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Abstract. The combination of EUV based time-resolved Angle-ResolvedPhoto-Electron-Spectroscopy (trARPES), Ultrafast-Electron-Diffraction
(UED) and Transient-Optical-Spectroscopy (TOS) facilitates a
comprehensive study and all-embracing analysis of correlated dynamics,
exemplified on the system of Charge-Density-Waves (CDW’s) in rare
earth tritellurides (RTe3).

1 Introduction
Charge Density Waves (CDW’s) are the dominant perturbation in low dimensional
crystals. Moreover, CDW phases are most often linked with superconductivity (SC) at their
quantum critical points. The quest for the underlying nature of correlated dynamics in
condensed-matter, like SC or CDW’s has fostered the development and enhancement of the
time-resolved probing techniques themselves.
Among these, time-resolved Angle-Resolved-Photo-Electron-Spectroscopy (trARPES)
has emerged as a leading technique in identifying dynamic key properties of complex
electronic systems [1-3]. Ever since the initial application of High-Harmonic Generation
based ARPES on CDW systems [4], we were able to improve the parameters like energy
resolution and repetition rate by orders of magnitude. These technical benefits allow new
insights by a more precise observation of the dynamics of the electronic structure in energy
and momentum.
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However, trARPES is only sensitive to correlations of the electronic system. To
independently compare the dynamics of the electron and phonon system (lattice) an
independent structural probe is required. This has been realized on a lab-scale by a setup for
Ultrafast-Electron-Diffraction (UED). Dramatic space charge broadening due to the
Coulomb repulsion of the electrons was avoided by a compact design in combination with a
high repetition rate. A third technique of Transient Optical Spectroscopy (TOS) further
supports the classification of the observed timescales and threshold fluences based on an
advanced time-resolution and sensitivity.

2 Experiment
The potential of this combined study is presented on the particular system of Charge
Density Waves in rare earth tri-tellurides. An unexpected separation of the CDW amplitude
and phase recovery is observed and a more complete picture of the non-thermal transition is
only provided by the combined analysis of these complementary techniques.
A schematic of the trARPES and UED setup as well as exemplifying data on LaTe3 can
be found in Fig. 1. trARPES was performed by an Yb:KGW laser at a repetition rate of 250
kHz. The excitation pulses were generated by an Optical-parametric-amplifier (OPA) while
for the probe pulses the third harmonic was generated in a nonlinear crystal and again
frequency tripled in a hollow core fiber filled with xenon, reaching an energy UV pulses by
an off-axis monochromator [5] and send to a Helium-cooled six axis sample manipulation
stage. An Angle-Resolved Time-of-Flight Detector allowed the detection of a full 3D
spectrum (E, kx and ky) with an opening angle of 30° at a selected sample tilt. The energy
and time resolution was determined to 16 meV and 230 fs, respectively.

Fig. 1. The three different time-resolved techniques: trARPES, Ultrafast Electron Diffraction and
Transient Optical Reflectivity. The left shows a typical pump probe setting while the center images
present the experimental setup of the first two techniques. The right demonstrates data as acquired by
the different detectors. The time-of flight detector acquires 3D data and only a cut near EF is plotted
here. The superstructure peaks in UED are indicated by the yellow arrows.

For UED the same Yb:KGW laser was employed. The fundamental wavelength at 1038
nm was used for excitation. The full 250 kHz was used at low pump fluences of a few
µJ/cm2. A pulse picker allowed us to use high pump fluences up to a few mJ/cm2 at
reduced repetition rates. For the probe pulses the fourth harmonic was generated and send
to the photo-cathode in back-illumination. An ultracompact UED chamber with the
focusing solenoid sitting on top of the electron gun was designed, enabling a propagation
length of about an inch from the cathode to the sample to reduce space charge broadening.
The e-beam energy was 26 keV with a time-resolution of a few hundred fs.
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The air-sensitive samples were prepared by exfoliation down to less than 100 nm in a
high-purity Argon glovebox for transmission electron diffraction.
TOS was performed with a Ti:Sa CPA laser system by using the fundamental light for
excitation. The probe pulses were produced by white-light generation and the samples were
kept in a cryogenic vacuum chamber. The differential reflection was acquired by a
photodiode with a lock-in amplifier.

3 Results
LaTe3 is the most stable of the RTe3 CDW compounds with an estimated transition
temperature of 670 K. In this material, the electronic system shows a fast recovery of the
CDW superstructure gap on the timescale of a few hundred fs in good agreement with data
on other RTe3 compounds [1, 6-7]. However, the superstructure peaks of the CDW as
observed by UED have a strong fluence dependence on the recovery timescale and
intensity, indicating a loss of the long range order of the superstructure. The recovery
timescale in TOS is faster than in UED and in good agreement with the recovery observed
by trARPES on the electronic system. However, the amplitude mode (AM), cp. oscillation
in right bottom of Fig.1, depicts a fluence dependent quenching comparable to the lattice
dynamics observed by UED when scaling the intensity of the AM by the peak excitation
intensity. Moreover, the amplitude mode does not have a significant damping as would be
expected for a breakdown of the phonon mode. This leads to the conclusion that the
superstructure still exists locally, though it loses its long-range-coherence in the structural
response due to the creation of topological defects, causing phase slips in the CDW.
In summary, the capability of combining modern time-resolved techniques has been shown
by acquiring the dynamics over the full electron momentum dependence as well as the
structural response and amplitude mode. Based on the progress to higher repetition rates, it
was possible to reach a remarkable sensitivity and energy resolution.
A combined analysis of all three techniques paves the way to the interpretation that the
amplitude mode is still alive, while the coherent phase of the CDW mode is quenched.
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