute in Villigen,
Switzerland. The experimental geometry of SX-ARPES has been de-
scribed in the study of Strocov et al. (47). The sample was cooled down
to 12 K to quench the electron-phonon interaction effects, reducing the
k-resolved spectral fraction. The SX photon energy ranged from 300 to
1000 eV. The combined (beamline and analyzer) experimental energy
resolution of the SX-ARPES varied between 40 and 80 meV. The angu-
lar resolution of the SX-ARPES analyzer was 0.07° . High-resolution
vacuum ultraviolet ARPES measurements were performed using the
synchrotron radiation light source-based ARPES instruments at
Beamline 10.0.1 of the Advanced Light Source (ALS) at the Lawrence
Berkeley National Laboratory in Berkeley, CA. The energy and mo-
mentum resolution of the vacuum ultraviolet ARPES instruments
were better than 30 meV and 1% of the surface BZ. Samples were
cleaved in situ under a vacuum condition better than 5 x 10" torr.
The first-principles calculations were performed within the density
functional theory (48) framework with the projector augmented wave
basis, using the Vienna ab initio simulation package (49, 50). The Perdew-
Burke-Ernzerhof type generalized gradient approximation was used to
describe the exchange-correlation energy (51). A plane wave cutoff of
320 eV was used, and an 8 x 8 x 8 k-mesh was chosen to sample the
bulk BZ. The total energies were converged to 10° eV. SOC was taken
into account self-consistently to treat relativistic effects. The experi-
mentally measured lattice constants, a = b = 4.344 A and ¢ = 14.812 A,
determined from our own XRD measurements were used to compute the
bulk band structures. To calculate the surface states, we constructed a
first-principle tight-binding model Hamilton. The real-space tight-
binding Hamiltonian was constructed using the Wannier function
method with La s, d, f; Al s, p; and Ge s, p orbitals (52). We calculated
the surface spectral weight of semi-infinite (001) slab of LaAlGe using
Green’s function method.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/6/e1603266/DC1

section S1. Additional methods

section S2. Full characterization of the type Il Weyl fermions in LaAlGe

section S3. Decisive evidence for type Il Weyl fermions

section S4. The importance of measuring the band structure along all three k (k,, ky, k,)
directions and the issues in W;_,Mo,Te,

section S5. Topological definition of Fermi arc surface states and its implications for surface
states in LaAlGe and W,_,Mo,Te,

section S6. Surface-state band structure of LaAlGe

section S7. Fermi arc surface states associated with the W, Weyl nodes in LaAlGe

section S8. Fermi arc surface states associated with the W' and W5" Weyl nodes

section S9. Topological definition of Fermi arc surface states and its implications for surface
states in LaAlGe and W,_,Mo,Te,

table S1. Energy dispersive spectroscopy (EDS) data.

table S2. ARPES-measured Fermi velocities near W,.

table S3. Calculated Fermi velocities near W,.

fig. S1. Energy-dispersive x-ray spectroscopy of LaAlGe samples.

fig. S2. XRD data of LaAlGe.

fig. S3. Low-energy electron diffraction data of LaAlGe taken at 100-eV electron energy.
fig. S4. The 40 Weyl nodes in LaAlGe.
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fig. S5. A comparison between the Fermi arcs in type | and type Il Weyl semimetals,
demonstrating that the Fermi arcs (the green line) cannot be used to discern between type |
and type Il Weyl fermions.

fig. S6. A comparison between a true crossing in the bulk band structure and a “projected”
crossing in the projected band structure.

fig. S7. The presence of projected crossing in the projected band structure of WTe, even when
the bulk has no Weyl nodes.

fig. S8. Definition of the topological Fermi arc surface states.

fig. S9. Bulk band structure and its projection onto the surface in LaAlGe.

fig. S10. TaAs surface Fermi surface calculations under three different surface onsite potential
values.

fig. S11. Band structure of WTe, under two slightly different lattice constant values.

fig. S12. A side-by-side comparison of the main data figures between our work and the two
W;_xMo,Te, works (32, 37).

fig. S13. Fermi arc-like and Fermi arc-derived surface states in LaAlGe.

fig. S14. Fermi arc-like and Fermi arc-derived surface states in LaAlGe.

fig. S15. Fermi arc surface states associated with the W3’ and W3" Weyl nodes.

fig. S16. Connectivity pattern of the Fermi arcs associated with the W3’ and W5" Weyl nodes.
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