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The transition metal dichalcogenide IrTe2 displays a remarkable series of first-order phase transitions below
room temperature, involving lattice displacements as large as 20% of the initial bond length. This is nowadays
understood as the result of strong electron-phonon coupling leading to the formation of local multicenter dimers
that arrange themselves into one-dimensional stripes. In this work, we study the out-of-equilibrium dynamics
of these dimers and track the time evolution of their population following an infrared photoexcitation using
free-electron lased-based time-resolved x-ray photoemission spectroscopy. First, we observe that the dissolution
of dimers is driven by the transfer of energy from the electronic subsystem to the lattice subsystem, in agreement
with previous studies. Second, we observe a surprisingly fast relaxation of the dimer population on the timescale
of a few picoseconds. By comparing our results to published ultrafast electron diffraction and angle-resolved
photoemission spectroscopy data, we reveal that the long-range order needs tens of picoseconds to recover,
while the local dimer distortion recovers on a short timescale of a few picoseconds.

DOI: 10.1103/dtb2-3yv2

I. INTRODUCTION

Transition metal dichalcogenides represent an important
class of materials in condensed matter physics with their
layered quasi-two-dimensional structure, despite a simple
chemical composition. Due to their large diversity, they have
been continuously studied over the past 50 years, notably
for the occurrence of structural phase transitions that are
often the result of large electron-phonon coupling and/or an
enhanced electronic susceptibility stemming from shallow d
bands [1]. In the case of strong electron-phonon coupling,
a local-chemical-bonding picture is expected, for which the
specific momentum dependence of the near-Fermi-level elec-
tronic structure does not play a dominant role [2]. In that case,
the coherence length is short and the atomic displacements are
large.

In the present paper, we focus on the case of IrTe2,
a material that undergoes a series of first-order structural
phase transitions below room temperature (RT). Already at
280 K the crystal structure changes from a trigonal 1T phase
(P-3m1) to a monoclinic phase (P-1) involving a (5 × 1 × 5)
superstructure [3]. In the bulk this is followed by a second
transition at 180 K into an (8 × 1 × 8) phase [4]. Low-
temperature (LT) measurements have revealed a (6 × 1 × 6)

*Contact author: claude.monney@unifr.ch

ground state [5,6], which can also be stabilized in Se doped
[7] and uniaxially strained crystals [8]. Although the resis-
tivity is reduced in the LT phases, IrTe2 remains metallic at
all temperatures. Each of the phases below 280 K exhibits
a shortening of some of the Ir-Ir distances, giving rise to
dimerized atoms arranged into one-dimensional stripes [9].
The number of dimers per unit cell is characteristic to each
of the LT phases and leads to one-dimensional stripes with a
specific periodicity [see Figs. 1(a) and 1(b)] [4]. Numerous
angle-resolved photoemission spectroscopy (ARPES) studies
have provided insights into the electronic structure of IrTe2

[4,8,10–18]. Extraction of the intrinsic electronic structure is
complicated by the spatial coexistence of a ladder of nearly
degenerate phases with periodicity 3n + 2 (n = 1, 2, 3, . . .,)
at the surface with (5 × 1), (8 × 1), and (6 × 1) the dominant
phases in observations [5]. In addition, several x-ray photoe-
mission spectroscopy (XPS) studies observed a clear impact
of the dimer atomic distortion on the local environment of
atoms, giving rise to satellite peaks appearing in Ir core levels
[4,8,12,15,19]. This naturally brings two questions: what is
the mechanism stabilizing the single dimer formation and
why do the dimers organize themselves in a particular stripe
arrangement?

The first question has been addressed already in depth in
the last decade. Initially proposed weak-coupling scenarios
based on Fermi surface nesting [3] appear to be incompatible
with the dramatic 20% reduction in Ir bond lengths later
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FIG. 1. (a) Representative XPS spectrum of the Ir 4 f7/2 core
levels, taken at 250 K and 270 eV photon energy. The colored
area are Voigt functions used to fit the spectrum and calculate
the dimer population ratio R. The blue and red components are
the Irm monomer and Ird dimer satellites, respectively. The gray
component is used to fit a metallic asymmetric background. (b) Evo-
lution of the dimer population ratio R across the different first-order
phase transitions upon cooling (blue arrow) and warming (red ar-
row) (data taken with 200 eV photon energy, graph adapted from
Ref. [15]). These data were obtained in our previous study using
samples from the same growth batch. The colored dashed horizontal
lines represent the expected ratios R for ideal surface phases, as
depicted by the amount of Ir dimers (red balls) in graph (c) (adapted
from Ref. [15]). Blue balls indicate monomer Ir atoms.

observed in the LT phases [9]. A number of works have put
forward ideas based on a local molecular-type picture in-
volving either depolymerization between the layers [7], or an
effective Ir dimerization that produces bonding and antibond-
ing 5d states [9,20] as part of a more complex multicentre
bond [21]. Further support for this scenario was obtained
by recent high-pressure diffraction measurements, where an
observed modification of the Ir-Te angle provides conditions
compatible with a ring-shaped bond across multiple sites [22].
In both the LT and high-pressure calculations, the predicted
bonding states appear distinctly split off to higher binding
energies from the density of states of the remaining undimer-
ized Ir atoms, which was recently observed experimentally
by Nicholson and coworkers [23]. Therefore, in the past few
years, a consensual picture has been reached, for which local
bonding-antibonding molecularlike orbitals involving both Te
and Ir atoms are stabilized by a strong electron-phonon cou-
pling [21–23].

The second question is more delicate to answer. To the
authors knowledge, theoretical studies about the structural
arrangement of dimers in stripes of different periodicities have
been relying on experimental data. As far as we know, there is
no fundamental investigation on how different stripe patterns
arise from isolated dimers, apart from a real-time scanning

tunneling microscopy (STM) study of domain boundary
evolutions near the phase transitions [24]. Recent works per-
formed on IrTe2 monolayers on semiconducting [25] and
metallic substrates [26] report that the dielectric and elec-
tronic environment of the substrate has a strong impact on
the presence and periodicity of dimer stripes. Time-resolved
studies using the pump-probe technique could potentially
address this question, by suppressing dimers and their long-
range order and tracking the intermediate states appearing
during the relaxation back to the ground state. Ideta et al.
conducted a time-resolved electron diffraction study of the
suppression and recovery of the superlattice peak related to
the structural distortion, revealing relatively slow processes on
the scale of tens of picoseconds [27]. Slow timescales were
confirmed by a time-resolved ARPES study of Monney and
coworkers, who concluded that the suppression of the ordered
phase is driven by the flow of energy into the lattice following
photoexcitation [28]. In addition to these experiments, Liu
and coworkers performed time-dependent density functional
theory (TDDFT) calculations to study the dimer dissociation
mechanism following photoexcitation. Their work highlights
the role of antibonding orbitals in this mechanism [29,30].

Here, we present a time-resolved perspective of the first
low-temperature structurally distorted phase of IrTe2. Using
time-resolved XPS, we monitor the ultrafast evolution of the
population of dimers in the surface (5 × 1) phase. This spec-
troscopic probe provides an atomic site-specific view on the
dynamics of dimers, in contrast to previous studies [27,28].
The photoexcitation at 2.4 eV suppresses the dimers within
500 fs, in agreement with other time-resolved experiments
sensitive to long-range order. However, the recovery of dimers
occurs within a few picoseconds only. We conclude that the
full relaxation to the ground state is a multistep process,
during which disordered dimers reappear first, before the
restoration of long-range order.

II. EXPERIMENTAL DETAILS

Single crystals of IrTe2 were grown using the self-
flux method [31,32] and were characterized by magnetic
susceptibility and resistivity measurements reported in a pre-
vious publication [15]. We performed time-resolved XPS
experiments using a time-of-flight (ToF) momentum micro-
scope (HEXTOF experimental station) at the plane grating
monochromator beamline (PG2) [33,34] of the free electron
laser FLASH, DESY, Hamburg [35]. The instrumental energy
resolution was estimated to be about 100 meV. To minimize
pump-induced space charge effects, the momentum micro-
scope was used in repeller mode [36]. Samples were cleaved
in vacuum prior to the measurements and kept at a base
temperature of 250 K. After correcting for the temporal pulse
jitter from FLASH, the effective time resolution was 250 fs
(full width at half maximum). The beam spot size used to
calculate the photoexcitation fluence was estimated using the
real-space multiphoton photoemission signal measured by the
momentum microscope on two different calibration samples
[W(110) and Chessy sample (Plano GmbH)], including a
correction for the higher-order process necessary for photoe-
mission (see Ref. [37] for more details). In this paper, values
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FIG. 2. (a) Time-resolved XPS data of the Ir 4 f7/2 core levels displayed as a function of pump-probe time delay relative to t0. All data on
this figure have been taken at 250 K, with a photon energy of 270 eV and a photoexcitation fluence of 0.79 mJ/cm2. (b) Difference image
plot showing data after subtraction of an average of data before t0. This emphasizes four different transient effects described in the main text.
(c) Transient intensity curves integrated on the data of graph (a) over ±100 meV around 60.15 eV for screening, 60.70 eV for monomer, and
61.15 eV for dimer intensities. (d)–(f) XPS spectra at specific time delays (red curves), in comparison with the spectrum averaged before t0

(black curve). The differences between the two spectra are shown on top.

for the incident fluence are given. We estimated the systematic
uncertainty to be about 20%.

III. RESULTS

Figure 1(a) shows a typical Ir 4 f7/2 core-level spectrum
measured by XPS with a photon energy of 270 eV at 250 K at
FLASH. At this temperature, IrTe2 is in the surface (5 × 1)
phase and a prominent satellite peak (red shading) coming
from Ird dimerized states is observed at about 61.1 eV, in ad-
dition to the original peak (blue shading) of the Irm monomer
states. Atomic bonds in the dimers are reduced by up to
20% in comparison to the RT phase, leading to a new local
structural environment that induces chemical shifts in XPS.
As shown in our previous publication [15], the ratio R =
Ird/(Irm + Ird ) of the total XPS intensities under the dimer
Ird and monomer Irm peaks is a spectroscopic marker of
the relative population of dimers in each phase. Figure 1(b)
adapted from Ref. [15] displays the ratio R upon cooling
and heating across the several phase transitions of IrTe2.
The real-space arrangement of dimers (in red) and monomers
(in blue) is schematically shown in Fig. 1(c) for the different
phases. Therefore, for the (5 × 1) phase, a ratio R = 0.4 is
expected ideally, which is close to the experimental value of
R = 0.38(2) in Fig. 1(a).

The main goal of the present study is to monitor the
ultrafast dynamics of the dimer population in IrTe2 using
time-resolved XPS after a 515 nm photoexcitation (2.4 eV).
The sample was kept at a base temperature of 250 K, in
the surface (5 × 1) phase as a ground state. A collection of
time-resolved XPS spectra for a sample exposed to a pho-
toexcitation fluence of 0.79 mJ/cm2 is shown in Fig. 2(a).
At zero time delay (t0), laser-assisted photoemission (LAPE,
a final-state artifact [38]) scatters photoelectrons to different
energies, and notably at a 2.4 eV-higher kinetic energy. Later
on, different photoexcitation effects appear. To make photoin-
duced effects more obvious, we plot in Fig. 2(b) the difference
photoemission intensity map, i.e., the difference between XPS
spectra taken at a given time delay minus an XPS spectrum
averaged over all time delays before t0. This reveals several
interesting effects, in addition to the LAPE intensity change
occurring at t0.

The intensity decrease at 61.1 eV binding energy relates
to the dimer core-level intensity changes. This indicates a
transient suppression of dimer states in IrTe2. It is concomitant
with an intensity increase at 60.7 eV that conversely indicates
a transient monomer increase. Selected representative XPS
spectra are shown in Figs. 2(d)–2(f). One can clearly see the
relative intensity change of the dimer vs monomer peaks at
0.70 ps and 1.95 ps, going up to 15%. However, the XPS
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FIG. 3. (a) Transient dimer population ratio R for different pho-
toexcitation fluences, together with their fit (blue). Curves are offset
by multiples of 0.15 for clarity. The tick spacings on the vertical
axis correspond to 0.2. (b) Same for the lower two photoexcitation
fluences. Curves are offset by multiples of 0.04 for clarity. The tick
spacings on the vertical axis correspond to 0.02. (c) Minimum ratio
Rmin and relaxation time extracted from the fits in graph (a) as a
function of fluence.

spectrum at 0.2 ps has a different lineshape, with an asymme-
try at lower binding energy. Such an effect has already been
observed in XPS following photoexcitation in WSe2 [37]. The
extra charge carriers generated around the chemical potential
are enhancing the screening of the Coulomb interaction and
leading to a lineshape asymmetry. The duration of this line-
shape asymmetry correlates with the population of excited
electrons above the chemical potential. From this asymmetric
signal appearing in the raw data, we therefore infer an excited
carrier population lasting for about 1 ps, see the black curve
in Fig. 2(c). We also plot on the same graph the transient
evolution of the dimer and monomer related signal (this is
obtained here as XPS signal integrated within a 200 meV wide
interval around the respective peak positions). Interestingly,
we observe at t0 a rapid increase of the peak asymmetry due to
free charge carrier population above the Fermi level. However,
the changes in the dimer and monomer peak intensity are
delayed with respect to the charge carrier increase. This is a
first indication that the mechanism responsible for the dimer
suppression is not directly related to the transient charge car-
rier increase. The relaxation time of the monomer and dimer
population seems to be in the range of 1–3 ps at this fluence.
A finer analysis of the dimer and monomer signals is given
below using peak fitting.

We now turn to a systematic fluence-dependent study of
the transient dimer suppression as observed in time-resolved
XPS. We have gathered six datasets like the one presented
in Fig. 2(a) for six different fluences ranging from 0.30 to
0.84 mJ/cm2. For this purpose, we fit each XPS spectrum
with three Voigt functions, as shown in Fig. 1(a). We plot in
Figs. 3(a) and 3(b) the resulting dimer population ratio R as a
function of time delay. This collection of graphs represents
the main experimental result of our study. For the lowest
fluence of 0.30 mJ/cm2, the ratio R does not change within the
sensitivity of our experiment. For higher fluences, we observe
that the dimer population ratio R decreases from its nominal

value (dashed line) to a minimal value Rmin and then recovers
back to its nominal value with a certain relaxation time mainly
contained in the time delay window plotted here. Moreover,
the minimal value of the dimer ratio Rmin decreases with
increasing fluence. More strikingly, we see that the necessary
time to reach Rmin increases with the fluence (except for the
dataset at 0.70 mJ/cm2, which might be due to an improper
pump-probe spatial overlap).

This somewhat unusual observation for the ultrafast sup-
pression of an ordered phase has already been explained in a
previous time-resolved ARPES study of IrTe2, using a two-
temperature model involving electron and lattice reservoirs
[28]. For increasing electronic temperatures, the energy trans-
fer from electrons to lattice becomes less efficient and the
maximal transient lattice temperature is reached at later times.
This behavior is due to the complex temperature dependencies
in the two-temperature model and can be mainly traced back
to the coupling function γ (T ) ∝ 1/T between the electronic
and lattice subsystems [39]. Consequently, for a photoinduced
structural transition driven by the transient lattice temperature,
the necessary time to reach the maximal structural change will
increase for higher fluences, as observed in Fig. 3(a). This
demonstrates that the suppression of the dimer population is
driven by the photoexcitation energy flowing from the elec-
tronic subsystem into the lattice one.

We performed a more quantitative analysis by fitting the
transient dimer populations R with an error function for
the onset of the suppression and a single exponential for
the relaxation [see the blue curves in Figs. 3(a) and 3(b)].
We plot in Fig. 3(c) the obtained relaxation time and dimer
minimal population Rmin as a function of fluence. The dimer
minimal population decreases with increasing fluence, while
the relaxation time increases up to 2.5 ps. This relaxation
time is actually surprisingly short for a maximum fluence of
nearly 1 mJ/cm2. At the same fluence, the dimer population
is substantially suppressed, reaching 63% of its nominal value
after about 600 fs.

IV. DISCUSSION

It is insightful to compare our results with other probes
of the nonequilibrium dynamics of the structurally distorted
phases in IrTe2. First, we recall results from a previous time-
resolved ARPES study of the low-energy electronic structure
of IrTe2 [28]. In this study, the ultrafast dynamics of a specific
ARPES feature related to the low-temperature phases was
tracked, together with the transient electronic temperature. It
was shown that the suppression of the structurally distorted
phase is dictated by the transient lattice temperature, and not
directly by the accumulation of excited charge carriers above
the Fermi level. The relaxation time of these excited carriers
was about 500 fs, in agreement with the carrier-induced XPS
peak asymmetry of Fig. 2(c). Most interestingly, the relaxation
time of the ARPES signal related to the structurally distorted
phase was clearly much longer than any timescale observed
in our time-resolved XPS data at similar fluences. While XPS
probes the population of dimers, independently on whether
they are ordered or not, ARPES is sensitive to the wave
function of an electronic state originating from the ordered
dimers. The different timescales for the relaxation of the
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FIG. 4. Cartoon describing the ultrafast dynamics of the structural phase transition in IrTe2 and the recovery of the long-range order of
dimers after a few eV photoexcitation.

(5 × 1) phase observed in XPS vs ARPES might then be
related to the necessary time for dimers to re-establish a long-
range order.

To test this hypothesis, we now recall the results of the
time-resolved electron diffraction experiment by Ideta and
coworkers performed on samples as thin as 20 nm [27]. They
followed the transient evolution of the superlattice peak as-
sociated with the (5 × 1 × 5) reconstruction at 200 K after
a partial suppression of the stripe order. They observed a
substantial decrease of the intensity of the superlattice peak
within about 300 fs, and a partial recovery taking place over
about 7 ps. However, the fully ordered state did not recover
in less than 20 ps, still exhibiting a 50% suppression at
longer time delays. The fluence used in this time-resolved
diffraction experiment was rather low (0.55 mJ/cm2). This is
slightly smaller than the minimum fluence at which we ob-
serve changes in XPS. It allows us to reject the possibility that
the long-lasting effect observed in Ideta and coworkers’ exper-
iment is due to using a much larger photoexcitation fluence
than in our experiment. Again, the very different timescales
for relaxation between electron diffraction and XPS points
to their different sensitivity to long-range order and dimer
population, respectively.

The scenario arising from our time-resolved XPS ex-
periment, and the above comparison to results from other
time-resolved probes, is displayed in the schematic of Fig. 4.
At t0, the 2.4 eV photons of the pump pulse populate a large
spectrum of electronic orbitals in IrTe2 above the Fermi level,
including the antibonding orbitals of the dimer states. While
the transient occupation of these antibonding orbitals is likely
to preferentially destabilize the dimers more efficiently [27],
our present study, together with the time-resolved ARPES
study of Monney and coworkers [28], clearly demonstrates
that the main actor of the dimer suppression using a 2.4 eV
photoexcitation is the lattice transiently overheated by the
transfer of energy from the electronic subsystem. Our local
probe of the dimer population indeed evidences a delayed
onset of the related XPS peak response with respect to t0
(Fig. 3). Thus, suppression of dimers occurs on a timescale of
about 0.5 ps. The dimers reappear within less than 5 ps, likely
due to heat dissipation into the rest of the solid. However,

the stripe order has not fully recovered on this timescale,
and the dimers have adopted a rather disordered state. This
explains why ARPES and electron diffraction do not see a
fully recovered phase. While the creation of a local dimer
leads to a large gain of energy, the short-range ordered state is
not energetically the most favorable state [20,21]. The long-
range stripe order of dimers is recovering on a much longer
timescale. The ultrafast electron diffraction experiment by
Ideta and coworkers indicates that it does not occur before
50 ps, even for a modest photoexcitation fluence [27]. The
kinematics of the dimer reorganization toward the stripe order
is a complicated process, involving the propagation of domain
boundaries, as evidenced by a real-time STM study [24]. The
extension of such a study to the pump-probe regime and 100
ps timescale would be very instructive.

In their TDDFT simulations, Liu and coworkers observe
that the fastest way to suppress the dimer is achieved by arti-
ficially placing electrons in the antibonding orbitals above the
Fermi level of IrTe2 [30]. The resulting coherent lattice motion
dissociates the dimer in 300 fs. However, they also simulate
the photoexcitation by a 400 nm laser pulse that partially
dissociates dimers in about 2 ps, without any coherent lattice
motion. They highlight an interplay between phonons and
electrons scattered into antibonding orbitals leading to a slow
self-amplification process. This second scenario is more con-
sistent with our experimental observations. The work of Liu
and coworkers suggests repeating time-resolved experiments
with a narrow-bandwidth optical excitation tuned resonantly
to antibonding orbitals to achieve a faster phase transition.

V. CONCLUSION

In this work, we have studied the ultrafast atomic-site
specific dynamics of a first-order structural phase transition
in IrTe2 with time-resolved XPS. We observe a partial sup-
pression of dimers after a nonresonant photoexcitation. The
timescales of both their suppression and their recovery are
increasing with photoexcitation fluence. The recovery dynam-
ics of the dimer population measured with XPS is one order
of magnitude faster than the recovery probed by electron
diffraction. We conclude that the full recovery of the long-
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range stripe order of dimers in IrTe2 following photoexcitation
is a multistep process involving a fast recovery of partially
disordered dimers that reorder slowly on a larger spatial scale.

Our work emphasizes the added value of combining dif-
ferent techniques to probe the out-of-equilibrium dynamics
of ordered phases. We hope that our results will stimulate
other time-resolved studies of the dimer dynamics in IrTe2 and
anticipate that time-resolved STM would bridge existing ob-
servations made with time-resolved XPS and ultrafast electron
diffraction.
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