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ABSTRACT: We performed time- and polarization-resolved extreme ultraviolet momentum XUV ?

microscopy on the topological Dirac semimetal candidate 1T-ZrTe,. Excited state band IR

mapping uncovers the previously inaccessible linear dispersion of the Dirac cone above the ~. » ~
4y ™

Fermi level. We study the orbital texture of bands using linear dichroism in photoelectron ; .
angular distributions. These observations provide hints about the topological character of 1T- | ezr SOPGOOC
ZrTe,. Time-, energy-, and momentum-resolved nonequilibrium carrier dynamics reveal that °Te X%%@%%XX
intra- and interband scattering processes play a major role in the relaxation mechanism, leading —
to multivalley electron—hole accumulation near the Fermi level. We also show that electrons’
inverse lifetime has a linear dependence as a function of their excess energy. Our time- and polarization-resolved XUV
photoemission results shed light on the excited state electronic structure of 1T-ZrTe, and provide valuable insights into the relatively
unexplored field of quantum-state-resolved ultrafast dynamics in 3D topological Dirac semimetals.

KEYWORDS: Ultrafast Dynamics, Photoemission, Topological Materials, Dichroism, Electronic Structure, Molecular Beam Epitaxy

hree-dimensional (3D) topological semimetals, including even down to the ultimate 2D limit of a single monolayer. In
Dirac, Weyl, and nodal-line semimetals, have garnered these measurements, the Dirac point was shown to be located
significant interest, due to their unique electronic structures at—or very close to—the Fermi level, which is notably
characterized by gapless topologically and symmetry-protected different from the theoretical calculations that predict its
crossings between valence and conduction bands."”” In Dirac location relatively far above it.**>’ Despite these preliminary
semimetals, these crossings are protected by crystal rotational results on the electronic structure of 1T-ZrTe, its 3D
symmetry. They are formed through band inversion along the topological Dirac semimetallic character has been a subject
k, direction of the three-dimensional Brillouin zone. to debate. Indeed, synchrotron ARPES studies on single
Angle-resolved photoemission spectroscopy (ARPES) is crystals of Cr-doped 1T-ZrTe,*° did not reveal clear Dirac-like
widely considered the most advanced technique for examining features, unlike epitaxially grown thin films.”” However, other
the electronic structure of solids. As a result, ARPES has studies combining synchrotron ARPES on 1T-ZrTe, single
become a tool of choice for studying topological materials, crystals with DFT calculations suggested that it is a Dirac

semimetal,”® but without direct observation of the Dirac
crossing. Fermiology studies using de Haas—van Alphen
oscillations have shown that 1T-ZrTe, exhibits no signature
of nontrivial Berry phase.”” This observation was attributed to

which feature characteristic nontrivial bulk and surface states,
e.g., topological surface states and Fermi arcs, which can be
revealed using this technique.”™” The use of ultrafast laser
pulses enables a new type of ARPES measurements (time- ; '
resolved ARPES, trARPES) that allows for the investigation of the fe_‘Ct that the type-Il D 1fac cone could lie far above the
excited states and ultrafast dynamics in materials.'” Although Fermi level (~S00 meV).™ On the other hand, recent

this technique has been extensively used on various topological magnetotransport measuregl_esréts pointed toward t,he topo-
materials, including Weyl semimetals,"' ™ topological insu- logical nature of 1T-ZrTe,, and a recent theoretical study

lators,"™"° and graphene,*~>* its application to 3D Dirac using topolo.glcal quantum.chemlggry predicted .that 1T—ZrTFe2
fermions has been limited 225 is a topological Dirac semimetal.” However, since the Dirac

I'T-ZtTe, was recently proposed to be a topological Dirac crossing most probably lies above the Fermi level, accessing

semimetal with a type-Il crossing along the k, direction.”®
Previous static ARPES studies had provided the first Received:  August 19, 2024
experimental evidence that few-layer 1T-ZrTe, epitaxially Revised:  October 4, 2024

grown by molecular beam epitaxy (MBE) is a 3D topological Accepted:  October 4, 2024
Dirac semimetal.”” More specifically, it was shown that linearly Published: October 9, 2024
dispersing bands along the I'-K and I'=M directions cross
near the Fermi level, indicating the existence of Dirac fermions,
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these subtle features with static ARPES poses significant
challenges. Excited state band mapping using trARPES
represents a potential solution to this issue.

In this study, we perform time- and polarization-resolved
extreme ultraviolet (XUV) momentum microscopy on the 1T-
ZrTe, topological Dirac semimetal candidate. By photoexciting
electrons into high-lying conduction bands using infrared
pump pulses (1030 nm, 1.2 eV), we uncover the energy-
momentum dispersion of the electronic band structure above
the Fermi level. Furthermore, the linear dichroism in
photoelectron angular distributions (LDAD) obtained from
polarization-resolved measurements on the photoexcited 1T-
ZrTe, allows us to reveal different orbital textures of bands in
an extended energy-momentum range, typically inaccessible
using conventional dichroic ARPES measurements. Second-
derivative analysis of the photoemission intensity shows that
the Dirac cone crosses the conduction band ~250 meV above
the Fermi level. Moreover, energy- and momentum-resolved
ultrafast carrier dynamics reveal that photoexcited electrons’
inverse lifetime has a linear dependence on the excess energy.
Our time- and quantum-state-resolved ultrafast electron and
hole dynamic measurements allow us to unveil microscopic
processes, including intra- and intervalley scattering, governing
the nonequilibrium dynamics in photoexcited 3D topological
Dirac semimetals.

Figure 1(a) shows a schematic of the experimental
geometry. An s-polarized infrared (IR, 1.2 eV, 135 fs, 2.95
mJ/cm?®) pump and polarization-tunable (s- or p-polarized)
XUV (21.6 eV) probe pulses are superimposed onto the 17T-
ZrTe, sample at room temperature in the interaction chamber
of the time-of-flight momentum microscope. The 1T-ZrTe,

Figure 1. Schematic of the experiment. (a) An infrared pump and a
polarization-tunable (s- or p-polarized) XUV (21.6 eV) probe pulses
are focused onto an MBE-grown 1T-ZrTe, sample, in the interaction
chamber of a time-of-flight momentum microscope, at an incidence
angle of 65°. (b) Constant energy contours for different binding
energies, obtained by summing photoemission intensities measured
with s- and p-polarized XUV. These measurements were taken at the
pump—probe temporal overlap, with an s-polarized IR pump pulse
(1.2 eV, 135 fs, 2.95 mJ/cm?). The light scattering plane (orange
tilted rectangle overlaid with CEC in (b)) is aligned with the crystal
mirror plane M, i.e., is along the '-M direction.

samples were grown by MBE on the Si(111)/InAs(111)
substrates. More information about the experimental setup and
sample preparation can be found in the Supporting
Information and elsewhere.””*>*°

ZrTe, belongs to the 1T transition metal dichalcogenide
layered octahedral family with space group P3m1 (No. 164). It
is anticipated that the 3D gapless Dirac crossing originates
from two bands associated with different irreducible
representations, which prohibit gap opening due to hybrid-
ization. Theoretical calculations have predicted a pair of 4-fold
degenerate Dirac nodes ~500 meV above the Fermi level, at
(k, =0, k, = 0, k, = £0.228¢*) momenta,”® where c* is the
inverse out-of-plane lattice constant. These Dirac nodes are
protected by the C; rotational symmetry along the c¢ axis.
Figure 1(b) also shows constant energy contours for different
binding energies, obtained by summing photoemission
intensities obtained with s- and p-polarized XUV, at pump—
probe overlap with the s-polarized pump pulse.

The energy- and momentum-dependence of the photo-
emission transition dipole matrix element holds valuable
information about wave functions underlying the electronic
band structure. Notable examples include the orbital character
of the electronic band structure'®’™* as well as Berry
curvature,” ~** which are probed by the modification of
photoemission intensities upon the modulation of the
polarization state of the ionizing radiation, in a scheme
referred to as dichoic ARPES. In that spirit, we performed
polarization-resolved measurements at pump—probe overlap
(At =0 fs), by measuring the energy- and momentum-resolved
photoemission intensity while continuously rotating the XUV
linear polarization axis angle. A cut of the photoemission
intensity along M—I'—M, integrated over all XUV polarization
states, is shown in Figure 2(a). Figures 2(c),(d) show the
normalized (for each energy) photoemission intensities along
the same high-symmetry cut for s- and p-polarized XUV pulses.
One can notice striking differences between these two
configurations. Indeed, with s-polarized XUV, a linear Dirac
band extending a few 100 meV above the Fermi level is probed
around I', while with p-polarized XUV, the Dirac band is
absent and a parabolic hole-like band appears. Additionally, the
contribution of the electron-like pockets at M points is strongly
enhanced with p-polarized XUV. A previous polarization-
dependent synchrotron-ARPES study on 1T-ZrTe, has shown
similar photoemission intensity modulation upon changing
polarization and attributed this behavior to the different orbital
character of the bands below the Fermi level.”® Additionally,
the orbital-resolved band structure calculations reported in this
study predicted that the parabolic band at I' and electron-like
M pockets are mostly composed of orbitals with out-of-plane
characters (Te p, and Zr d,?, respectively), while the tip of the
Dirac cone is composed of Zr d,, and d,, orbitals. The XUV
LDAD presented in Figure 2(b) is in good agreement with the
above-mentioned predictions. Indeed, at strong off-normal
geometry (angle of incidence of 65°), p-polarized light is
expected to favor photoemission from out-of-plane orbitals. In
addition, our pump—probe scheme also allows accessing
LDAD of states above the Fermi level, which is not possible
using static polarization-resolved ARPES. This enables us to
extract simultaneously the LDAD from the M pockets, the
parabolic band at I (red color), and the tip of the linear Dirac
cone dispersing above the Fermi level around the I point (blue
color). It is thus evident that the photoemission transition
dipole matrix elements significantly influence the ARPES

https://doi.org/10.1021/acs.nanolett.4c04019
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Figure 2. Linear dichroism in photoexcited 1T-ZrTe,. Band structure
mapping of 1T-ZrTe, along the M—I"—M direction, at pump—probe
overlap (At = 0 ps), using an s-polarized pump pulse to avoid the
spurious effect of laser-assisted photoemission. (a) Raw signal
(unnormalized) obtained by summing photoemission intensities
measured using an s- and p-polarized XUV probe pulse. (b) XUV
LDAD extracted by subtracting the photoemission intensities
measured using p- and s-polarized XUV probe pulses. (c) Normalized
photoemission intensity measured using s-polarized XUV probe
pulses. (d) Normalized photoemission intensity measured using p-
polarized XUV probe pulses. In (c) and (d), each momentum-
resolved energy slice of the photoemission intensity is normalized by
its maximum value.

spectra of 1T-ZrTe, and that s-polarized XUV substantially
enhances the photoemission intensity from the Dirac cone.
To gain a deeper insight into the dispersion of the Dirac
cone, high-statistic measurement was conducted at pump—
probe overlap (At = 0 fs) with s-polarized XUV (Figure 3(a)).
The associated photoemission intensity along the M—I'-M
direction shows a clear Dirac-like cone extending far above the
Fermi level. Second derivative analysis of this signal (Figure
3(b)) (more details about the second derivative analysis
procedure are given in the Supporting Information, Figure S2)
indicates that the electron-like conduction bands with minima
at M points disperse upward toward the I" point, merging with
the tip of the Dirac cone at ~250 meV above the Fermi level.
An electron-like band at I" can also be seen above this crossing
(around 0.6 eV < E — Ep < 1 V). These observations are in
good agreement with previously reported calculations, which
predict that 1T-ZrTe, is a 3D topological Dirac semi-
metal.”~*" It is important to note that the Dirac bands also
exhibit dispersion along the k, axis, and accurate determination
of the position of the Dirac point in the 3D Brillouin zone
would require photon—energy—dependents’é’45 trARPES meas-
urements. While this is currently not possible with our setup,
time-resolved ARPES with XUV photon-energy tunability are
now emerging*°~>" and could be very useful to probe the 3D

dispersion of electronic states above the Fermi level. However,
this type of experiment represents a major challenge.

After meticulously analyzing the excited state dispersion and
orbital characters, we now focus on the ultrafast non-
equilibrium carrier dynamics in photoexcited 1T-ZrTe,. We
performed pump—probe measurements with an s-polarized IR
pump, to avoid spurious effects of laser-assisted photoemission
during the optical cross-correlation, and s-polarized XUV
pulses to efficiently access the ultrafast dynamics of carriers
within the Dirac cone. Figure 4(a) shows the energy- and

k, (A

Figure 3. Excited state band mapping. (a) Normalized energy-
momentum cut along the M—I"'—M direction at pump—probe overlap
(At = 0 ps). The IR pump and the XUV probe are s-polarized. (b)
Second derivative analysis of the energy-momentum cut along the
M~-I'—M direction shown in (a). The second derivative presented in
(b) is calculated by summing the second derivatives along the
momentum and energy axes. More details about the second derivative
procedure can be found in the Supporting Information.

momentum-resolved differential map along M—I'—M high-
symmetry directions, generated by subtracting the photo-
emission intensity obtained before (integration between —1.25
and —0.95 ps) and during/after (integration between 0 and
+0.3 ps) optical photoexcitation. Negative differential photo-
emission intensity (blue color) mainly results from the hole
creation upon optical photoexcitation and subsequent intra-
and interband scattering processes. Conversely, positive
differential photoemission intensity (red color) mainly
originates from electron creation upon optical photoexcitation
and subsequent scattering processes. Excitation-induced band
renormalizations can also leave their imprint onto these
differential maps.'*~'* However, under these experimental
conditions, we did not observe any significant band
renormalization between the equilibrium and the photoexcited
states of the sample.

In the differential map (Figure 4(a)), we observe a very faint
positive signal centered around I' and extending up to ~1 eV
above the Fermi level. This indicates that vertical optical
transitions induced by the IR pump occur between the Dirac
cone and the high-lying excited states around I'. These hot
electrons can subsequently relax through intra- and interband
scattering and accumulate near the Fermi level within the tip of
the Dirac cone at I' and within M pockets, leading to a strong
positive (red) signal. In addition, we observe significant hole
accumulation just below the Fermi level, both within the Dirac
cone at I' and within M pockets. The creation of holes at M
pockets most likely arises from phonon-assisted M-I
intervalley scattering since there is no pair of bands allowing
direct optical transition with a 1.2 eV photon near M points.
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Figure 4. Energy- and momentum-resolved ultrafast nonequilibrium dynamics. (a) Energy- and momentum-resolved differential map, generated by
subtracting the photoemission intensity obtained before (integration between —1.25 ps and —0.95 ps) and during/after (integration between 0 ps
and +0.3 ps) optical photoexcitation. This differential map was obtained by summing photoemission intensities for all three M—I'—M directions of
the Brillouin zone to enhance statistics. (b) Energy-momentum cut along the M—I'—M direction with integration boxes used in (c), where energy-
and band-resolved temporal evolution of the photoexcited electrons within these regions of interest are shown. (d) Momentum-integrated electron
population lifetimes and associated inverse lifetimes as a function of excess energy.

The temporal evolution of photoexcited electrons within
various energy-momentum regions of interest (ROI, squares in
Figure 4(b)) is depicted in Figure 4(c), revealing the energy-
and band-resolved ultrafast electron dynamics. Surprisingly, the
extracted lifetime (~500 fs) at the tip of the Dirac cone above
the Fermi level at I' (blue ROI box) is the same as the one
extracted at the M pocket (red ROI box), at the same energy
(between 0.14 and 0.26 eV), which implies that the carrier
lifetime seems to be momentum-independent. This suggests
that interband scattering processes that are faster than our
temporal resolution (~140 fs) are at play, leading to an
apparent momentum-independent carrier lifetime. For higher
energy electrons (between 0.44 and 0.56 eV, pink ROI box),
the extracted lifetime decreases to ~150 fs. In addition, looking
at time-resolved photoemission intensity in regions of interest
symmetric in energy with respect to the Fermi level (below and
above) reveals remarkably similar decay dynamics for electrons
and holes (Figure S3). This charge compensation between
electron and hole pockets, even in nonequilibrium settings, was
also observed in type-Il Weyl semimetallic WTe, and was
argued to be a key effect in explaining the nonsaturating
magnetoresistance of this type of material.”*

Having established the momentum-independent behavior of
the ultrafast carrier lifetime, we can now extract the
momentum-integrated (integrated for all momenta), energy-

13400

resolved lifetime of photoexcited electrons (Figure 4(d)). For
electrons near the Fermi level (E — Ep = 40 meV), the
population lifetime is relatively long, i.e., ~3 ps, while for high-
energy electrons (E — Ep = 280 meV), the lifetime is as small
as ~300 fs. Indeed, the inverse lifetime increases linearly as a
function of excess energy, with a slope of 12.6 + 0.4 ps™' eV,
as one can see in Figure 4(d). This linear dependence of the
inverse lifetime as a function of excess energy was already
observed in other semimetals,”*** where the electron—phonon
coupling strength g was derived from this slope (S), using the
equation S = g(T, — T;)/(2CkzT,), where C, is the electron
heat capacity, T, is the transient electronic temperature, and T,
is the lattice temperature. Determining electron—phonon
coupling strength g using energy-resolved lifetime measure-
ments thus requires knowledge about the electron heat
capacity C,, which, to the best of our knowledge, has not yet
been reported for 1T-ZrTe,. Moreover, this unconventional
non-Fermi-liquid behavior of the electron inverse lifetime as a
function of excess energy has been predicted in layered
materials, such as graphite.53 This phenomenon arises from the
combined effects of linearly dispersing bands near the Fermi
level and reduced Coulomb screening. A similar behavior has
also been observed in the excitonic insulator candidate
Ta,NiSes, which features a quasi-linearly dispersing conduction
band.>* In this material, the non-Fermi-liquid electron inverse
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lifetime as a function of excess energy was also shown to
increase with excitation density due to transient screening.”* In
the case of 1T-ZrTe,, low dimensionality and reduced
screening likely play significant roles in determining the
photoexcited electron lifetime.

Even though we cannot extract the electron—phonon
coupling strength from our energy-resolved lifetime measure-
ments, we can compare the ultrafast carrier dynamics in 1T-
ZrTe, with similar measurements performed on other
topological semimetals. In the Dirac nodal line semimetal
PtSn,, an ultrafast population lifetime as short as 400 fs was
observed for electrons 100 meV above the Fermi level. This
short population lifetime results from multichannel electron—
phonon scattering among its complex metallic bands.”® In
PtSn,, the slope extracted from the inverse lifetime as a
function of excess energy is around ~14 ps™! eV™!,>* a value
similar to the one we obtained for 1T-ZrTe,. Conversely, in
3D type-I Dirac semimetal Cd;As,, a significantly longer carrier
lifetime of ~3 ps for electrons 100 meV above the Fermi level
and a slope of ~2 ps™ eV~ (inverse lifetime as a function of
excess energy) were measured.”” It was argued that carrier
lifetime in Cd;As, is significantly longer than in, for example,
2D Dirac fermions in graphene because of lower optical
phonon energy. In 1T-ZrTe,, at the same energy (100 meV
above Fermi level), the electron lifetime is ~1 ps, ie., in
between lifetimes measured for PtSn, and Cd;As,. To explain
this behavior, scattering phase space arguments can be used.
Indeed, type-I Dirac semimetals have nearly zero density of
states (DOS) at the Dirac point, which strongly restricts the
scattering phase space for electron—hole recombination. This
can explain the long lifetime observed in Cd;As, and is also at
the origin of population inversion in this material, i.e., the
Dirac point acting as a bottleneck for the ultrafast carrier
relaxation.”® In 1T-ZrTe,, the ultrafast decay mechanism is
more complex, since neighboring (non-Dirac) bands also allow
for interband scattering processes, similar to the case of PtSn,.
Moreover, a trARPES study on MoTe, and WTe, type-II Weyl
semimetals reported an ultrafast population lifetime of ~465 fs
and ~1180 fs, respectively, for electrons slightly above the
Fermi level.'”” These fast population lifetimes, on the same
order of magnitude as the ones obtained for PtSn, and 1T-
ZrTe,, likely originate from the relatively large electron and
hole DOS near the Fermi level. Therefore, the shorter lifetime
and the absence of population inversion can be associated with
larger phase space available for electron—hole scattering and
recombination. In addition, these observations could also be
linked to the nature of the topological crossing in 1T-ZrTe,. As
mentioned above, 1T-ZrTe, is predicted to be a type-II Dirac
semimetal.”****? In contrast to type-I, type-II Dirac and Weyl
semimetals have a nonzero DOS at the Dirac/Weyl points,
since they appear as the touching point between strongly tilted
electron and hole pockets. Therefore, a type-II Dirac crossing
could not act as a bottleneck for the relaxation of photoexcited
electrons.

In Figure 5, we summarize the main steps underlying the
ultrafast carrier dynamics in 1T-ZrTe,, which were revealed by
using our time- and polarization-resolved momentum micros-
copy measurements. The IR pump pulse induces vertical
interband transitions (vertical dashed gray arrows), creating
photoholes (small blue circles) in the band manifold near I'
below the Fermi level, and excited electrons (small red circles)
in high-lying bands at associated momentum. This photo-
excitation triggers a cascade of intra- and interband scattering

13401

Figure S. Schematic of ultrafast nonequilibrium carrier dynamics in
1T-ZrTe,. The vertical dashed gray lines represent optical transitions
leading to initial electron and hole creation. The horizontal light gray
arrow represents interband transitions, while the curved black arrows
represent intravalley scattering. Shaded red and blue areas represent
the accumulation of electrons and holes, above and below the Fermi
level.

events that bring the system back toward equilibrium. Indeed,
hot electrons can scatter to lower energies, filling the tip of the
Dirac cone at I' and M pockets near the Fermi level.
Concomitantly, intervalley scattering between I" and M bands
allows reshuffling the hole population below the Fermi level.
Multivalley electron—hole recombination can thus bring back
the electronic system to equilibrium, on a few picosecond time
scale.

In conclusion, our time- and polarization-resolved XUV
momentum microscopy of 1T-ZrTe, allowed us to reveal the
previously inaccessible linear dispersions of the bulk Dirac
cone above the Fermi level. The linear dichroism in
photoelectron angular distributions from photoexcited 1T-
ZrTe, enabled us to unveil different orbital textures of bands
below and above the Fermi level, which is beyond the reach of
conventional dichroic ARPES measurements. Excited state
band mapping combined with linear dichroism hints at the
topological character of the electronic states of this material.
We determined the position of the Dirac point, which is
located ~250 meV above the Fermi level. Ultrafast time-,
energy-, and momentum-resolved photoemission measure-
ments using well-chosen IR pump and XUV probe polarization
states allowed us to provide a quantum-state-resolved picture
of scattering processes governing the out-of-equilibrium
behavior of this topological Dirac semimetal. We showed
that both intra- and interband scattering processes play a major
role in ultrafast carrier relaxations, leading to multivalley
electron—hole accumulation near the Fermi level. In addition,
the momentum-integrated inverse lifetime shows a linear
dependence, as in other Dirac and nodal-line semimetals. Our
work sheds light on the previously experimentally unmapped
excited states of 1T-ZrTe, and provides insights into the
relatively unexplored field of ultrafast dynamics in 3D
topological Dirac semimetals.
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