
PHYSICAL REVIEW B 94, 165165 (2016)

Revealing the role of electrons and phonons in the ultrafast recovery of charge
density wave correlations in 1T -TiSe2

C. Monney,1,2 M. Puppin,1 C. W. Nicholson,1 M. Hoesch,3 R. T. Chapman,4 E. Springate,4 H. Berger,5

A. Magrez,5 C. Cacho,4 R. Ernstorfer,1 and M. Wolf1

1Fritz-Haber-Insitut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
2Institute of Physics, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland
3Diamond Light Source, Harwell Campus, Didcot OX11 0DE, Oxfordshire, United Kingdom

4Central Laser Facility, STFC Rutherford Appleton Laboratory, Didcot OX11 0QX, United Kingdom
5Crystal Growth Facility, Institute of Physics, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland

(Received 31 March 2016; revised manuscript received 28 September 2016; published 25 October 2016)

Using time- and angle-resolved photoemission spectroscopy with selective near- and midinfrared photon
excitations, we investigate the femtosecond dynamics of the charge density wave (CDW) phase in 1T -TiSe2 as well
as the dynamics of CDW fluctuations at 240 K. In the CDW phase, we observe the coherent oscillation of the CDW
amplitude mode. At 240 K, we single out an ultrafast component in the recovery of the CDW correlations, which
we explain as the manifestation of electron-hole correlations. Our momentum-resolved study of femtosecond
electron dynamics supports a mechanism for the CDW phase resulting from the cooperation between the interband
Coulomb interaction, the mechanism of excitonic insulator phase formation, and electron-phonon coupling.
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I. INTRODUCTION

Materials which exhibit a metal-insulator transition con-
comitant with a structural phase transition naturally raise
questions about the driving mechanism of the phase transition,
i.e., if it is possible to single out what is the role played
by the electronic or lattice degrees of freedom and how
they affect the electronic structure of such materials. In
this context, in recent years, studies of the nonequilibrium
dynamics have opened a new dimension in the investigation of
correlated materials. Time- and angle-resolved photoemission
spectroscopy (trARPES) has proved to be a major technique,
giving access to the momentum-resolved electronic band
structure of solids out of equilibrium [1–5]. In the case
of charge density wave (CDW) materials, the most direct
approach follows the photoinduced changes in the CDW
spectral features, namely, the closing of the CDW gap or
the disappearance of the CDW backfolded bands directly
in the time domain. Many studies have focused on the first
hundred femtoseconds following the photoexcitation in order
to figure out whether these changes occur faster or not than the
lattice motion related to the structural distortion, the timing of
which is given by the period of the relevant phonon mode.
The recovery dynamics of CDW order have received less
attention, however we will show below that they also provide
fundamental information on the role of electronic and phonon
degrees of freedom.

CDW materials undergo a low-temperature phase transition
resulting in a new translational periodicity in the electronic
density (the CDW) as well as a periodic lattice distortion
(PLD). One of these materials, 1T -TiSe2, undergoes a peculiar
second-order CDW transition [6] below Tc = 200 K. The
mechanism of its CDW transition has been debated intensively
over the past decades in terms of either an electronic [7,8] or
a structural origin [9–11]. Time-resolved techniques seem to
give a decisive answer by focusing on the ultrafast melting of
the CDW and PLD and disentangling the roles of electrons

and lattice on the femtosecond time scale [2,12,13]. These
studies are consistent with a purely electronic mechanism
of the CDW transition in 1T -TiSe2, which might be an
instability towards an excitonic insulator phase. In such a
scenario, electrons and holes from distinct low-energy bands
are bound together in excitons by the interband Coulomb
interaction, and their macroscopic spontaneous condensation
at low temperatures leads to a new ground state [14,15].
A recent ultrafast terahertz spectroscopy study [16] stressed
the importance of the lattice degree of freedom, which is
shown to stabilize the CDW phase together with the excitonic
mechanism. In parallel, a few theoretical models [17–20] have
demonstrated that the CDW (and its concomitant PLD) can
be cooperatively stabilized by both the interband Coulomb
interaction and the electron-phonon coupling. In light of these
recent studies, what is then the role of the excitonic mechanism
in 1T -TiSe2? Does it alone provoke the CDW instability,
or does it merely assist the lattice in driving the CDW
transition?

Here, in order to address these questions, we investigate the
femtosecond dynamics of both the recovery of the CDW phase
in 1T -TiSe2 at 30 K as well as that of high-temperature CDW
fluctuations at 240 K, which precedes the CDW instability.
We exploit the full capabilities of trARPES by looking at the
energy- and momentum-resolved recovery dynamics of the
CDW correlations. By doing so we unveil the dynamics of
both the electron and the lattice degrees of freedom. Below
Tc, in the CDW phase, we observe the coherent oscillations
of the CDW amplitude mode with trARPES. Above Tc, we
single out a fast component in the recovery of the CDW
correlations with a relaxation time of �100 fs. We interpret it
as the consequence of the ultrafast recovery from the screening
of the Coulomb interaction responsible for the electron-
hole correlations, which precedes the CDW phase transition.
The observation of these two contributions—the coherent
oscillations of the CDW amplitude mode at low temperatures
and the ultrafast electronic recovery at high temperatures—
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supports the idea that both the interband Coulomb
interaction and the electron-phonon coupling cooperatively
stabilize the CDW phase (and the concomitant PLD) in
1T -TiSe2.

The paper is divided into two main parts: In part II,
we study the low-temperature (30-K) CDW phase using a
midinfrared (MIR) excitation. We show how the excitation
generates a direct optical transition between the backfolded
valence and conduction bands in Sec. II A. The resulting
coherent oscillation of the amplitude mode is then analyzed
and explained as the result of a bonding-antibonding optical
transition in Sec. II B. Part III shows the results obtained for the
CDW fluctuation regime at 240 K using a near-infrared (NIR)
excitation. We demonstrate that the excitation generates a
direct transition at the center of the Brillouin zone in Sec. III A
and subsequently induces a change in the spectral function
of the conduction band (Sec. III B). The transient electronic
temperature is extracted in Sec. III C. In Sec. IV, we discuss
all these results and their interpretation within the framework
of the CDW phase and fluctuations in 1T -TiSe2. We conclude
our paper in Sec. V.

II. LOW-TEMPERATURE CDW PHASE

A. Midinfrared excitation: CDW resonance

Figure 1(a) presents the schematic electronic band structure
of 1T -TiSe2 near the Fermi-level EF in the CDW phase. It
consists of a valence band (VB) at �̄, the center of the Brillouin
zone, and a conduction band (CB) at M̄ , the border of the
Brillouin zone [see Fig. 1(e) for the corresponding hexagonal
Brillouin zone]. These two bands are the main components
of the low-energy band structure at room temperature. Below
200 K, in the CDW phase, a replica of the valence band, the
CDW band, appears at M̄ as a direct consequence of the new
periodicity of the electronic density in the CDW phase, see
Fig. 1(a) (dashed line). In addition, replicas (at the symmetry-
equivalent M̄ point) of the CBs appear above EF [8,21,22].

Our pump-probe measurements were obtained with the
Artemis time-resolved ARPES end station at the Central Laser
Facility of the Rutherford Appleton Laboratory [23]. 1T -TiSe2

samples were cleaved in a base pressure of 10−10 mbars and
were excited by 100-fs s-polarized laser pulses, both in the
MIR region at 3100 nm (400 meV) and in the NIR region

FIG. 1. (a) Schematic electronic band structure of 1T -TiSe2 near the Fermi energy in the CDW phase (T < Tc), showing the original VB,
the CB (continuous line), and the backfolded VB and CB in the CDW phase (dashed line). (b) and (c) Selected photoemission intensity maps
in false color measured along �̄M̄ , near M̄ , and measured at different time delays, (b) before and (c) after the arrival of the MIR 3100-nm
(0.4-mJ/cm2) pump pulse in the CDW phase at 30 K. Guides to the eyes emphasize the relevant bands, and the position of M̄ is given by
the vertical dashed line. (d) Corresponding false color plots showing the intensity difference between the previous maps. (e) Schematic Fermi
surface of 1T -TiSe2 in the normal phase (no CDW) with one hole pocket at �̄ and three symmetry equivalent electron pockets at M̄ . (f) Energy
distribution curves (EDCs) taken at M̄ before time 0 (black curve) and at 50 fs (red curve). (f) Absolute value of the photoemission intensity
changes integrated in the black boxes of graph (d) (the relative intensities of the curves have been scaled by the factors in the legend for better
comparison).
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at 1400 nm (890 meV). The sample was probed by 30-fs
p-polarized laser pulses with 21-eV photons. The total energy
resolution was about 300 meV.

In Fig. 1, we show trARPES data measured in the CDW
phase at 30 K when exciting the sample with MIR pump
pulses at 3100 nm with a fluence of 0.4 mJ/cm2. At this
wavelength, electrons are excited resonantly at M̄ between
the backfolded valence band and the backfolded CB [see
the orange arrows in Fig. 1(a)]. Figures 1(b) and 1(c) show
trARPES intensity plots taken before the arrival of the pump
pulse �t = −1000 fs (i.e., at thermal equilibrium) and after
the arrival of the pump pulse �t = 120 fs at which time the
pump-induced effects are the strongest. At 30 K, 1T -TiSe2

is in the CDW phase, meaning that a well-developed CDW
band is measured at M̄ below the CB. However, due to the
limited energy resolution of our experiment, these two bands
cannot be resolved in Figs. 1(b) and 1(c), and the CB can
hardly be distinguished [24]. Nevertheless, comparing the
spectra measured at �t = 120 fs with those at equilibrium,
one distinguishes clear differences, which are more obvious in
the corresponding difference image in the red/blue false color
plot. Such a difference intensity plot is shown in Fig. 1(d)
for �t = 120 fs, giving a clear view of the dynamics in our
trARPES data. It emphasizes the main dynamical changes,
namely, the disappearance of the CDW band (in blue) and the
accumulation of excited electrons in the CB (in red).

The resonant MIR excitation (400 meV) taking place at M̄

also transfers population from the top of the CDW band into
the unoccupied states. This can be seen directly by looking
at the time-dependent photoemission intensity integrated in
the different energy versus momentum regions depicted by
boxes in Fig. 1(d). The energy position of such boxes is
also indicated in Fig. 1(f) where we plot EDCs taken before
(black curve) and 50 fs after photoexcitation (red curve).
Here the photoinduced changes below the Fermi-level EF

are mostly due to the change in the spectral function of the
CDW band. However, part of it is also due to the resonant
optical transition taking place at M̄ with the MIR pump
pulse as schematically displayed in Fig. 1(a). This can be
observed in the transient photoemission intensity curves shown
in Fig. 1(g), integrated from the corresponding boxes in graph
(d). From box 1 (blue curve), taken near EF , an oscillation is
observed and will be discussed in the next section. At time 0, an
additional sharp peak can be distinguished, which is coming
from the depopulation of the CDW band due to the pump
pulse. There is correspondingly a peak at about 0.4 eV higher
in energy in the unoccupied states. This can be seen in the
time-resolved intensity of box 2 (red curve) where we observe
a transient population of a (backfolded) conduction band at
M̄ . This indicates that, at time 0, electrons are transferred
from occupied to unoccupied states at M̄ , i.e., that an optical
transition takes place at M̄ . Finally, the green curve shows
the intensity integrated in box 3, which is the region where
the reduction of the photoemission intensity is the strongest.
However, we avoid this region in our further analysis at low
temperatures as the nature of the transient signal here is not
clear. Indeed, due to the significant energy resolution of our
experiment (about 300 meV), the signal coming from the CDW
band cannot be well separated from the one from the CB at M̄

exactly (see also the Supplemental Material for a high-energy
resolution spectrum taken at M̄ exactly [25]).

B. Coherent phonon oscillation of the CDW mode

We now look in more detail at the recovery dynamics of the
spectral features associated with the excited electrons and with
the CDW. The (normalized) time-dependent photoemission
intensity of these features is shown in Fig. 2(b). The melting
dynamics of the CDW band has already extensively been
studied and shown to be faster in time for larger pump fluences,
an effect assigned to the screening by the transient generation
of free charge carriers and therefore consistent with a purely
electronic mechanism [2,12]. Here, these transient intensities
have been integrated from the regions shown by boxes in
Fig. 2(a), corresponding to the excited electrons in the CB (red
curve with square markers) and the bottom of the backfolded
VB (blue curve with disks). They both show an ultrafast
response which recovers mostly within 2 ps followed by a
slower recovery which is not over at 9 ps. Most interesting
are the dynamics within 2 ps. We emphasize that, for states
at binding energies larger than 400 meV (the pump photon
energy), there are no unoccupied final states available for
direct photoexcitation. The dynamics observed in the CDW
band is therefore due to a photoinduced change in its spectral
function. The photoemission intensity integrated at the bottom
of the backfolded VB displays a clear oscillation on top of
an exponential decay, up to about 1 ps. The oscillation can be
well described by a cosine with a period of about 290 fs, which
corresponds to 3.4 THz, and a phase of about (0.0 ± 0.2)π .

These numbers are obtained by fitting the transient photoe-
mission intensity of the coherent phonon oscillation using the
following function:

I (t) = A0 exp(−t/τ0) + A1 exp(−t/τ1)

+Aph cos(ωpht + φph) exp(−t/τph).

This represents a sum of two incoherent exponential com-
ponents, characterized by two amplitudes A0 and A1 with
two relaxation times τ0 and τ1 together with an oscillatory
component, characterized by an amplitude Aph, a frequency
ωph, a phase φph, and damped by an exponential of damping
time τph. The two incoherent exponential components are
necessary to achieve the best fit. This function is then
convolved with a Gaussian having the experimental time
resolution as a full width at half maximum (100 fs). The
following values give the best fit. For the relative amplitudes,
A0 = 1, A1 = 0.23, and Aph = 0.8. For the relaxation times,
τ0 = 320, τ1 = 7100, and τph = 362 fs. The phonon period is
2π/ωph = 287 fs, and the phase is 0.

This mode has already been observed in time-resolved
reflectivity data from 1T -TiSe2 [13] and was attributed
to the A1g amplitude phonon mode of the CDW [26,27],
corresponding to a breathing mode of a TiSe6 octahedron as
depicted in Fig. 2(d) [27]. This oscillation is highly localized
in momentum space and is absent from the dynamics of the
excited electrons. Such a coherent phonon oscillation is caused
by the excitation of coherent ion motions by the pump laser
pulse. The 0 phase of a cosinelike oscillation indicates that it
is a displacive excitation, meaning that the potential-energy
surface of the corresponding ions, which is suddenly modified
by the electronic excitation, triggers the coherent phonon
oscillation. In Fig. 2(b), the dynamics of the excited electrons
and that of the exponential decay of the CDW band are very
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FIG. 2. (a) Photoemission intensity map in false color showing the photoemission intensity difference map taken at 30 K for MIR pump
pulses [the same as in Fig. 1(d)]. (b) Absolute value of the normalized photoemission intensity changes integrated in the black boxes of graph
(a), together with the fit of the coherent phonon oscillation (total fit, green curve) and the exponential part of the fit only (dashed blue curve). (c)
Schematic electronic structure of 1T -TiSe2 in the CDW phase at M̄ . (d) Schematic of the displacements involved by the A1g coherent phonon
excitation by the MIR pump pulse for a TiSe6 octahedron.

similar [compare the exponential decay fit of the CDW band
intensity (dashed blue curve) with the one of the hot electrons
in Fig. 2(b)], supporting the idea that the transient change
in the potential-energy surface is due to the excited electron
distribution.

In the CDW phase, it has been shown that the electronic
structure of 1T -TiSe2 can be well described by a mean-field
Hamiltonian describing one holelike band at �̄ coupled to
three symmetry equivalent electronlike bands near M̄ [see the
corresponding schematical Fermi surface in Fig. 1(e)] [21]. At
M̄ , the three conduction bands are degenerate (without any
coupling), and the effective Hamiltonian has the form

H =

⎛
⎜⎜⎝

εa(�k) � � �

� εb1(�k) 0 0
� 0 εb2(�k) 0
� 0 0 εb3(�k)

⎞
⎟⎟⎠,

where the order parameter � describes the strength of
the coupling among the single valence band εa(�k) and the
three symmetry equivalent conduction bands εbi(�k) (i = 1–3)
in the basis of the wave functions for the corresponding
electronic states, namely, {ψa(�k),ψb1(�k),ψb2(�k),ψb3(�k)}. Once
the coupling between the valence and the conduction bands
takes a finite value, the valence band gets backfolded to M̄ ,
and the conduction bands get backfolded to �̄ and other M̄

points. The new band dispersions along the high-symmetry
direction �̄M̄ are shown in Fig. 2(c). For the extrema of the
valence and conduction bands, we use the values of εa = 30,
εbi = −40 meV at �̄ and M̄ , respectively. For the order param-
eter, we use � = 100 meV, which fits well with the experiment

at low temperatures. Diagonalizing the Hamiltonian H leads
to the following eigenvalues at M̄:

ε1 = 172, ε2 = −182, ε3 = ε4 = −40 meV.

The values of ε1 and ε2 correspond to the backfolded
valence and conduction bands (at M̄). The MIR pump photon
energy of 400 meV matches approximatively the resonance
between these two bands, which can be defined as the CDW
gap in 1T -TiSe2. The eigenvectors corresponding to these
eigenvalues are as follows:

for ε1 = 172 meV,

ψ1 = −0.77ψa − 0.37(ψb1 + ψb2 + ψb3),

for ε2 = −182 meV,

ψ2 = −0.63ψa + 0.45(ψb1 + ψb2 + ψb3).

As a consequence, ε1 corresponds to the antibonding state, and
ε2 corresponds to the bonding state.

In 1T -TiSe2, the VB at �̄ is mostly of Se 4p character, and
the CB at M̄ is mostly of Ti 3d character. As shown above,
in the CDW phase, these bands will effectively hybridize due
to their coupling and have a mixed character. We have just
demonstrated that the states at the top of the backfolded VB
band have a bonding symmetry, whereas those at the bottom
of the backfolded CB have an antibonding symmetry. This
suggests how the resonant MIR excitation triggers a displacive
A1g CDW amplitude mode by exciting electrons from bonding
to antibonding states in 1T -TiSe2 [see Fig. 2(d)].

Summarizing, in the low-temperature phase of 1T -TiSe2,
the resonant MIR excitation triggers a coherent lattice response
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of the CDW amplitude mode, observable in the recovery of the
backfolded valence band of the material. This differs from the
case of higher pump photon energies [2] for which no coherent
oscillations are observed. We explain it here by the fact that
this resonant optical transition occurs between bonding and
antibonding states (at M̄) of the TiSe6 octahedron acting
efficiently on the ionic position relevant to the CDW distortion
and stimulating in this way a displacive excitation.

III. HIGH-TEMPERATURE PHASE

A. Near-infrared pumping: resonance at �̄

We now turn to the high-temperature trARPES data.
The phase transition in 1T -TiSe2 is continuous (second
order) [6], and photoemission data [28] have shown that
short-range CDW fluctuations persist well above Tc = 200 K.
Such fluctuations are known to lead to spectral features
anticipating those of the low-temperature CDW phase, e.g.,
with a CDW pseudogap [29,30]. In the case of 1T -TiSe2,
no CDW band is observed but a broad CB at M̄ (see
Supplemental Material for a high-energy resolution ARPES
spectrum [25]), the width of which results from the short-range
CDW fluctuations. We have therefore also measured 1T -TiSe2

at 240 K, above Tc, to investigate the dynamics of these
spectral features. At 240 K, due to the disappearance of the
sharp CDW bands at high binding energies, a resonant MIR
excitation cannot be used (accordingly, the CDW peak in the

optical conductivity vanishes [8]). We therefore used a shorter
wavelength, 1300 nm, in the NIR regime.

The trARPES data of Fig. 3 measured near �̄, along �̄K̄ [see
graph (a)], demonstrate that the NIR pulses excite electrons by
an optical transition taking place at around �̄ as illustrated
in Fig. 4(a). This direction in the Brillouin zone is depicted
in Fig. 3(e). Shortly after time 0 (at �t = 40 fs), one sees
a clear depletion of intensity at the top of the VB at �̄ and
accordingly strong intensity above the VB in a CB, which is
slightly less than 1 eV above [see graph (b)] the top of the VB.
The black arrow has a length of 950 meV, demonstrating this
electronic resonance with the pump pulse. At later times, the
excited hot electrons are scattered away from �̄ [see graphs
(c) and (d)] and accumulate into the CB at M̄ . The time-delay
difference between these different events is shown in Fig. 3(f).
This behavior of the momentum path of the hot electrons in the
unoccupied states is similar to what has already been observed
by Rohde et al. [31] for a much larger pump photon energy.

B. Spectral function changes at M̄

Photoemission intensity maps taken at 240 K with NIR
excitation are shown in Fig. 4(b) at negative (�t = −570-fs)
and positive (at �t = 130-fs) time delays. At 240 K, i.e.,
above the critical temperature of the CDW phase, there
is no clear CDW band at high binding energies anymore.
Our trARPES data have been acquired with a pump photon

FIG. 3. (a) Photoemission intensity map in false color showing the VB along �̄K̄ , near �̄, measured at 30 K before time 0 with a 1300-nm
pump photon wavelength. (b) Corresponding false color plot showing the intensity difference induced by the pump pulse (positive and negative
intensity changes in red and in blue, respectively) near �̄. Electrons and holes are excited resonantly at time 0 by the pump pulse, the energy
of which is shown by the black arrow. (c) and (d) Corresponding intensity maps along �̄M̄ , near �̄ where part of the CB and the CDW band
can be seen on the right side of the graphs. (e) Hexagonal Brillouin zone of 1T -TiSe2 with the two directions relevant to graphs (a)–(d).
(f) Photoemission intensity traces as a function of time delay integrated in the corresponding numbered black boxes on graphs (b) and (d). The
curves are normalized to their maximum.
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FIG. 4. (a) Schematic electronic band structure of 1T -TiSe2 near the Fermi energy in the normal phase (T > Tc), showing the original
VB and CB (continuous line). (b) Selected photoemission intensity maps measured along �̄M̄ , near M̄ , and measured at different time delays
before (left) and after (right) the arrival of the (NIR) 1300-nm (0.5-mJ/cm2) pump pulse at 240 K (above Tc). Guides to the eyes emphasize
the relevant CB, and the position of M̄ is given by the vertical dashed line. (c) Corresponding false color plot showing the intensity difference
between the previous maps. (d) Absolute value of the normalized photoemission intensity changes integrated in the black boxes of graph (c)
with fits (lines) as guides to the eyes. (e) Transient photoemission intensity at the bottom of the CB at M̄ [black box in the blue region of graph
(c), at a binding energy (BE) of −0.04 eV], together with the fitted slow (green) component (see the text). (f) Schematics of electron-electron
scattering between the VB and the CB (blue arrows) and equivalently of electron-hole scattering (red arrows).

wavelength of 1300 nm resonant with an optical transition at
�̄ (see the previous section). The difference image in red/blue
false color plot, Fig. 4(c), shows the accumulation of excited
electrons in the CB (in red) and a decrease in photoemission
intensity at the bottom of the CB (in blue). The transient
photoemission intensities of the excited electrons and of the
bottom of the CB are displayed in Fig. 4(d). The corresponding
time-dependent photoemission intensities integrated in the
corresponding boxes in this graph are shown in Fig. 4(e).
Interestingly the decrease in intensity at the bottom of the CB
at M̄ (in blue) displays a dynamics with two time scales. Its
recovery dynamics are therefore fitted with a biexponential
function (convoluted with a Gaussian for experimental time
resolution), involving a fast and a slow component with decay
constants τ ∼= 70 and τ ∼= 1220 fs, respectively. We argue
below that this decrease in intensity is due to a photoinduced
change in the spectral function.

In Fig. 5, we demonstrate that there is no resonant excitation
taking place at M̄ at 240 K with a pump photon wavelength
of 1300 nm (0.95 eV) in the NIR regime. Graph (b) in Fig. 5
displays EDCs taken at M̄ before time 0 (black) and at 130 fs
(red). Graph (c) shows the transient photoemission intensity
integrated in boxes 1 and 2 in graph (a). Box 1 is situated in
a region where the transient suppression of the photoemission
signal is the largest, and box 2 is situated 0.95 eV higher in
energy in the unoccupied states. The red curve from box 2

shows clearly that there is hardly any transient signal in this
region, proving that there is no resonant excitation taking place
at M̄ at 240 K for the 1300-nm pump photon wavelength (at
variance with the case of MIR pump photons at 30 K, see
Fig. 1). We can therefore attribute the photoemission intensity
changes observed below EF to a photoinduced change in the
spectral function of the conduction band, which we will explain
further below in our discussion of the results.

C. Extracting the electronic temperature at M̄

We now focus on the dynamics measured in the CB at M̄

near the Fermi edge. We exploit here the fact that, at this
temperature, the CB in our sample is partially filled [32] and
analyze the slope of the corresponding Fermi-Dirac cutoff to
monitor the transient electronic temperature in a similar way
to Perfetti et al. [33]. Indeed, at M̄ , at 240 K, there is a flat
blue-red region in the difference plot of Fig. 6(c) (see the
dashed box), typical from a heated Fermi-Dirac edge. The
(normalized) EDCs in this box are averaged over momentum
and plotted in Fig. 6(a) at different time delays, showing a
clear increase in temperature. They are fitted by an exponential
function [33] above EF in order to avoid the changes in
the spectral line shape at lower binding energies (coming
from the photoinduced changes in the spectral function). This
is shown in Fig. 6(b). The extracted electronic temperature
(black curve with disks) is displayed in Fig. 6(d) (after
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FIG. 5. (a) False color plot of the transient photoemission
intensity taken at 240 K [the same as in Fig. 4(c)]. The blue arrows
indicate the size of the pump photon energy (0.95 eV, 1300 nm) in
comparison to the energy axis. (b) EDCs taken at M̄ before time 0
(black curve) and at 130 fs (red curve). (c) Absolute value of the
normalized photoemission intensity changes integrated in the black
boxes of graph (a).

FIG. 6. (a) EDCs taken at M̄ at 240 K [integrated inside the
dashed box of graph (c)] for different time delays. The dashed gray
line is the reference EDC at −600 fs. (b) The same EDCs fitted by
an exponential. (c) False color plot of the transient photoemission
intensity at M̄ [the same as in Fig. 4(c)]. (d) Comparison of
the electronic temperature with the fitted transient photoemission
intensity at the bottom of the CB at M̄ [black box in the blue region
of Fig. 4(c)] and the corresponding slow component fitted from the
spectral feature (see the main text).

removing the contribution of the energy resolution [34] of
about 300 meV). In the spirit of a two-temperature model,
the electronic temperature decreases here in about 1 ps as
the result of coupling to the lattice, the temperature of which
should increase by about 40 K (if heat diffusion is neglected)
for the pump fluence used here and the specific heat [35]
of 1T -TiSe2.

IV. DISCUSSION

The reduction of photoemission intensity observed at the
bottom of the CB in Fig. 4(c) comes from a photoinduced
change in its spectral function. We interpret this effect as the
suppression of the high binding energy tail of the CB, which
is the spectral signature of the CDW fluctuations [28]. This
means that the intensity of the CDW fluctuations is reduced
by the pump pulse. In Fig. 4(e), we focus on the dynamics
of these CDW fluctuations. The recovery dynamics are fitted
with a biexponential function (convoluted with a Gaussian for
experimental time resolution), involving a fast (τ ∼= 70-fs) and
a slow (τ ∼= 1220-fs) component.

To understand these two time scales, we plot in Fig. 6(d) the
fitted time-dependent photoemission intensity at the bottom of
the CB (gray line) together with the fitted slow component
(green) and the extracted electronic temperature (black). This
comparison suggests that the two time scales of the dynamics
of the CDW fluctuations do not match the decay behavior of
the electronic temperature (especially the sharp peak near time
0). However, the slow component (green) time scale matches
rather well the long time scale of the electronic temperature,
indicating that part of the quenching of the CDW fluctuations
is due to the transiently increased electronic temperature.

We interpret the fast component of the suppression of the
CDW fluctuations as a consequence of the ultrafast screening
of the Coulomb interaction, which is enhanced by the new
charge carriers created by the optical excitation [2]. The
intensity of these fluctuations depends strongly on the strength
of the interband Coulomb interaction (see the Supplemental
Material for an analytical formula of the self-energy of the
CB [25]). In the framework of the excitonic insulator phase,
this is the attractive interaction binding an electron and a hole
in an exciton. In a previous study [28], the resulting self-energy
leading to the broadened CB was derived and shown to have
a particularly high value at the bottom of the CB. This reveals
then that electrons at the bottom of the CB experience a high
scattering rate [36], naturally explaining the ultrafast recovery
of the CDW fluctuations.

In Fig. 4(f), we depict how this electron-hole interaction
between the valence and the conduction bands occurs. Here
an electron jumps from the CB to the VB, scattering another
electron from the VB to the CB. This can effectively be seen
as the scattering of an electron in the CB with a hole in the
VB. The strength of the CDW fluctuations depends strongly
on the Coulomb interaction and on the electronic and lattice
temperatures [28]. Therefore they tend to be suppressed not
only by enhanced screening, but also by the increased transient
electronic temperature.

The combination of these two observations explains the bi-
exponential decay of the photoemission intensity suppression
at the bottom of the CB [see Fig. 4(e)], namely, the recovery
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of the CDW fluctuations. We ascribe the fast component
(τ ∼= 70 fs) to the relaxation of the enhanced screening by
the efficient electron-hole scattering and the slow component
to a quasithermal recovery following the relaxation of the elec-
tronic temperature. Our interpretation that the fast component
is due to the electron-hole correlations as a strong scattering
channel supports their occurrence at temperatures above but
near Tc. These correlations give rise to the CDW fluctuations
in this temperature range [28] and play an important role in
stabilizing the low-temperature CDW phase.

At 30 K, the situation is different as a well-formed PLD
is present. The longer time-scale dynamics of the CDW band
display a clear response of the lattice degrees of freedom.
The A1g CDW amplitude mode is observed as a coherent
phonon oscillation, provided that the CDW band is selectively
excited by a resonant MIR photon pulse generating excited
electrons with a minimal excess kinetic energy with respect
to the CDW gap. The fact that the intensity of the CDW
band oscillates with the frequency of the A1g CDW-related
phonon mode implies that the order parameter of the CDW
phase is strongly coupled to the corresponding atomic motion.
Furthermore, this coupling is very localized in momentum
space, namely, only for states in the CDW band. This means
that both the excitonic interband Coulomb interaction and the
electron-phonon coupling contribute to the order parameter of
the CDW phase [16–18,28]. In the first 100 fs, the melting
of the CDW order is dominated by the suppression of the
excitonic part as observed by Rohwer et al. [2] with rise times
as fast as 20 fs for large fluences (up to 5 mJ/cm2).

In that sense, our experimental results support a model
according to which strong electron-hole correlations, giving

rise to short-range CDW fluctuations above Tc, contribute to
the stabilization of the CDW phase together with the electron-
phonon coupling below Tc [28,37].

V. CONCLUSION

In conclusion, we have probed both the femtosecond
dynamics of the CDW phase in 1T -TiSe2 at 30 K as well
as the dynamics of the high-temperature fluctuation regime
at 240 K using trARPES. Below Tc, in the CDW phase, we
observe the coherent oscillation of the CDW amplitude mode
with trARPES using a midinfrared excitation resonant with
the CDW gap. Above Tc, we single out a fast component with a
relaxation time of �100 fs. We interpret it as the consequence
of the ultrafast screening of the interband Coulomb interaction
responsible for the electron-hole correlations. We propose that
these electron-hole correlations act as an efficient scattering
channel in the relaxation of excited electrons. In this way, we
have unveiled the dynamics of both the electron and the lattice
degrees of freedom in 1T -TiSe2.

ACKNOWLEDGMENTS

The authors thank H. Beck, P. Aebi, and K. Ross-
nagel for useful discussions. C.M. acknowledges support
by the Swiss National Science Foundation under Grant No.
PZ00P2_154867 as well as by the Alexander von Humboldt
Foundation. Access to the Artemis facility was provided by
STFC.

[1] F. Schmitt et al., Science 321, 1649 (2008).
[2] T. Rohwer et al., Nature (London) 471, 490 (2011).
[3] J. Petersen et al., Phys. Rev. Lett. 107, 177402 (2011).
[4] L. Perfetti, P. A. Loukakos, M. Lisowski, U. Bovensiepen, H.

Berger, S. Biermann, P. S. Cornaglia, A. Georges, and M. Wolf,
Phys. Rev. Lett. 97, 067402 (2006).

[5] H. Y. Liu et al., Phys. Rev. B 88, 045104 (2013).
[6] J. DiSalvo et al., Phys. Rev. B 14, 4321 (1976).
[7] H. Cercellier et al., Phys. Rev. Lett. 99, 146403 (2007).
[8] G. Li, W. Z. Hu, D. Qian, D. Hsieh, M. Z. Hasan, E. Morosan,

R. J. Cava, and N. L. Wang, Phys. Rev. Lett. 99, 027404 (2007).
[9] T. E. Kidd, T. Miller, M. Y. Chou, and T. C. Chiang, Phys. Rev.

Lett. 88, 226402 (2002).
[10] M. Calandra and F. Mauri, Phys. Rev. Lett. 106, 196406 (2011).
[11] F. Weber, S. Rosenkranz, J. P. Castellan, R. Osborn, G.

Karapetrov, R. Hott, R. Heid, K. P. Bohnen, and A. Alatas,
Phys. Rev. Lett. 107, 266401 (2011).

[12] S. Hellmann et al., Nat. Commun. 3, 1069 (2012).
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