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ABSTRACT

Charge density waves (CDW) are states of broken symmetry with a periodic modulation of charge and lattice typically leading to the opening of a gap in the band
structure. In the model CDW system 1T-TiSe; such a gap opens up between its Seq, valence and Tiz4 conduction band, accompanied by a change of dispersion. These
changes are crucial in understanding the CDW phase, as they provide a measure of the Se4p-Tizq hybridization strength and characteristic mechanistic features. Using
time- and angle-resolved photoelectron spectroscopy (trARPES), the unoccupied band structure is populated with near-infrared (NIR) pump pulses which allows to
directly visualize the parabolically-shaped Tiz4 conduction band. Furthermore, we observe a transient change of effective mass in the Seq, valence band following
photoexcitation. This occurs alongside an overall reduction due to weakening of the CDW phase and is accompanied by an oscillating component with the frequency
of the characteristic Aj; phonon. These observations, enabled by trAPRES, highlight the importance of the lattice contributions in establishing the CDW order in 1T-

TiSez.

1. Introduction

The question of the origin of the charge-density wave (CDW) state in
1T-TiSey remains up to now puzzling and is topic of recent research. It is
commonly accepted that the CDW phase is stabilized by a combination
of the pseudo Jahn-Teller effect and excitonic insulator mechanism [1],
however the exact interplay of both effects remains elusive. Equilibrium
studies have mostly suggested a pseudo Jahn-Teller effect [2-5],
strongly supported by the observed phonon softening [6,7] although an
excitonic mechanism has also been proposed, based on the report of
plasmon softening [8]. The latter scenario is further supported by
time-resolved studies, where an ultrafast melting of CDW order [9-11]
at high excitation densities has been reported, whose timescale and
fluence scaling are suggestive of an electronically mediated CDW phase.

Angle resolved photoemission spectroscopy (ARPES) is the ideal tool
to study charge density wave order and many-body interactions, as it
provides direct access to the quasiparticle band structure. The combi-
nation with a pump beam in a time resolved ARPES (trARPES) setup
allows to populate in equilibrium unoccupied states and study photo-
induced dynamics of excited carriers and scattering processes [11-13].

Abbreviations: trARPES, time resolved ARPES; CDW, Charge Density Waves.

In this work we use extreme-ultraviolet (XUV) trARPES [14] to study
the dispersion of the band structure above the Fermi level as well as the
Se4p valence band at I' point. We find that optical excitation populates a
second parabolically-shaped branch of the conduction band which we
associate with the Tisg band. Additionally, at the ' point, we reveal
oscillations of the Se4;, valence band position at a frequency comparable
with the A, phonon characteristic of the CDW phase. These oscillations
can be only seen at the top of the valence band, hinting towards a
transient change of dispersion and effective mass renormalization, thus
exemplifying the importance that Jahn-Teller interactions also play in
establishing CDW order.

2. Results and discussion

Fig. 1 shows the dynamics of the electronic band structure at the M
and I' point upon pump excitation along the high symmetry direction, I'
— M (see Fig. 1a). Data are taken in the CDW state, for T = 80 K and at a
fluence of 80 ﬂJ/sz. Fig. 1a shows the 2D Brillouin zone (BZ) in the
high symmetry (orange) and CDW (black) state. When going through the
phase transition, the unit cell size doubles from a (1 x 1 x 1) structure at
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Fig. 1. a) First BZ in the high symmetry (orange) and CDW phase (black); the grey bar illustrates the cuts measured in the ARPES spectra in I'-M direction. b-c)
Schematic band structure [15] of the (b) high symmetry as well as (c) CDW state. Note that in both phases three Tiz; bands are present with their center being
threefold degenerate in the high symmetry phase. d) Schematic representation of a trARPES experiment. Pump pulses with 1.6 eV excite the sample, which is
subsequently probed by 22.3 eV XUV probe pulses. e-g) ARPES spectra of the I' and M-point at 80 K in equilibrium (e) and after excitation with 780 nm pump pulses
at 80 uJ/cm? after 85 fs (f) and after 260 fs (g). The Fermi level is indicated by the dashed grey line.

room temperature to a (2 x 2 x 2) superstructure below ~200 K [16].
Fig. 1b and ¢ shows a schematic of the calculated band structure
-adapted from Ref. [15]- corresponding respectively to the high sym-
metry and CDW state at I' and M point with a focus on the Tigq con-
duction and the Sey, valence band. We note that the Sey, band, derived
from Sedp,, [3] orbitals, is spin-orbit split into two individual bands,
Sesp.1 and Segp.2, which was neglected in this calculation. Fingerprints of
the CDW state are the backfolding of the Ses, bands onto the M point
Sesp* and the opening of a gap [2-4,9,17]. While the gap is formed
between the lowest conduction band, the Tisgq, band, and the upper
Sesp.1* band, the former does not interact with the Se band and remains
unchanged in both the high and low temperature phase [15,18]. Instead
it is the Tizq. band that hybridizes with the center of the Se4, band [19,
20]. A schematic representation of our experiment is given in Fig. 1d.
NIR Pump pulses with 780 nm (~1.6 eV) excite the sample at 80 K,
which is then subsequently probed by 22.3 eV XUV probe pulses. The
angle and energy of the photoemitted electrons are detected with a
hemispherical analyzer. Details to the setup can be found in Ref. [14].
Raw energy vs momentum maps are shown in Fig. 1le-g at equilibrium
and for different delay times. At equilibrium (Fig. 1e), although both
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spin-orbit split Se4, bands are resolved, matrix element effects allow us
to visualize them one at a time. Specifically at the M point we can clearly
resolve the Se4p.1 band while the Seqp.» is better visible at the I' point. We
can additionally resolve the bottom of the Tiz4q conduction band at the
M point and hence access the CDW gap (A). A number of clearly visible
changes in the excited state (Fig. 1f and g) can be observed in agreement
with earlier work [9,11,13,14]. This includes (i) population of states
above the Fermi level by hot electrons, in particular the occupancy of the
previously unoccupied parabolic band, which we assign tentatively to
Tizg.. (compare Fig. 1b and c); (ii) a partial closing of the gap between
the Tizq.q and Segp.1 states (Fig. 1f) at M, accompanied by (iii) an upshift
of the Segp.o band at ' and (iv) the disappearance of the Se4y.; back-
folded band at M in concomitance with the gap closing at later delay
time (t = 260 fs, Fig. 1g).

To study the excited states in more detail, we present in Fig. 2 ARPES
maps near the Fermi level which were averaged over extened mea-
surement times. The photoexcited data at 100 fs is shown in Fig. 2a
alongside with its second derivative in Fig. 2b. These data reveal that a
significant amount of hot electrons occupy states above the Fermi level
in what resembles an upwards-facing -electron-like- parabola in

Fig. 2. a) ARPES image plot after excitation with 70 puJ/cm? after 100 fs b) Corresponding second derivative image after smoothing with the Gaussian method over a

window of 30 meV.
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Fig. 3. a) Dynamics of the intensity integrated above the Se,, , band (magenta, integration region shown in the inset) versus the dynamics of excited carriers (red,
integration region see inset) after excitation with 80 uJ/cm?. Solid lines are fits to the data. b) Momentum resolved dynamics of the Sesp.2 position after excitation
with 80 uJ/cm?. Solid lines are fits to the data. Curve a was obtained by fitting EDCs taken right at I" point, curve f from EDCs taken at kj=-0.1 A~L. The integration

regions for the EDCs is schematically depicted in the inset.

accordance with Fig. le-g. This newly populated orbital is different
from the less-dispersing, in equilibrium partially occupied Tiz4.q orbital.
Moreover, the expectation that the Tisq.4 orbital should not considerably
change its shape [15,18,21], as it barely hybridizes with the Seq, valence
band or shift upwards during the phase transition to the high tempera-
ture state [22] implies that another orbital which is distinct from Tizq.q
gets transiently populated. This cannot be the Tiz4p band which should
carry negligible spectral weight [15]. Therefore we assign this band to
the Tizq. band [15,18], which hybridizes with the Se valence band and
is thus sensitive to CDW formation. From Fig. 2a it appears like the Tiz4.4
and Tizq. bands are merging into each other at M point, however we
note that for this pump fluence the CDW phase gets strongly perturbed, i.
e. the splitting between the bands is significantly reduced and is thus
most likely simply too small to be resolved in our experiment.

Our ability to resolve this band constitutes the first step toward a
more complete understanding of the mechanism behind the CDW tran-
sition in TiSey. Indeed, in a Jahn-Teller scenario the degeneracy of the
bottom of the parabolic-like Tizq., and Tisq.¢ is lifted [2,18], leading to
an upshift of the hybridising Tiz4.. center. On the other hand, within an
excitonic insulator scenario more pronounced changes of the band
structure are expected [15,23], with the presence of a characteristic
double-well shape predicted by Kohn in his seminal work [24]. In gen-
eral, however, it is a very delicate task to observe bands above the Fermi
level corresponding to the CDW state experimentally, since the
commonly used 780 nm pump wavelength mostly excites electrons high
above the Fermi level [13,25]. Thus, by the time these carriers scatter
down to lower energies, the CDW phase is already strongly perturbed or
quenched, thus displaying the high symmetry band structure. Further
studies using high resolution XUV-trARPES systems with MIR pump
could potentially solve these problems, driving a direct excitation into
the Tisq.c orbital [26] which could provide clear evidence for a Mexican
hat shaped conduction band.

We now focus our attention to the dynamical evolution of the Se4,
valence band following photo-excitation. As the intensity of this band at
I" point stays constant over all delays, integrating slightly above the
position of the band maximum in equilibrium can give information
about transient band shifts following optical excitation. In Fig. 3a we
show this integrated spectral weight, with the integration region

indicated in the difference spectrum in the inset. In addition to the
sudden increase of intensity following photoexcitation, the data also
reveal an oscillating component as a function of delay time. To best
describe the dynamical evolution of the data over time we thus use a
fitting function consisting of three exponentials (one describing the rise
time and a fast and slow component for the recovery time [13]) as well
as a damped cosine function convoluted with a Gaussian accounting for
the experimental time resolution. We find an oscillation frequency of
3.48 + 0.24 THz, which is comparable to the Aj; phonon mode char-
acteristic of the CDW state [27]. In contrast, the intensity of the excited
carriers shows only a sudden increase followed by a fast decrease
without any sign of oscillations.

In Fig. 3b we study the time delay dependence of the valence band
energy position. To extract the energy vs momentum position of the
valence band, EDCs were fitted using two peaks of Voigt lineshape on a
linear background (accounting for the Se4p.» and a Segp., [23] band). The
position of the Seqy. peak position at the band maximum at k; = 0 Al
e. I point, denoted as a), reveal an overall upshift of the band followed
by a downshift to slightly above the equilibrium position at later delay
times. The upshift of the valence band is indicative of a partial closing of
the gap, suggesting a weakening of the CDW phase. A closer look reveals
that the valence band position also shows an oscillating component. The
frequency of the oscillation is similar to the one observed for the Se4p
intensity, with frequencies of 3.40 + 0.47 THz and 3.48 + 0.24 THz,
comparable to the phonon mode frequency and thus implying a strong
intrinsic coupling between the atomic motion and the electronic struc-
ture [26]. To better understand the changes in the band structure due to
the oscillations, in Fig. 3b we show the Se4,.» peak position away from
the maximum of the Ses, band at k| = -0.1 A1 (denoted as f) as a
function of the delay time. Interestingly, the position shows an overall
upward shift towards the Fermi level similar to the one observed at a,
reaching its maximum at the same time and then slowly decaying back
toward equilibrium without any oscillation, in contrast to the behavior
of the band maximum position a. The different response of the top ()
and side () of the Sesp, band to photoexcitation suggests a transient
change of effective mass, probably with this phonon frequency.

Motivated by these results, in Fig. 4 we analyze the dispersion of the
selenium valence band in more detail to directly extract information on
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Fig. 4. a-b) ARPES maps around the I'-point (a) before excitation and (b) 240 fs after excitation with 90 yuJ/cm® pump fluence. In order to compensate for matrix
element effects spectra are normalized so that every EDC slice carries the same maximum and minimum intensity. The fitted band position for the Se4,.; and Se4p.2
band are shown in blue and green, respectively. c) EDC for a time delay of t = —200 fs at momentum k| = 0 A1 along with fits. d) Se4p.2 band dispersion extracted
from fitting EDCs at t = —200 fs (orange), 240 fs (blue) and 300 fs (green) after excitation with 90 uJ/cm?. Solid lines are fits to the data using a fourth order
polynomial. For a direct comparison a copy of the orange line is shifted upward in energy. e) Seq4,.o band dispersion extracted from fitting EDCs at t = —1 ps (orange),
210 fs (blue) and 760 fs (green) after excitation with 80 /4J/cm2 fluence. The inset shows the same bands but shifted in energy so that the band positions at —0.15 Al
are aligned. f) Effective mass of the Se4,., band after excitation with 80 uJ/cm? extracted from parabolic fits to the dispersion.

the effective mass. Fig. 4a-b shows the transient ARPES map around I'
before excitation (t = —200 fs) and for t = 240 fs after excitation with a
fluence of 90 uJ/cm?, respectively. For this sample, both spin-orbit split
Se bands can be clearly identified. This is clear in the EDCs (Fig. 4c)
where one can easily distinguish the two peaks at about —0.18 eV,
—0.32 eV as well as a shoulder at —0.5 eV, which are, respectively,
attributed to the Segp.1, Sep.2 and Segy, orbitals [23]. To enhance clarity
and compensate for matrix-element effects we normalize the intensity of
the spectrum for each energy position. The fitted band positions of both
Sesp.1 and Se4p.o band over momentum space are superimposed in blue
and green markers, respectively. One can clearly see that both bands
shift significantly up in energy after optical excitation while simulta-
neously becoming more parabolic, indicative of a decrease of effective
mass. To make the change in band dispersion clearer, in Fig. 4d plots the
extracted band dispersion of the Ses.; valence band before excitation
and in the excited state at two different delays. To describe the disper-
sion over a broad momentum range, we fit the data points with a
fourth-order polynomial. Between —200 fs (orange data points) and
240 fs (blue data points) the whole band shifts up about 55 meV,
accompanied by a clear change of effective mass. For a direct compar-
ison we shifted the fitted dispersion of the equilibrium band dispersion
up to the position of the excited band (dotted orange line). Interestingly,
between 240 and 300 fs the center of the Sey,.2 band (k| ~ —0.07 to
0.07) is shifted slightly downward, while the edges of the band are
almost at the same position, resulting in an increase of effective mass.
This indicates that the changes of effective mass at the band center are

decoupled form the overall band shift. Having established this clear
change in effective mass, we analyze the dispersion of the Se valence
band from the dataset shown in Figs. 1 and 3 in more detail. Fig. 4e
shows the extracted dispersion at three different time delays, shown
over a larger momentum range than in Fig. 4d. The inset shows the same
plots shifted in energy so that the band edges at —0.15 A~! are aligned,
showing again how the top of the band becomes modulated in a different
way than the band edges away form the center, thus further reproducing
the results of Fig. 4d. In Fig. 4f we show the dynamical evolution of the
effective mass, extracted from parabolic fits to the band dispersion be-
tween —0.15 and 0.08 A%, A systematic decrease of the effective mass
followed by a partial recovery can be observed.

The decrease of effective mass corresponding to the perturbation of
the CDW phase is consistent with both the screening of excitons in an
excitonic insulator scenario [15,23] and a weakening of the hybridiza-
tion between Sey, and Tizg states in a Jahn-Teller scenario [2,4,18]. On
the other hand, the oscillations of the Se4, band at the A;, phonon fre-
quency are a unique signature of the Jahn-Teller effect. Indeed, within
an excitonic insulator scenario the dynamics of the excited carriers
should be similar to the dynamics of the band structure. The absence of
oscillation on the former support the role of the lattice in defining the
Ses, band shape. Therefore, the observed flattening of the Ses, band
when going from high temperature to CDW phase is very likely con-
nected to the lattice. Nevertheless, while our results point towards the
important role the Jahn-Teller effect plays in establishing CDW order
they do not exclude that strong electronic correlations are present as
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well. Indeed, in theoretical work it is predominantly proposed that a
cooperative mechanism between both concepts is likely responsible for
the formation of the low temperature CDW phase [28-30].

3. Conclusion

In conclusion, the results here presented show that the plethora of
effects observed in TiSe, provides a unique platform for studying the
intriguing interplay of many-body couplings in a strongly correlated
system. In this regard we observed how the effective mass, indicative of
the Segp-Tizq hybridization strength decreases after optical excitation
while the dispersion is modulated by phonon oscillations. This empha-
sizes the role that Jahn-Teller interactions play in the establishment of
CDW order in TiSey. Finally, we were also able to resolve sides of the
Tizq.c band above the Fermi level.
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