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We present a time- and angular-resolved photoemission (TR-ARPES) study of the transition-
metal dichalcogenide WTe2, a candidate type II Weyl semimetal exhibiting extremely large magne-
toresistence. Using femtosecond light pulses, we characterize the unoccupied states of the electron
pockets above the Fermi level. Following the ultrafast carrier relaxation in distinct parts of the
Brillouin zone, we report remarkably similar decay dynamics for electrons and holes. Our results
confirm that charge compensation between electron and hole pockets – a key effect to explain the
non saturating magnetoresistance of this material – is a distinctive feature of WTe2 even in an
out-of-equilibrium regime.

PACS numbers: 78.47.J-,79.60.-i,73.20.-r

I. INTRODUCTION

Weyl semimetals establish a new class of quantum
materials exhibiting topological protection1–4. A point-
touching in reciprocal space between valence and conduc-
tion band creates Weyl nodes associated to a topolog-
ically protected charge (Fig. 1(a)). Their projection in
the Fermi surface is point-like and the projection of nodes
of opposite charge are connected with open surface states
(Fermi Arcs)5. Recently, a new class of Weyl semimet-
als was proposed, namely the type-II Weyl semimetals6,
with Weyl points emerging from the linear crossing of
electron and hole pockets. The Weyl fermion, in this
case, is characterized by a Weyl cone that is tilted over
one side (Fig. 1b). Violation of the Lorentz invariance in
type-II Weyl semimetals is meant to lead to novel physi-
cal properties making these systems interesting to study6.

Type-II Weyl fermions have been predicted to be
found in some transition-metal dichalcogenides. WTe2
and MoTe2 are among the first type-II Weyl semimetal
candidates under investigation6–8. High resolution
ARPES measurements have successfully revealed surface
states connecting hole and electron pockets in WTe2

9–14

and MoxW1−xTe2
15–18 along with their complete spin

polarization19. Despite intense efforts the topological na-
ture of the surface states in these materials is still object
of debate. TR-APRES experiments carried out on the
unoccupied band structure of Mo-doped WTe2 has un-
raveled arc-like surface states between the electron and
hole pocket that could contain the topological states and,
hence the Weyl points20. Despite the excellent agreement
between the calculated band structure and the experi-
ment, no direct spectroscopic signature has been actually
observed. On the other hand, ultra-high resolution laser

ARPES on thermally broadened WTe2 showed a reach of
surface states Fermi surface without, however, really con-
clusive results on its Weyl nature10,21. The Weyl points
in this material reside above the Fermi level, thus making
it difficult to be observed spectroscopically.

FIG. 1. (Color online) (a) Schematic illustration of the type-
I Weyl semimetal with point-like Fermi surface (the case of
monopnictide family), and (b) of type-II Weyl semimetal with
tilted cone forming electron and hole pockets (the transition-
metal dichalcogenide family).

The peculiar topology observed in various Dirac and
Weyl materials has been proposed to be somehow related
to their exceptional magnetotransport properties, like for
instance the one found in Cd3As2

22 and in NbP23. WTe2
has an extremely large, nonsaturating magnetoresistance
at low temperatures and high magnetic fields24. The high
magnitude of its magnetoresistance has been attributed
to an almost perfect compensation between electrons and
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holes and to the balanced arrangement of electron and
hole pockets in the structure of the Fermi surface9. To
date, a possible relation between these phenemona and
the topological nature of its surface states has not been
yet established.

In this paper, we report a time-resolved ARPES (TR-
ARPES) study of WTe2 single crystals. This tech-
nique makes it possible to explore the structure of
empty electronic states, and to observe the carrier re-
laxation dynamics after the system has been driven out-
of-equilibrium by femtosecond optical pulses. While our
results cannot provide any conclusive evidence of Weyl
nodes above the Fermi level, the relaxation dynamics of
photoexcited states show a perfect balance between elec-
trons and holes in the pockets at the proximity of the
Fermi level.

II. METHODS

High quality WTe2 single crystals were synthesized
by the flux method as described elsewhere24. The
pump-probe photoemission experiments have been per-
formed at the FemtoARPES setup based on a commercial
Ti:Sapphire laser delivering 35 fs pulses at 1.57 eV at a
repetition rate of 250 kHz. Part of the output laser power
was used to generate probe 6.28 eV photons through cas-
cade frequency mixing in BBO crystals25. The energy
and time resolution were estimated to be of ≈50 meV
and 150 fs, respectively. The used pump fluence was
0.6±0.02 mJ/cm2 and the photoemission spectra were
referred to the Fermi level (EF) of the system at thermo-
dynamic equilibrium. All samples were cleaved in situ at
room temperature and base pressure of 1×10−10 mbar
before being cooled down to 130 K.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the Fermi surface as acquired with
our system. With the help of the scheme in figure 2(b)
the electron and hole pockets in the ΓX direction already
reported by previous studies are easily recognizable.

Figures 2(c)-2(e) show cuts of constant momen-
tum from pump-probe ARPES spectra probed with s-
polarized UV light pulses at 350 fs after the arrival of the
pump pulse, i.e. ∆t = 350 fs. Cuts of the band structure
along the high symmetry direction ΓX (see Fig. 2(c)) and
at ky=0.05 Å-1 (Fig. 2(d)) show clearly a broad electron-
like band surrounded by a second band that creates the
electron pocket below the Fermi level. Their disper-
sion moving away from the high symmetry direction, and
the dispersion in the perpendicular direction reveal their
paraboloid-like shape. At energies around 0.1-0.2 eV, the
two bands expand over, pivoting on two distinct points
located at [kx=0.23 Å-1, ky=±0.013 Å-1]: this is clearly
shown in the video provided in supporting information26,
where a sequence of isoenergetic cuts at increasing E-EF

FIG. 2. (Color online) (a) Fermi surface of the WTe2 along
with its schematic illustration (b). Cuts along the high sym-
metry direction ΓX (c) and parallel to it (d), and cuts parallel
to the high symmetry direction ΓY (e)-(h) (lines #1–#6 in
(b)).

is shown. One might ask of whether we have a signature
of Weyl points. From what we can tell, the overall band
dispersion observed along these points and the fact that
the band crossing happens well above the calculated po-
sition of the Weyl point suggests that this could not be
a spectroscopic evidence of a Weyl semimetal. At this
point, our experimental resolution does not permit us to
make conclusive remarks on the topological nature of the
observed surface states. Nevertheless, the analysis of the
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FIG. 3. (Color online) Cut of the band structure along the ΓX direction (panel a) together with the image difference (∆t = 250
fs - ∆t < 0). Lines are guides to the eye showing the integration regions for the bands I-VII, whose normalized temporal
evolution of carrier populations is reported in panels c and d. Panel e compared the decay dynamic of the region in the square
containing presumably one of the Weyl points (WP), with a control region (C). Panel g compares the electrons and holes
dynamic in the electrons and hole pockets T1 and T2 as defined in panel f.

system in the time domain provides interesting comple-
mentary information, in particular on the relaxation of
photoexcited carriers.

Figure 3 shows the decay dynamics of photoexcited
bands in WTe2 acquired with p-polarized pulses along
ΓX. Bands are labelled following the image shown in
Fig. 3(b), i.e. the difference ARPES image acquired at
∆t = 250 fs and an image at equilibrium, right before
photoexcitation. Blue areas correspond to an electronic
population depleted upon photoexcitation, while red ar-
eas correspond to an excess of electronic population. Our
results are in fairly good agreement with previousely re-
ported calculations and measured band structures9,11,27.

In order to follow the decay dynamics, seven regions
are delineated as follows: five (I-V) below the Fermi level
in correspondence of the occupied bands, and two above
the Fermi level in correspondence of the two electron
pockets (VI-VII). These regions have been chosen to fol-
low the decay in a band-resolved manner: this can give

us insight in interband scattering process, and help in de-
tecting singularities as Weyl points are28–30. Using the
integration areas indicated in Figure S126, we can track
the decay evolution of the carriers population of each
band versus the pump-probe delay as shown in figures
3(c) and 3(d). At first glance, we can notice that both
electron and hole populations decay exponentially, hav-
ing similar decay times. Single exponential fits to bands
VI and III give decay times of 0.9±0.1 ps and 1.2±0.3
ps, respectively (Fig. 3(b)). These values are in perfect
agreement with previous time-resolved reflectivity exper-
iments performed by Dai et al. on WTe2

31.

Next, we compare the temporal evolution of the excess
electronic population in two isoenergy regions around
∼30 meV above EF marked as WP and C in Fig. 3(d).
While both regions belong to the same electron pocket,
WP region should contain the Weyl point according to
previous reports6, while C does not contain any singular
point. Comparing the two areas will give us indication on
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the effective presence of Weyl points in the region WP.
From our measurements, one can notice a rapid intensity
increase at WP shortly after photoexcitation reaching its
maximum at ∆t ∼350 fs. We suggest that this behaviour
is induced from impact ionization. Impact ionization in
metals and semimetals is known to be the dominant scat-
tering process for carrier relaxation leading to a multipli-
cation of excess electrons at the vicinity of the Fermi
level32. The process is k and band selective as it acts to
minimize the total energy for any given charge carrier. In
presence of a Dirac singularity, the extremely small den-
sity of states available for the carriers to cool down estab-
lishes a precursor of a population inversion, also known as
”bottleneck effect”, accumulating electrons and slowing
down the charge recombination29,33,34. Nevertheless, the
similar decay rates observed in WP and C does not give
us any indication regarding the presence of a singularity
(Weyl point) in the region WP.

Finally, we turn our attention to the comparison of
the temporal evolution of the excess carrier densities in
the vicinity of the Fermi level. This region is dominated
by the presence of electron and hole pockets, and since
these are the crucial players in the mechanism of non-
saturating magnetoresistance, they are features of partic-
ular relevance. Figure 3(g) shows the relaxation dynam-
ics of such electron and hole pockets delimited with the
squares T1 and T2 in Fig. 3(f). Both populations decay
with comparable relaxation times. Moreover, in figure
S226 is shown that the balance between hole and elec-
tron decays is valid for regions symmetric in energy with
respect to the Fermi level, even if they belong to different
bands. This is true in particular at large pump-probe de-
lays (> 2ps), while right after the optical excitation the
high energy electrons act as a reservoir for the lower en-
ergy states: this affects the dynamics of the states closer
to the Fermi level with scattering process interfering with
the thermalization of the electron gas, deviating from a
pure exponential decay. This behaviour resembles the
decay of a simple metal, and in figure S326 we can con-
firm that the momentum-integrated electronic distribu-
tion thermalizes in a (hot) Fermi-Dirac distribution after
2 ps. Effectively, each of the various individual pockets of
WTe2 behaves like a “small metal”, without any evidence
of singular points in the proximity of the Fermi level. In

this regard, WTe2 deviates from the behavior of proto-
type out-of-equilibrium Dirac semimetals like graphene,
where bottleneck effects slow down the relaxation. Fur-
thermore, if one looks at the behavior of the various pock-
ets with respect to each other, one can see that after 2 ps
the system presents a remarkably balanced behavior be-
tween excess electrons and holes: this confirms that per-
sisting charge compensation between electron and hole
pockets – widely regarded as the the main mechanism
causing the extremely high magnetoresistance in WTe2 –
is still present even in an out-of-equilibrium conditions.

IV. CONCLUSIONS

To summarize, in this paper we showed the unoccu-
pied band structure of WTe2, observing the dispersion
of the electron and hole pockets above the Fermi level.
Analyzing the dynamics of excess electrons and holes in
the proximity of the Fermi level, we determined a ther-
malization time of about 2ps. After this thermalization
time, the various electron and hole pockets present a re-
markable balance among their evolutions. This confirms
that charge compensation among pockets is a distinc-
tive feature of WTe2, even out-of-equilibrium. Due also
to our experimental resolution, our results could not pro-
vide any signature of the presence of a Weyl point, neither
from the band structure nor from the relaxation dynam-
ics in the time domain. More studies are required to give
a clear conclusion on the topology of the band structure
of WTe2.
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