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 A B S T R A C T

Complex materials frequently exhibit broken symmetry phases, driven by a delicate balance of electronic, 
lattice, spin and orbital anisotropies. In this context, new phases of matter may emerge when this equilibrium 
is disturbed by photoexcitation. Here we investigate the response to ultrafast optical excitation of the GdTe3
charge density wave (CDW) compound, by time-resolved X-ray photoemission spectroscopy (TR-XPS). By 
measuring the energy separation between two atomic species of Te 4d core levels, we identify a sharp 
discontinuity occurring precisely at the CDW transition temperature, confirming the sensitivity of this technique 
to the onset of the CDW order. Optical excitation with a novel Echelon-based pulse-replication scheme reveals 
the formation of a third low-valence tellurium specie, absent under equilibrium conditions, indicative of a 
light-induced structural rearrangement. The study provides new information on the rich dynamics in GdTe3
and opens new avenues for research in this field by using TR-XPS at synchrotron sources.
1. Introduction

The family of rare-earth (R) tritellurides, RTe3, exhibits a rich phe-
nomenology of unidirectional and bidirectional incommensurate charge 
density waves (CDWs) [1,2]. These have been intensively studied in the 
past few decades, drawing renewed interest due to the demonstration 
that a peculiar orthogonally-rotated light-induced CDW state can be 
obtained in LaTe3 and CeTe3 [3–5]. RTe3 materials generally exhibit at 
least one incommensurate unidirectional CDW state, with critical tem-
perature T𝑐1 ranging between 240 K (for R=Tm) and 670 K (for R=La), 
oriented along the 𝑐-axis (c > a by ≈0.1%) [6]. The CDW ordering has 
been observed by a variety of experimental techniques [1,7–10] and 
its formation appears to be driven by a strongly momentum-dependent 
electron–phonon coupling [11,12]. T𝑐1 can be tuned by changing the 
rare earth element, that sets the internal chemical pressure [13], or by 
applying external pressure [14]. In some RTe3, a second orthogonal 
CDW phase (along the 𝑎-axis) emerges, with a lower critical temper-
ature T𝑐2, ranging from 40 K (for R=Tb) [15] to 180 K (for R=Tm), 
indicating that the two equilibrium CDWs are in competition [13,16]. 
Photoexcitation typically melts the equilibrium CDW state [17,18], 
and in some cases, like LaTe3 and CeTe3, can induce a transient 
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non-equilibrium CDW along the 𝑎-axis, lasting for a few picoseconds. 
This transition is associated to topological defects formed by the local 
absorption of high-energy photons, that suppress the 𝑐-axis CDW and 
allows an 𝑎-axis CDW (the 𝑎 axis CDW being normally forbidden). 
While these defects are localized, the transient CDW phase can appear 
over a wide sample area, generating transient quantum states and a 
proliferation of topological defects. Recent studies have demonstrated 
that anisotropic in-plane strain can also rotate the equilibrium CDW 
wavevector from the 𝑐-axis to the 𝑎-axis [19–21].

We consider GdTe3, having an orthorhombic crystal structure with 
Cmcm space symmetry with two R-Te slabs separated by two Te sheets, 
allowing easy exfoliation [1]. GdTe3 exhibits high electron mobility 
and good conductivity, making it promising for applications such as 
supercapacitors and spintronics [22]. It presents a unidirectional CDW 
along the 𝑐-axis below 377 K and no 𝑎-axis CDW [13]. The possibility 
of inducing a transient CDW phase along the transverse direction is 
currently under debate: optical pumping can drive the lattice to a quasi-
equilibrium state that persists for nanoseconds, though this transition 
requires surpassing a threshold fluence and remains athermal [23]. 
Despite the absence of an observed transient 𝑎-axis CDW, scanning 
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tunneling microscopy studies suggest that localized 𝑎-axis CDWs might 
form near twin domain boundaries due to dislocations, where com-
peting 𝑐-axis and 𝑎-axis domains intersect [24]. In this study, we 
combine temperature-dependent core level X-ray photoelectron spec-
troscopy (XPS) measurements on GdTe3 and TbTe3 single crystals with 
time-resolved X-ray photoelectron spectroscopy (TR-XPS) on GdTe3, 
performed at the ANCHOR-SUNDYN endstation [25] at the Elettra 
synchrotron (Trieste, Italy).

Core level XPS is a powerful technique for analyzing local charge 
changes due to CDWs, as it was shown for the transition metal dichalco-
genides, where the chemical shift of the core level binding energies is 
due to the presence of inequivalent sites [26]. Previous studies have 
revealed CDW dynamics in TaS2 using time-resolved XPS measurements 
at free electron laser [27,28] and synchrotron sources [29]. CDW 
signatures in lanthanum tritellurides, particularly in the Te core level 
spectra, remain poorly understood, with peak assignments still debated 
and CDW melting unexplored [30–32]. Here, we use core level XPS to 
investigate the CDW melting in GdTe3. By analyzing the Te 4d XPS 
spectra when the temperature is increased across the CDW transition 
in GdTe3 and TbTe3, we observe a discontinuity in the energy splitting 
between two Te components (assigned to the two inequivalent Te 
atoms in the unit cell) and recognize it as the fingerprint of the CDW 
phase transition. Moreover, by using a novel excitation scheme, we 
performed an optical pump–synchrotron probe XPS study revealing the 
sub-nanosecond dynamics of the Te 4d lines, offering a new perspective 
on the athermal excited state. Here, we demonstrate the viability of 
a novel experimental approach using an Echelon excitation scheme 
to investigate transient states of matter at synchrotron facilities with 
≈100 ps-long X-ray pulses.

2. Experimental

X-ray photoemission measurements were conducted at the ANCHOR-
SUNDYN endstation [25] of the ALOISA beamline at the Elettra syn-
chrotron radiation facility (Italy). GdTe3 and TbTe3 single crystals 
have been grown by slow-cooling a Te-rich melt (i.e. by a self-flux 
technique, as reported previously [6,13,33]), followed by decanting in 
a centrifuge in Stanford and transported in oxygen-free vials between 
the laboratories. The crystals used in this work have approximate 
dimensions of 2 mm × 2 mm. They have been glued to the sample 
holder in a N2-purged glove box, using a bi-component silver epoxy, 
and then transferred to the UHV system, minimizing the exposure to 
air. Once inserted in the UHV apparatus, the crystals have been cleaved 
with kapton tape at pressures better than 5×10−10 mbar, to prepare the 
surface for the experiments. The cleanliness of the samples, including 
the absence of contaminants and potential oxidation, was confirmed via 
XPS wide scans. All XPS measurements were performed using a Phoibos 
150 hemispherical electron analyzer.

The XPS measurements as a function of sample temperature on 
GdTe3 and TbTe3 have been performed in sweep mode, setting a photon 
energy of 320 eV and 20 eV pass-energy (PE). The sample temperature 
was increased in 10 K steps and the temperature control in UHV 
environment was achieved through PID-controlled radiative heating.

Pump–probe XPS experiments were performed on GdTe3 samples. 
These measurements employed an optical laser beam as a pump and the 
synchrotron beam as a probe, arranged in a quasi-collinear geometry. 
The output of a Tangerine HP (Amplitude Systemes) amplified laser 
system was frequency doubled at 515 nm. The laser was operated 
at repetition rates of either 385.67 kHz or 192.83 kHz. The fluence 
deposited on the sample was approximately 0.2 mJ/cm2 at both rep-
etition rates, using a spot diameter of 300 μm FWHM, comparable 
to the synchrotron probe. The pump fluence was maintained below 
levels causing irreversible sample changes due to average heating. 
The Elettra synchrotron was operated in hybrid mode, delivering a 
multibunch pulse pattern at 499.654 MHz with an isolated X-ray pulse 
2 
Fig. 1. Schematic of the experimental setup, showing the two beams incident 
on the sample and the hemispherical analyzer. The sample crystal structure 
is also reported with the identification of the inequivalent Te atoms as Te1
(light green) and Te2 (dark green). Panels a) and b) schematically illustrate the 
pump and probe pulses, with panel b) highlighting the pump pulse replication 
achieved by introducing the Echelon device.

at 1.157 MHz repetition rate. The acquisition was performed by simul-
taneously measuring the electrons emitted from the excited sample by 
the pumped X-ray pulse and from the reference unexcited condition 
provided by the probe pulse at long delay (864 ns), as detailed in the 
Supporting information material. The electron analyzer was operated 
in fixed mode at PE=30 eV and all the spectra have been corrected 
for the detector inhomogeneity. The time resolved XPS measurements 
have been conducted by synchronizing the pump and probe beams with 
a phase shifter and then scanning a delay stage around time zero to 
enhance the signal statistics. The zero time-delay was determined by 
measuring surface photovoltage effects on the Si 2p levels of a silicon 
sample.

A schematic of the experimental setup is illustrated in Fig.  1. Two 
experimental configurations were employed: a conventional pump–
probe, illustrated in panel a) of Fig.  1, and an ad-hoc built setup, 
sketched in panel b) of Fig.  1, that makes use of an Echelon device 
inserted into the pump beam path. This modification generates multi-
ple pump pulse replicas (≈8) with 5.6 ps separation (see Supporting 
information material), leading to repeated excitation of the sample. 
As a result, the probability of probing the excited state is significantly 
enhanced, particularly when a long-duration probe pulse is used. For 
the experiments in the two configurations, the same incident average 
power was set. Hence, in the case of the Echelon configuration, a 
lower fluence is set, because of the pulse replication. Considering 
that the excited state lifetime measured via time-resolved diffraction 
measurements on GdTe3 is approximately 5 ps [23] (the optical pump 
pulse has a duration of 300 fs), whereas the synchrotron pulse lasts for 
120 ps, it descends that only a small portion of the X-ray pulse captures 
the excited state in the standard configuration (Fig.  1a)). Conversely, 
the use of an Echelon device enhances the interaction time-window, 
rendering the effect more pronounced.

3. Results and discussion

We first studied the evolution of the lineshape of the Te 4d core level 
lines of GdTe  and TbTe  when the sample temperature 𝑇  is driven 
3 3
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Fig. 2. a) Te 4d core level lines measured with 320 eV photon energy on GdTe3 at T=253 K (red dots) and T=443 K (blue squares). The best fit to the data 
with two DS lineshapes and the peak deconvolution is also reported below each spectrum. The vertical dot–dash lines indicate the fitted peak positions of the 
two chemically distinct Te components at 253 K. These lines serve as a reference to highlight the temperature-dependent shifts of these peaks observed at higher 
temperatures. b) Binding energy difference between the two chemically distinct Te 4d components (Te1 and Te2) as a function of sample temperature for GdTe3
and TbTe3. The temperatures from the literature of the CDW transition are also reported on the graph [13].
across the CDW critical temperature of the two samples. Afterward, 
we measured the dynamics of the Te 4d lines of GdTe3 during the 
light-induced melting of the CDW, on the sub-nanosecond timescale.

Fig.  2 a) shows the Te 4d core level spectrum of GdTe3 measured 
with 320 eV photon energy and the sample at T=253 K (red dots) 
and T=443 K (blue squares). Two components of the spin–orbit split 
Te 4𝑑5∕2 and 4𝑑3∕2 peaks can be identified in each spectrum. They are 
labeled Te1 and Te2 and obtained by the best fit of the data with two 
Donjach-S̆unjić (DS) pairs as shown at the bottom of each trace. All 
the spectra have been aligned with the Te2 components at 39.75 eV 
to account for energy drifts. Following the assignments in ref [31], we 
attribute the Te1 component to the Te atoms in the GdTe slab, while 
the Te2 component is contributed by the Te atoms in the Te–Te sheets 
(see Fig.  1). This assignment is also supported by the 1:2 intensity ratio 
between Te1 and Te2.

Fig.  2 b) shows the energy difference between the positions of the 
Te1 and Te2 components as a function of sample temperature. The 
peak separation has been obtained by fitting the Te 4d photoemission 
lines, as described in Fig.  2 a). In these fits, the intensity, position 
and Gaussian broadening of the DS pairs were treated as free parame-
ters. The peak separation decreases linearly with the temperature T, 
at a rate of 2.9 × 10−4 eV∕K. Notably, a sharp discontinuity in the 
energy difference between the Te1 and Te2 components in GdTe3 occurs 
precisely at the CDW transition temperature T𝐶𝐷𝑊 (GdTe3)=377 K, as 
marked by the blue arrow in Fig.  2 b). This linear decrease in 𝑇  can 
be attributed to the extreme sensitivity of core level shifts to the lattice 
expansion [34], while the discontinuity indicates the onset of the CDW 
phase transition. To test the generality of this behavior, we repeated the 
same experiment on TbTe3, which has a 𝑇𝐶𝐷𝑊 (TbTe3) of 336 K. The 
results are shown in Fig.  2 b). Similar to the case of GdTe3, we observe 
a linear decrease in the spacing between the two Te components, with 
a coefficient of 2.6 × 10−4 eV∕K, and a discontinuity in the energy 
difference occurring precisely at the CDW transition temperature. This 
finding unambiguously identifies the discontinuity as a fingerprint of 
the CDW phase transition in tritellurides.

Additionally, we observe that below the CDW transition, the sep-
aration between the two components is larger for the heavier com-
pounds. This result aligns with previously reported spectra for ErTe
3

3 
and PrTe3 [32], where the Te1 and Te2 separation is larger for Pr than 
for Er. Combining all these observations, we identify the discontinuity 
in the separation between the Te1 and Te2 components as indicator of 
the CDW transition.

After confirming that the Te 4d core level lines exhibit distinctive 
features indicative of the CDW transition, we proceeded to measure its 
dynamics to study the photoexcited state. Pump–probe photoemission 
was conducted using 2.4 eV (515 nm) pump pulses, synchronized with 
the hybrid bunch at the Elettra synchrotron. We focused on analyzing 
the dynamics within a time range of 300 ps centered around time 
zero. Figs.  3 b) and c) show the difference maps, acquired without 
and with the Echelon device respectively. These maps were obtained 
by measuring the Te 4d XPS spectrum at different pump–probe delays 
and subtracting, for each measurement, the late delay reference spectra 
(see Supplementary information A.1).

Fig.  3 a) shows the two Te 4d reference spectra from Fig.  2, acquired 
at two different temperatures (T=253 K and T=443 K), along with the 
Te 4d late delay spectrum measured at T=253 K. This spectrum exhibits 
broadening due to both the pump-induced average heating and the 
larger analyzer pass energy (see Experimental methods). All the spectra 
have been aligned with the Te2 components at 39.75 eV to account 
for energy drifts. In both Figs.  3 b) and c), we observe strong intensity 
variations around zero pump–probe delay. Considering the synchrotron 
pulse duration is ≈120 ps, we integrated the two maps over the entire 
delay window. The resulting differential spectra are plotted in Figs.  3 
e) and f) (filled areas). The late delay spectrum is always shown with 
a dashed line and serves as a reference for the XPS lineshape.

Fig.  3 d) shows a differential spectrum obtained from spectra ac-
quired at two temperatures across T𝐶𝐷𝑊 , as shown in Fig.  3 a). This 
curve represent the temperature-induced change in the XPS lineshape 
at equilibrium. The differential spectra reported in Figs.  3 e) and f) 
indicate that photoexcitation induces a non-equilibrium signal that 
markedly differs with respect to the effect of simple heating, and 
that also varies depending on the excitation scheme used. In Fig.  3 
e), the difference spectrum obtained without pulse replication can be 
explained by considering pump-induced vacuum space charge effects 
on the photoemission signal, which cause a rigid shift of the spec-
trum [35,36]. This effect has been simulated (as shown by the green 
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Fig. 3. Dynamics of the Te 4d core level lines. (a) Te 4d reference spectra at two different temperatures, along with the spectrum measured with pump on at a 
late delay of 864 ns, showing broadening due to experimental conditions. All Te2 spectra are aligned to 39.75 eV. (b) and (c) Difference maps with and without 
the Echelon device, obtained by subtracting spectra acquired at a late delay from those measured at various pump–probe delays in a 300 ps region around time 
zero. (d) Differential spectrum at two temperatures across the CDW transition. (e) Differential spectrum without pulse replication, displaying a rigid shift due to 
pump-induced vacuum space charge effects (green line: simulated spectrum). (f) Differential spectrum with the Echelon device, showing a positive residual on 
the high-energy side of the Te1 component and an additional DS component (red line) at 39.9 eV.
line) by subtracting a spectrum obtained by shifting the late delay 
reference spectrum by 20 meV from itself. Conversely, the difference 
spectrum shown in Fig.  3 f), obtained with the Echelon device, does not 
exhibit any vacuum space charge effect. Instead, it displays a positive 
residual signal on the high-energy side of the Te2 component. This 
signal can be modeled with an additional DS component (purple line) 
at 39.9 eV (0.15 eV shift with respect to the Te2), with an intensity of 
about 0.5% of the Te1 component and the same fixed intensity ratio of 
the multiplet peaks. This model and the 0.5% value should be regarded 
as only indicative because the XPS intensity on the core level should 
in principle be conserved. However, factors such as photoelectron 
diffraction, scattering effects, and the fixed detection geometry prevent 
a strict quantitative conservation analysis in the transient regime. The 
additional component in the Te lines, appearing on the high-binding 
energy side of the Te2 component, cannot be attributed to thermal 
effects, whose fingerprint is displayed in Fig.  3 d), and which are likely 
associated to a lattice expansion. Furthermore, the intensity variation 
observed with the Echelon device differs from the effect associated to 
the CDW transition, which corresponds to an increase in peak sepa-
ration. Hence, we infer that the observed transient signal describes a 
novel excited state and we are currently running further investigations 
to explain the behavior. This novel state of matter might represent a 
precursor state with altered lattice parameters, that eventually favors 
the emergence of the rotated light-induced CDW state in the highest Tc 
4 
compounds, where a balance of external (light-induced) and internal 
pressure might set favorable conditions for the emergence of the rotated 
CDW state. An anisotropic lattice expansion [20,37] after light excita-
tion indeed might be at the origin of the transient switch of the relative 
length of the a and c lattice parameters, that leads to the formation of 
the transient rotated CDW state. Microscopically, the new peak signals 
a Te environment with modified (reduced) valence, that emerges after 
a charge transfer away from Te.

4. Conclusion

In this work we combined XPS and Time-Resolved XPS at the Elettra 
Synchrotron in order to disclose the fingerprints of the CDW transition 
in GdTe3 and TbTe3 on their Te 4d core level lines, and the effect 
of photoexcitation in the case of GdTe3. We found that the energy 
separation of the XPS peaks associated to the two Te species of RTe3
linearly decreases as the temperature is increased. Importantly, this 
trend shows a discontinuous jump taking place exactly at T𝐶𝐷𝑊 , pro-
viding a clear fingerprint of the onset of the CDW phase. Conventional 
photoexcitation of GdTe3 at moderate fluence displays a modification 
of the XPS lineshape that can be linked to a space-charge effect, that 
hides the underlying physical modification to the 4d Te pekas. Using an 
Echelon-based excitation scheme instead, the modification to the 4d Te 
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peaks can be revealed. Photoexcitation triggers the formation of a third 
Te specie with smaller valence and amounting to 0.5% of the Te weight. 
This new component indicates a light-induced reversible formation 
of a long-lived state with non-thermally modified lattice parameters. 
In conclusion, our work proves the viability of a new protocol for 
the study of transient states of matter at Synchrotron sources with 
≈ 100 ps long X-ray pulses, and discloses the light-induced formation of 
a novel reversible state in GdTe3, that might be of importance for the 
understanding of the rich phenomenology of the multiple CDW states 
in RTe3 compounds.
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