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It has recently been proposed that electronic band structures in crystals can give rise to a pre-
viously overlooked type of Weyl fermion, which violates Lorentz invariance and, consequently, is
forbidden in particle physics. It was further predicted that Mo, Wi_,Tes may realize such a Type
IT Weyl fermion. Here, we first show theoretically that it is crucial to access the band structure above
the Fermi level, ep, to show a Weyl semimetal in Mo, Wi_;Te2. Then, we study Moz Wi_,Tes by
pump-probe ARPES and we directly access the band structure > 0.2 ¢V above er in experiment.
By comparing our results with ab initio calculations, we conclude that we directly observe the sur-
face state containing the topological Fermi arc. We propose that a future study of Mo, Wi_,Te2

by pump-probe ARPES may directly pinpoint the Fermi arc.

Our work sets the stage for the

experimental discovery of the first Type II Weyl semimetal in Mo, W1_,Tes.

Weyl fermions have been known since the early twen-
tieth century as chiral particles associated with solu-
tions to the Dirac equation at zero mass*2. In parti-
cle physics, imposing Lorentz invariance uniquely fixes
the dispersion for a Weyl fermion. However, effective
field theories in condensed matter physics are not re-
quired to obey Lorentz invariance, leaving a freedom
in the Weyl fermion dispersion. Recently, it was dis-

*These authors contributed equally to this work.

covered that this freedom allows a new type of Weyl
fermion to arise in a crystalline band structure, distinct
from the Weyl fermion relevant to particle physics3 .
This Type II Weyl fermion strongly violates Lorentz in-
variance and has a dispersion characterized by a Weyl
cone which is tilted over on its side. It was further pre-
dicted that a Type II Weyl semimetal arises in WTey.
Concurrently, MoTe; and Mo, W;_,Tes were predicted
to be Weyl semimetals!® 12 and, more recently, sev-
eral additional Type II Weyl semimetal candidates have
been proposedt® 2 All theoretical studies found that
all Weyl points in the Mo, W;_,Tesy series are above
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FIG. 1: Chern numbers in Type II Weyl semimetals.
A loop (dashed blue line) to show a nonzero Chern number in
(a) a Type I Weyl cone and (b) a Type II Weyl cone. Suppose
the Weyl point lies above er. In the simplest case, it is clear
that for a Type I Weyl cone, we can show a nonzero Chern
number by counting crossings of surface states on a closed
loop which lies entirely below the Fermi level. This is not
true for a Type II Weyl semimetal. (c-e) Constant-energy
cuts of (b). We can attempt to draw a loop below e, as in
(c), but we find that the loop runs into the bulk hole pocket.
We can close the loop by going to € > ew, as in (e). However,
then the loop must extend above ep.

the Fermi level, ep. While angle-resolved photoemis-
sion spectroscopy (ARPES) would be the technique of
choice to directly demonstrate a Type II Weyl semimetal
in Mo, Wj_,Tes, conventional ARPES can only study
occupied electron states, below ep, making it challeng-
ing to access the Weyl semimetal state in Mo, Wi _,Tes.
Nonetheless, several ARPES works attempt to access the
Weyl semimetal state in MoTe, and WTey by studying
the band structure above ¢p in the tail of the Fermi-
Dirac distributiot™ 18 while other works have tried to
demonstrate a Type II Weyl semimetal in MoTes; and
WTes in ARPES by studying only the band structure
below e 71223 We note also a recent experimental study
of Type II Weyl fermions in an unrelated compound?#25,

Here, we first argue that it’s crucial to study the
band structure above ep to show a Weyl semimetal in
Mo, W;_,Tes, even if the Fermi arcs fall partly below

the Fermi level. Next, we experimentally demonstrate
that we can access states sufficiently far above ep us-
ing a state-of-the-art photoemission technique known
as pump-probe ARPES. We find excellent agreement
between our pump-probe ARPES data and ab initio
calculations, suggesting that Mo, W;_,Tes is a Type
II Weyl semimetal. We suggest that a future pump-
probe ARPES study may directly pinpoint the topologi-
cal Fermi arc. In this way, our results set the theoretical
and experimental groundwork for demonstrating the first
Type IT Weyl semimetal in Mo, W;_,Tes. Our work also
opens the way to studying the unoccupied band struc-
ture and time-relaxation dynamics of transition metal
dichalcogenides by pump-probe ARPES.

Can we show that a material is a Weyl semimetal if the
Weyl points are above the Fermi level, eyy > €p? For
the simple case of a well-separated Type I Weyl point
of chiral charge +1, it is easy to see that this is true.
Specifically, although we cannot see the Weyl point it-
self, the Fermi arc extends below the Fermi level, see
Fig. (a). Therefore, we can consider a closed loop in
the surface Brillouin zone which encloses the Weyl point.
By counting the number of surface state crossings on this
loop we can demonstrate a nonzero Chern number29, In
our example, we expect one crossing along the loop. By
contrast, this approach fails for a well-separated Type
IT Weyl point above . In particular, recall that when
counting Chern numbers, the loop we choose must stay
always in the bulk band gap. As a result, for the Type
IT case we cannot choose the same loop as in the Type I
case since the loop would run into the bulk hole pocket.
We might instead choose a loop which is slanted in en-
ergy, see Fig. b)7 but such a loop would necessarily
extend above ep. Alternatively, we can consider differ-
ent constant energy cuts of the Type II Weyl cone. In
Figs. C—e), we show constant-energy cuts of the Type II
Weyl cone and Fermi arc. We see that we cannot choose
a closed loop around the Weyl point by looking only at
one energy, because the loop runs into a bulk pocket.
However, we can build up a closed loop from segments
at energies above and below the Weyl point, as in Figs.
c,e). But again, we must necessarily include a segment
on a cut at € > ey. We find that for a Type II Weyl
semimetal, if the Weyl points are above the Fermi level,
we must study the unoccupied band structure.

Next, we argue that in the specific case of
Mo, W;_,Tes we must access the unoccupied band struc-
ture to show a Weyl semimetal. In the Supplemen-
tal Material, we present a detailed discussion of the
band structure of Moxwl,xTeg. Here, we only note
a key result, consistent among all ab initio calculations
of Mo, W;_,Tes, that all Weyl points are Type IT and are
above the Fermi levelP 92 Thegse facts are essentially
sufficient to require that we access the unoccupied band
structure. However, it is useful to provide a few more
details. Suppose that the Fermi level of Mo, W;_,Tes
roughly corresponds to the case of Fig. c). To count a
Chern number using only the band structure below the
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FIG. 2: Moo.45Wo.55Tez below the Fermi level. (a-g) Conventional ARPES spectra of the constant-energy contour. We
observe a palmier-shaped hole pocket and an almond-shaped electron pocket. The two pockets approach each other and we
directly observe a beautiful avoided crossing near e where they hybridize, in (a). This hybridization is expected to give rise to
Weyl points above er. (h-k) ARPES measured Eg — k, dispersion maps along the cuts shown in (f). We expect Weyl points or
Fermi arcs above the Fermi level at certain k, where the pockets approach. (I-n) Constant-energy contours for Mog.4Wo.¢Te2
from ab initio calculations. The black and white dots indicate the Weyl points, above er. Note the excellent overall agreement
with the ARPES spectra. The offset on the ky scale on the ARPES spectra is set by comparison with calculation. (o) Cartoon of
the palmier and almond at the Fermi level. Based on calculation, we expect Weyl points above € where the pockets intersect.

Fermi level, we need to find a path enclosing a nonzero
chiral charge while avoiding the bulk hole and electron
pockets. We can try to trace a path around the entire
hole pocket. However, as we will see in Fig. [2] the Weyl
point projections all fall in one large hole pocket at ep.
As aresult, tracing around the entire hole pocket encloses
zero chiral charge, see also an excellent related discussion
in Ref23. Therefore, demonstrating a Weyl semimetal
in Mo, W;_,Tey requires accessing the unoccupied band
structure.

We briefly introduce the occupied band structure
of Mo, W;_,Tes. We present ARPES spectra of
Mog.45 Wo.55 Tes below the Fermi level, see Figs. [[a-k).
We observe a palmier-shaped hole pocket and an almond-
shaped electron pocket which chase each other as we scan
in binding energy. We find excellent agreement between
our ARPES results and ab initio calculation, see Fig. l—
n). Based on calculation, at two energies above ep, the
pockets catch up to each other and intersect, forming two
sets of Weyl points W7 and Ws, see Fig. 0) and also
the Supplemental Material®?.

Next, we show that we can directly access the rel-
evant unoccupied states in Mo, W;_,Tey with pump-

probe ARPES. In our experiment, we use a 1.48eV
pump laser to excite electrons into low-lying states above
the Fermi level and a 5.92eV probe laser to perform
photoemissionm. We first study Mog 45Wq.55Tes along
I —Y at fixed k, = OA_17 see Figs. a,b). The sam-
ple responds beautifully to the pump laser and we ob-
serve a dramatic evolution of the bands up to energies
> 0.2eV above ep. We find, similarly that we can di-
rectly access the unoccupied band structure on a cut at
fixed k, ~ kw, see Figs. [fc,d). Further, by plotting
constant-energy cuts, we can directly observe that the
almond pocket continues to grow above ep, while the
palmier pocket recedes, consistent with calculation, see
Figs. e-j). We note that all available calculations of
Mo, W;_,Tey place the Weyl points < 0.1eV above the
Fermi level. In addition, the Weyl point projections are

all predicted to lie within 0.25A7" of the T point310-12]
We see that our pump-probe measurement easily accesses
the relevant region of reciprocal space to show a Weyl
semimetal in Mo, W;_,Tey for all x.

We next present evidence for a Weyl semimetal in
Mog.45Wo.55Tes.  The agreement between our pump-
probe ARPES spectra and ab initio calculation strongly
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FIG. 3: Moo.4sWy.55Tes above the Fermi level. (a,b) Eg —k, dispersion maps of Mog.45 Wo.55Tez along the T —Y direction
at k, = 0 with and without the pump laser. The sample responds beautifully to the pump laser, allowing us access to the band
structure > 0.2eV above e, well above the predicted energies of the Weyl points. (c,d) Dispersion maps of Mog.45 Wo.55Te2
with and without pump on a cut parallel to I-X at (c) ky ~ 0.29A and (d) k, ~ 0.26A. (e-g) The evolution of the almond
pocket in energy. We observe that the almond pocket evolves into two nested contours, seen most clearly at Eg = —0.1eV.
(h-j) Calculation of the Fermi surface for Mog.4Wo.¢Tez above er. We see two nested electron pockets, consistent with the

measured Fermi surface at Eg = —0.1eV.

suggests that Mog 45 Wo.55Tes is a Weyl semimetal. We
consider the spectrum at fixed k, ~ kw, see Figs. a—
d). We find an upper electron pocket (1) with a short
additional surface state (2), a lower electron pocket (3)
and the approach between hole and electron bands (4),
all in excellent agreement with the calculation. We also
note the excellent agreement in the constant energy con-
tours both above and below e, as discussed above. In
addition to this overall agreement between experiment
and theory, we might ask if there is any direct signa-
ture of a Weyl semimetal that we can pinpoint from the
experimental data aloné?8, First, we consider a measure-
ment of the Chern number, following the prescription
discussed above for Type II Weyl cones. Formally, we
can use the loop in Fig. b) around either W7 or Wy
to measure a Chern number of +128.  Specifically, the
topological Fermi arc will contribute one crossing, while
the trivial surface state will contribute either zero cross-
ings or two crossings of opposite Fermi velocity, with net
contribution zero. However, in our experiment, the finite
resolution prevents us from carrying out this counting.
In particular, the linewidth of the surface state is com-
parable to its energy dispersion, so we cannot determine
the sign of the Fermi velocity.

Next, we note that since the chiral charges of all Weyl
point projections are +1, we expect a disjoint arc con-
necting pairs of Weyl points, in one of two possible config-
urations, Figs. [ffe,f). From our calculation, we expect
case Fig. e). However, we observe no such disjoint
arc in (3) in our spectrum. From calculation, we see

that this is perhaps reasonable because the Fermi arc is
adjacent to trivial surface states, see the dotted lines in
Figs. c,d). Indeed, we can understand the Fermi arcs in
Mo, W;_,Tes as arising from the large electron-like sur-
face state (3) of Figs. [d(c,d), which we can imagine as be-
ing present whether or not there are Weyl points. Then,
we can tune the system through a topological phase tran-
sition. Before the transition, the surface state is entirely
trivial. After the transition, the Weyl point projections
sit on (3) and “snip out” a topological Fermi arc from the
large surface state. Formally, the Fermi arc terminates
strictly on the Weyl points, while the remaining trivial
surface states merge into the bulk in some generic way
near the Weyl points. However, within any reasonable
resolution, the topological and trivial surface states ap-
pear to connect at the Weyl points. As a result, we see
no disjoint Fermi arc.

We might then ask if we can observe a kink, since the
Fermi arc and the trivial surface state will generically
meet at some angle. We note that we observe a kink
in calculation, but not in the ARPES spectra presented
here. We propose that a more complete pump-probe
ARPES study of Mo, W;_,Tes; may show such a kink.
In particular, a full k, dependence may catch a kink or
“ripple” in the surface state, signaling a topological Fermi
arc. If there is a difference in how well localized the Fermi
arc is on the surface of the sample, compared to the triv-
ial surface state, then a difference in the photoemission
cross section may make one or the other feature brighter,
allowing us to directly detect the arc. A composition de-
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FIG. 4: Signatures of Fermi arcs in Mo, W;_,Te;. (a) Pump-probe ARPES spectrum at k, = 0.22547". (b) Ab initio

calculation at ky, = kw1 = 0,215A_1, showing excellent overall agreement with the data. (c,d) Same as (a,b) but with key
features in the data marked. (e,f) There are two possible scenarios for the connectivity of the arcs. The scenario in (e) is favored
by our ab initio calculations. The surface state electron pocket (3) contains both the topological Fermi arcs and adjacent trivial
surface states. While the Fermi arc is formally disconnected from the trivial surface states, in practice the trival surface state
merges into the bulk very close to the Weyl points, so that we do not observe a disjoint arc. Nonetheless, future measurements
by pump-probe ARPES may allow us to observe a kink or “ripple” where the topological Fermi arc and trivial surface states
meet, demonstrating that Mo, W1_,Tes is a Type II Weyl semimetal.

pendence may further show a systematic evolution of the
kink, which would also prove an arc. Such an analysis is
beyond the scope of this work. Here, we have shown the-
oretically that accessing the unoccupied band structure is
crucial to show a Weyl semimetal in Mo, W1_,Tes and, in
addition, we have directly accessed the unoccupied band
structure in experiment and observed the surface state
containing the topological Fermi arc. These results set
the stage for directly demonstrating that Mo, W;_,Tes
is a Type IT Weyl semimetal.
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