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We use ultrafast electron diffraction (UED) to study the out-of-equilibrium dynamics of the charge density wave (CDW)
phase transition in GdTes, a quasi-two-dimensional compound displaying a unidirectional CDW state. Experiments
were conducted at different incident fluences and different initial sample temperatures below 7. We find that follow-
ing photo-excitation, the system undergoes a non-thermal ultrafast phase transition that occurs in out-of-equilibrium
conditions. The intrinsic crystal temperature was estimated at each time delay from the atomic thermal motion which
affects each Bragg peak intensity via the Debye Waller factor. Assuming an isotropic harmonic potential, we estimate
the out-of-equilibrium temperature 7y, as a function of the laser fluence. We then relate the recovery time constants and
correlation lengths as a function of Ty.. The charge density wave is suppressed in less than a picosecond and recovers
the long range order with increasing recovery times with increasing fluences and increasing initial temperatures. The
measured relaxation times are discussed in terms of the Rothwarf-Taylor model. If indeed, the recovery time increases
for initial temperatures closer to T, in agreement with the model, this one cannot however explain the slowness of
the system to return to its ground state. In addition, the transient CDW phase recently observed along the transverse
direction in LaTes and CeTes is not observed in GdTes.

I. INTRODUCTION

The understanding of the microscopic mechanisms behind
phase transitions in systems displaying couplings between
different degrees of freedom (charge, lattice, spin and or-
bitals) has become a key topic in condensed matter physics.
These systems, like superconductors or materials displaying
spin or charge density waves (CDW), are particularly sensi-
tive to ultra-fast laser pulses that reveal the interplay between
the different degrees of freedom and the competition between
phases. A good example of such competitions has been stud-
ied in the case of the cuprates'->. However, CDW systems are
also of great interest and pump-probe experiments on these
materials have revealed, in recent years, complex metastable
states linked to electron-phonon coupling. In the quasi-1D
systems and in the weak coupling approach, the system be-
comes unstable below 7;.. The electronic structure undergoes
a band gap opening at the Fermi wave vector induced by a pe-
riodic lattice distortion associated to a soft phonon and lead-
ing to a modulated electronic wave function®. Less under-
stood is the formation of the CDW state in 2D materials*, in
which tight-binding models describing partial Fermi surface
nesting could only be applied to some systems, as Rare-Earth
tritellurides®”’.

The ultrafast dynamics of this phase transition has re-
cently been studied in several CDW materials with pump-
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probe experiments. A strong optical excitation triggers co-
herent collective excitations®”, involving phase and amplitude
fluctuations'®!!, and leads to the melting of charge and orbital
states!>!13 or influences the type of transition between CDW
states'®13,

The mechanism of the phase recovery has recently attracted
particular attention'®!”. Among many possible scenarii, the
role of topological defects, like CDW dislocations, has been
widely invoked to explain the slow dynamics of the CDW re-
covery after photo-excitation'® either by optical pump-probe
spectroscopy*2% or by time-resolved diffraction! 821,22,
Photo-induced topological defects have also been invoked to
explain the emergence of an unexpected and astonishing tran-
sient CDW state that was never observed at equilibrium condi-
tions, as recently discovered in LaTe3?® and CeTe3?2. In other
diffraction studies however, the loss of long-range order after
the laser pulse has not been observed as in La; 75 Srg 25NiO4 10
or in SmTes?*.

Ultrafast structural probes such as electron or X-ray
diffraction®>~28 are the ideal tools to specifically probe CDW's
since the periodic lattice distortion associated to the CDW
gives rise to new satellite reflections in the diffraction pat-
tern. This is particularly true in the case of layered transition-
metal dichalcogenides since the satellite reflections intensity
are strong compared to most CDW systems.

Rare-earth tritellurides (RTes, with R standing for the rare-
earth element), are a family of compound displaying a rich
phase diagram. The RTes; systems may stabilize two types
of one-dimensional CDWs which appear at different tempera-
tures and have perpendicular wave vector to each other and su-
perconductivity under pressure. All these phases are strongly
affected by chemical substitution of the rare earth element.
As an illustration, the transition temperatures appearing along
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FIG. 1. a) Diffraction pattern of the GdTes thin films at equilibrium conditions for 7; = 155 K in (010) plane. The red arrows point to the
satellite peaks associated to the CDW. Intensity profiles along the ¢* direction (given in reciprocal lattice unit) with an incident fluence of F=
3.5mJ/cm? before pump arrival (b), and after pump arrival at t=5 ps (c). The red solid line is the fit obtained from three single Lorentzian

profiles (blue dashed lines).

the ¢ direction can switch from T, =240K for TmTes, to
377K for GdTes, or 670K for LaTes.

In this paper, we present time-resolved electron diffraction
experiments performed on thin GdTes films, thereby extend-
ing the exploration of the RTe; family, especially the previous
studies performed on LaTe3'® and CeTe;!!?? by pump-probe
electron diffraction. The results are organized as follows: we
first present details on the experimental methods and the sam-
ple in section II. In section III A we show an analysis of the
dynamics of the main Bragg reflections, leading to an esti-
mation of the lattice temperature and showing the existence
of a quasi-equilibrium state where the lattice is thermalized.
Section III B focuses on the temporal dynamics of the satellite
reflections with a particular emphasis on the role of the initial
temperature. Indeed, as the initial temperature approaches T,
a large increase of the recovery time is observed. This effect
is discussed in terms of the Rothwarf-Taylor (RT) model. Fi-
nally, the absence of the perpendicular transient CDW phase
in GdTes is discussed.

Il. EXPERIMENTAL DETAILS
A. Experimental Setup

Our experimental setup relies on a compact DC electron
gun and a commercial Ti:Sapphire amplifier which deliv-
ers 35fs pulses centered at a wavelength of 800nm with
an energy of 1 mJ at a repetition rate of 1kHz. The elec-
tron bunches are generated by the photoelectric effect after
back-illumination by the third harmonic of the laser source
(A3 = 266 nm) on a 20 nm gold film coated on the photocath-
ode. The experiments were performed with 41 keV electron
energy and 10000 electrons per bunch. For this beam charge,
the bunch duration is 1-1.5 ps with an electron beam spot size
of 300 um at the sample position. Most data were taken in
this high-charge and “long-pulse” duration regime in order to

optimize the signal-to-noise ratio. Some data were also taken
with lower charge (1000-2000 electron per bunch), resulting
in better resolution of ~ 300 fs. Bunch durations were esti-
mated by simulating beam dynamics in the electron gun using
the general particle tracer (GPT) code®’. The experimental
setup works in transmission geometry with the pump beam
impinging the sample close to normal incidence and with a
transverse FWHM of 750 um. By measuring the laser beam
profile at the virtual sample position, the incident fluence can
be obtained with a typical systematic error of & 0.2mJ/cm?.

The signal from the diffracted electron beam is amplified
by a multi-channel plate and detected by a P43 phosphor
plate; the diffraction patterns are recorded with an air-cooled
CCD camera after demagnification with an spatial resolution
of 39x39um? per pixel. The time delay between pump and
probe pulses is set by a mechanical delay line. At each time
delay, the diffraction patterns were collected with an expo-
sure time of 3 s and the final diffraction pattern results from
an average over 5 images. The total measured temporal range
covers the first 140 ps after pump beam arrival, allowing the
study of thermal processes occurring tens of picosecond after
photo-excitation. The sample cooling system consists of a lig-
uid nitrogen cold finger attached to the copper sample holder
by a copper braid allowing to reach a minimum temperature
of 155K.

B. Sample description

RTe; are quasi-two-dimensional materials that have at-
tracted great interest due to their properties?>3!. All com-
pounds belonging to this family present at least one unidirec-
tional CDW state for critical temperatures between 110 K and
670 K, a value that is set by the chemical pressure induced by
the R ion3'=33. Their unit cell presents a weakly orthorhombic
(quasi-tetragonal) symmetry, belonging to the Cmcm space
group. It consists of RTe slabs sandwiched between Te single
layers and stacked along the b axis, which confers the quasi
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2D character. The lattice parameters are b > a 2 ¢ with a
and c defining the in-plane parameters in the Te layers. The
small anisotropy between a and c leads to different nesting
conditions and favors the emergence of the periodic lattice
modulation along the ¢ axis at higher temperatures>>3*. The
heaviest compounds of the family present a higher chemical
pressure favoring the reduction of the anisotropy between the
a and c lattice parameters and leading to the emergence of a
second CDW along the a crystallographic axis at lower tem-
peratures. The system we study here, GdTes, presents a unidi-
rectional CDW along the ¢ axis below the critical temperature
T. ~377K. We were thus able to probe this system starting
from two initial temperatures below T.: T; = 155 K and at
room temperature.

Single crystals were grown by a self-flux technique under
purified argon atmosphere in a sealed quartz tube. The mix-
ture containing Gd and Te is first heated at sufficiently high
temperature for several days before cooling down and then
quenched in air to room temperature® . The GdTe; thin films
with 50nm + 2 nm thickness and a surface of ~ 500 um Xx
500 um were prepared by ultramicrotomy from a bulk sam-
ple. They were then deposited on a 200 mesh copper TEM
grid.

Ill.  RESULTS

A typical diffraction pattern from the GdTes thin film is pre-
sented in figure 1a). The diffraction pattern was collected at
equilibrium conditions with 41 keV electron energy at 155 K.
As expected, the main (h+ ) = 2n Bragg reflections show a
quasi-squared symmetry with a* ~ ¢* (a/c=0.9976)3%). Note
that (h+1) = 2n+ 1 are forbidden reflections in the Cmcm
space group. These reflections are nevertheless present in our
diffraction patterns which has been could be ascribed to dis-
ordered twins along b and sample bending®. The satellite re-
flections (pointed by the red arrows in the figure) appear along
the ¢* direction at (+1,0,+8) with 8 ~2/7. In figures 1b) and
1c) we plot the intensity profiles along the ¢* axis showing
the two satellite reflections located on both sides of the (100)
Bragg reflection before pump arrival and their disappearance
t=>5 ps after the laser pulse excitation with an incident fluence
of 3.5mJ/cm?. The disappearance of the satellite reflections
indicates the loss of long range order of the periodic lattice
modulation. However, as we will see in the following sec-
tions, this disappearance does not correspond to the equilib-
rium disordered phase, but to an athermal out-of-equilibrium
phase, occurring when the sample temperature does not ex-
ceed the critical temperature 7 and before the lattice is fully
thermalized.

A. Dynamics of the main Bragg reflections and lattice
temperature estimation

We first consider the intensity changes of the main Bragg
reflections as a function of pump-probe delay. The intensity of
a Bragg peak is estimated by integrating the diffracted signal
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FIG. 2. Circles: relative intensity changes of the Bragg peaks inte-
grated intensity as a function of pump-probe delay for four different
fluences. Each curve is the result of averaging over 30 Bragg peaks.
The initial sample temperature is 7; = 155 K. The solid lines repre-
sent the single exponential fits to the data.
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FIG. 3. a) Decay times Tjepmq €xtracted from the fits of figure
2. b) Decay amplitude of the Bragg intensity Al/ly measured af-
ter the system has reached the quasi-equilibrium state. Both graphs
are represented as a function of the incident fluence in the range
0.5 — 3.5mJ/cm? with 7;=155K.

over a small region of interest (ROI) around the corresponding
peak. Figure 2 displays the relative intensity changes of the
(h+1) =2n Bragg reflections averaged over thirty peaks.
The evolution of the relative intensity is plotted as a func-
tion of time delay in figure 2 for different fluences. The curves
are well described by a single exponential decay: Al/ly =
A(1 — e~/ Thermal ) % H(r), where Iy is the equilibrium peak in-
tensity (without pump), Tierma the decay time representing
the thermalization time, A = AI(f >> Tipermar ) /Io the amplitude
of the decay at long times and H (¢) is the Heaviside function
centered at = O ps. The decay times Ty and decay am-
plitudes A extracted from the fits are plotted in figure 3. The
decay time of the Bragg peaks is typically Tipermar =5-6ps
and does not significantly depend on the incident fluence (see
figure 3 a)). The intensity reaches a steady value after ~20ps



Time-resolved structural dynamics of the out-of-equilibrium charge density wave phase transition in GdTes 4
a) b)
0.175 F(mJ/cm?) ¢ 400
o1so| © 05 ° 19 4 . Te~377K
' 0.8 25 350
0125/ ® 12 e 35/ ® . <
- ° o .- _ ¢
<0.100 P s o ¥ 300
< 0.075 o 8O o K ¢
o & % % e ’ 250 ®
o i ® @ - 4
0.050{ 79 & - o )
@ 2 . - ¢ T: (K)
Qe ' _____ - N Sy 1 -~ 200 a i
0.025 I I | J— 88 ® ® 155
S gt __ - o
g__I _____ 2__3 _____________ LR s ® ® 295
0.000 150
0.1 0.2 0.3 0.4 0.5 05 1.0 15 2.0 25 3.0 35

sin20/A2(A2)

Fluence (mJ/cm?)

FIG. 4. a) Logarithm of the intensity ratio — log(I/Iy) after the quasi-equilibrium is reached (z ~ 75 ps), as a function of (Q/47)? = sin®0 /A>.
As expected from Debye-Waller theory, In(I/Iy) vs. Q* follows a linear trend. Dashed lines are linear fits to the data. b) Quasi-equilibrium
lattice temperature T .. versus incident fluence extracted from the fits of a). Red (green) circles are estimated from the Debye-Waller analysis
and correspond to initial temperature of 7; = 155 K (7; = 295 K). The gray lines are temperature estimations from laser energy absorption.

The dashed line marks the transition temperature of GdTes.

and remains constant for the whole scan duration, i.e. about
140 ps. Longer scans up to 2ns did not reveal extra relaxation
processes.

The fact that a constant intensity ratio persists over
nanoseconds, without reaching the equilibrium state, infers
that the main lattice reaches a quasi-equilibrium state. Note
that this pump-probe process is intrinsically reversible with
our 1kHz laser repetition rate. The sample does return to the
thermodynamic equilibrium between two laser pulses but the
accessible time domain does not allow us to observe the com-
plete relaxation. We can estimate that the quasi-equilibrium
state persists over several nanoseconds as thermal conduction
occurs, through acoustic phonons, on a longer time scale for
these free-standing samples.

Contrary to the behavior of the thermalization time Ty¢ymars
the Bragg peak intensity strongly depends on fluence. This
can be explained by a pure thermal effect since higher flu-
ences lead to higher lattice temperatures which increases the
thermal mean-squared atomic displacements and decreases
Bragg peak intensities through the Debye-Waller factor. For
an isotropic medium in an harmonic potential, the intensity
can be written as:

[o<lye M

6]

4r

2
where 2M = Q2,,(u?) /3 = ( 7 ) sin®0(u?) /3 with Qy the

scattering wave vector, (#*) is the mean-squared amplitude
of the atomic displacement, A the de Broglie electron wave-
length and O the scattering angle. By adding a few assump-
tions (see Supplementary Material for more details), the pa-
rameter M can then be related to the lattice temperature 7',
the Debye temperature ®p and the Debye integral ¢ (x)*7 as

follows:

1242
mkg®p

sin O

A

¢(©p/T)
®p/T

(5 i ()

Figure 4a) shows the logarithm of the intensity ratio — In(1/Iy)
after the sample has reached the thermal quasi-equilibrium
state (t ~ 75 ps) as a function of sin®6 /A? for several Bragg
peaks.

Figure 4a) clearly shows that the loss of intensity of each
Bragg reflection depends on the fluence and the norm of the
wave vector, in agreement with thermal effects in diffraction
theory. From the slope of the linear fits, it is possible to ex-
tract the temperature increase AT and the precise temperature
of the quasi-equilibrium state called 7}, .. = T; + AT in the fol-
lowing. The T, . temperatures have been obtained from the
analysis of thirty Bragg reflections and are displayed in figure
4b) for several fluences and for the two initial temperatures
(T; =155 K and T; =295 K). The T temperatures can also
be estimated from the absorbed pump laser energy and is in
good agreement with the results obtained from our Debye-
Waller analysis (see figure 4b and Supplemental Material for
details).

These results shows that the lattice temperature T, .. never
exceeds the critical temperature T;., whatever the incident flu-
ence and the initial temperature. However, we will see in the
following that the CDW satellite reflections disappear above a
threshold fluence proving that the photo-induced phase transi-
tion is athermal.

B. Dynamics of CDW satellite reflections and CDW recovery

The dynamics of the 2k reflection is very different from
that of the Bragg peaks (see figure 5a). In order to enhance
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FIG. 5. a) Dots: satellite peaks’ relative intensity changes for different incident fluences. Solid line: result of the double exponential fits b)
Time constants extracted from the fits of a). Blue and red circles correspond to the decay and recovery time constants respectively, collected at
a sample temperature of 7; = 155 K. Green circles corresponds to the recovery times collected at room temperature (7; = 295 K).

the signal-to-noise ratio, each experimental point is an av-
erage over four satellite reflections with the same |Q| value:
QCDW = (1,0,:&5) and QCDW = (71,0,:&5).

The intensity first abruptly drops with a characteristic tem-
poral decay time Tgeqy in less than a picosecond. Above
the threshold fluence F, = 1.9mJ/ cm?, the intensity of the
satellite peaks is suppressed indicating an ultrafast suppres-
sion of the CDW order. The satellite peak intensity then in-
creases again on a slower picosecond time scale with a recov-
ery time Tyecovery. Finally, at longer pump-probe delays, typ-
ically # > 50 ps, the intensity stays rather constant below the
equilibrium intensity. This behavior is similar to that observed
with Bragg peaks indicating that the system has reached a
quasi-equilibrium state.

The temporal behavior can be well fitted using a double ex-
ponential function (see Supplementary Material) and the cor-
responding time constants are displayed in Figure 5b). The
temporal decay Tyecqy is typically less than 500 fs and was
limited by the experimental resolution of our set-up. In or-
der to get a better resolution, we used a shorter electron beam
containing less charge and providing ~ 300 fs resolution in-
stead of 1-1.5 ps, without being able to resolve the time decay
whatever the fluence. This upper limit is in agreement with the
previous time resolved X-ray diffraction experiment in which
time decays of the order of ~ 200 fs as been reported by us-
ing a temporal resolution less than 80 fs in the similar SmTes
system?*.

The recovery time Tyecovery is Well above the temporal reso-
lution. For 7; = 155 K, the CDW recovery slows down linearly
from 1 ps to 8 ps as the incident fluence is increased (see figure
5b). At high fluences, the CDW recovery times T.covery and
the Decay times T;j0,mq Of the Bragg peaks are similar, show-
ing that the CDW is recovering while the lattice temperature
is reaching the quasi-equilibrium temperature. For lower flu-
ences, on the contrary, Trecovery is smaller than .y, mean-
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FIG. 6. Relative intensity changes of the satellite peaks at two dif-
ferent initial temperatures and two different fluences: a) at F =
0.8 mJ/cm? and b) at F = 1.2 mJ/em?.

ing that the CDW recovery is carried out even before the main
lattice is completely at the quasi-equilibrium state. This ob-
servation, along with the fact that the lattice temperature al-
ways remains below 7, confirms the non-thermal nature of
this out-of-equilibrium phase transition.
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The temporal behavior of GdTe; is similar to the
other RTe; compounds also observed by ultrafast electron
diffraction'®?2. In the present study, we investigate the effect
of the initial temperature by measuring the dynamics starting
with the two initial temperatures: 7; = 155 K and 7; = 295 K.

The lattice temperature increase is estimated from the dy-
namics of the Bragg peaks at 7; = 295 K following the same
Debye-Waller analysis as in section III A. The result is again
in good agreement with the temperatures estimated from heat
absorption (see figure 4 b) and is similar for both initial tem-
peratures: AT ~ 35K at F=0.8 mJ/cm? and AT ~ 50K at
F=1.2mJ/cm?. Note that, in principle, the Debye-Waller fac-
tor should change with the initial temperature since phonon
dispersion curves are temperature dependent especially at the
2kr wave vector close to T.. However, only low frequency
acoustic modes located at the Brillouin zone center contribute
to the Debye temperature which weakly vary in this temper-
ature range. This low sensitivity of the temperature increase
with respect to the initial temperature is therefore expected.

Contrary to Bragg reflections, the dynamics of the CDW
satellites is clearly different for the two initial temperatures
as shown in figures 5b) and 6. Although the incident photo-
excitation induces the same temperature increase for both ini-
tial temperatures, the CDW recovery is slower when the sys-
tem is initially closer to T.. The recovery times are almost
3 times larger at the higher initial temperature (7, — T; =
82 K with 7; =295 K) than at the lower initial temperature
(T, — T; = 222 K with T; =155 K). Futhermore, the slow-
ing down is approximately linear versus fluences far from T,
(for T; =155 K), while is compatible with a divergent recov-
ery time closer to T,, for 7; =295 K (see figure 5b where
Trecovery=0 at f = 0) in agreement with pump-probe reflectiv-
ity in TbTe3%. This point will be discussed later though the
Rothwarf-Taylor (RT) model.
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FIG. 8. Transverse profile along a* of the (-109) satellite reflec-
tion at equilibrium (i.e. taken at negative time delays without pump)
at T; = 155K (cyan) and at 7; =295 K (gray). Inset: selected ROI
around the satellite peak, the profile corresponds to the intensity
integrated along the horizontal axis. The FWHM of the profile at
T; = 155K has been considered as the resolution function of the in-

strument in the following (&, = 18- 1073471,

C. Loss of long-range order.

The CDW correlation length & can be retrieved from the
satellite peak width in the diffraction patterns by taking & =
1/FWHM. Note that the peak width is not given by a rocking
curve but results from a cut of the Ewald sphere convoluted
by the experimental resolution leading to the largest correla-
tion length measurable of 6.8 nm. Only the satellite profile
along the transverse direction a* is shown because the longi-
tudinal profile along ¢* is too much affected by the tails/wings
of the Bragg peaks (see Fig. 1). The satellite profile along a*
is obtained by summing the intensity of a region of interest of
29x 3 pixels containing the satellite reflection (see inset in fig-
ure 8) and the fit is performed by using a Pseudo-Voigt func-
tion plus a linear function that accounts for the background
(see figure 5b)).

The complete dynamics of the FWHM in figure 9 a) clearly
shows the loss of long-range order that appears after photo-
excitation in the system. For F' > Fy;, the peak broadens sig-
nificantly and does not relax to its initial width within the
experimental temporal range. The stable FWHM reached at
longer delays (Tipermar =~ 20ps) illustrates the smaller correla-
tion length of the quasi equilibrium state. On the other hand,
at low fluence, below the threshold value F < F;j,, the FWHM
shows small changes Aw/wy < 8%, that quickly recover to
the initial values (this low fluence case is limited by the ex-
perimental resolution). This behavior is clearly seen in figure
9c¢).

As in the case of the intensity, the satellite width also de-
pends on the initial temperature. Figure 8 clearly shows that
the satellite peak width at equilibrium increases as the ini-
tial temperature approaches the critical temperature 7.. We
find that the correlation length varies from & = 6.8 nm at
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T;=155Kto & =4.2nmat T; = 295 K.

Figure 9b) displays on the same graph the temporal evolu-
tion of the FWHM and intensity of the satellite peak, showing
that both observables display correlated dynamics, for both
decay and recovery times. This behavior holds at all fluences
and the recovery times of both intensity and FWHM increase
linearly with incident fluence (see Supplementary Material).

D. No observation of a transient CDW phase along «

Previous UED work reported on the emergence of a tran-
sient “exotic” CDW state in LaTes2® and CeTes22 along the
perpendicular a crystallographic axis. This state does not ex-
ist in the phase diagram at equilibrium and has only been
observed in out-of-equilibrium conditions. Despite many at-
tempts, we did not observed this transient CDW state in GdTes
at any accessible fluences. The satellite peaks might then be
too weak in intensity, the transient phase might have a too
short lifetime or simply does not exist. The absence of this
phase could be linked to its quite different transition tem-
perature. GdTes displays a much lower critical temperature
(T ~ 377K) compared to LaTes (7, ~ 670 K) or CeTes (T, ~
540 K) which means that the configuration space between the
high temperature phase and the temperature of measurement
is considerably reduced in GdTe; (AT = 82 K) compared to
LaTes; (AT = 375 K) meaning that a small perturbation brings

directly the system to its closest ground state in energy, the
disordered phase.

IV. DISCUSSION

The temporal sequence of the photo-excitation and relax-
ation processes can be summarized as follows:

(1) electrons are first excited to higher energies in the con-
duction band and subsequently transfer their excess energy to
hot phonons via electron-phonon coupling within the first pi-
cosecond following photo-excitation. Here, we do not directly
detect high-energy phonons because of the limited temporal
resolution, but previous time-resolved ARPES*-*!  transient
reflectivity 842 and time-resolved X-ray diffraction®?* exper-
iments have measured a coherent phonon corresponding to the
amplitude mode, which oscillates at v4y; ~2 THz in RTes. At
this stage, it is likely that the amplitude of the lattice peri-
odic distortion is strongly suppressed along with an increase
of disorder, in particular for higher fluences, F > F;j,. (2) The
lattice then thermalizes on a typical time scale Tipermar =~ 6PS.
During this thermalization process, the lattice temperature in-
creases, as can be inferred from Bragg peak intensity loss due
to the Debye-Waller factor. Simultaneously, the CDW state
recovers with a time scale Tyecovery that is faster than Tiperma
for F' < Fy,, slows down as the fluence is increased and satu-
rates around T;j¢;mq- The increase of the satellite width shows
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between the experimental data and the RT model for T;=155K.

that the dynamics is also affected by the phase ¢ of the order
parameter.

(3) For t > Tpermar ~ 6ps, the system reaches a quasi-
equilibrium state in which the lattice temperature stabilizes
at the quasi-equilibrium temperature 7, ..

Let us now discuss the relevance of the Rothwarf-Taylor
(RT) model in the case of CDWs, originally considered to
describe the recombination lifetimes in superconductors, i.e.
the time Tyecovery required for a quasiparticle at the gap edge
to recombine with a thermally excited quasiparticle to form
a Cooper pair*3. In this approach, the recombination is in-
versely proportional to the gap:

Trodovery = 12Dk T'A(T) / (hw?)

recovery

2)

where I'y, represents the Raman phonon linewidth and T’ is
the quasiparticle temperature. If we take into account the gap
profile in the BCS theory,

A(T) = A(0) tanh(1.74(1 — T, /T.))

with T, = 377K, and the measured T, from the Debye-Waller
analysis, the gap versus the fluence can be obtained (see fig-
ure 10 a). The experimental recovery time can then be com-
pared to the RT theory for the two initial temperatures. In the
RT model, the recombination time is much larger for initial
temperature closer to T, (see figure 10 b). This is in agree-
ment with the present data and with pump-probe reflectivity
observing divergent 7z close to T.3842. However, the agree-
ment remains only qualitative. If we consider that Trecovery(F')

is mainly driven by A(F) in the eq. 2, the other variables
I'y, T” and o varying less in this temperature range, the ra-
ti0 Trecovery(F)/ Trecovery(Fo) = A(Fy) /A(F) can be compared
to the experiment. As shown in figure 10 c), the experiment
strongly differs from the theory. The observed recovery time
is much larger than expected. Even if the gap obviously plays
a crucial role in the slowing down close to T,, explaining the
overall Tr.covery behavior, the model underestimate the slowing
down.

This underestimation can be justified by several arguments.
We can first observe that the gap profile in figure 10a) re-
sults from a mean-field approach at equilibrium which is far
from being the case here. We can also question the use of
the RT model, initially intended to describe superconductiv-
ity and transferred to CDW systems. In particular, phonons in
the Peierls transition are associated to soft modes close to T..
However, the influence of defects, obviously not considered
in the RT model, could strongly slow down the process. The
origin of the slower relaxation can indeed be assigned to dis-
order, illustrated here by the loss of long-range order when T;
approaches T;. The decreasing phase-phase correlation func-
tion, leading to increasing satellite width (see figure 9b), can
be induced by lattice strain or/and CDW dislocations***. As
an example, the GdTes; atomic structure displays weak inter-
actions between pure Te layers. The laser pulse may induce
certain strain along the b crystallographic axis (perpendicu-
lar to the Te nets containing the CDW) and perturb the CDW
reformation. However, a detailed analysis of the positions of
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all Bragg peaks did not reveal any lattice changes along b*
considering our spatial resolution.

V. CONCLUSION

We presented a detailed experimental study of the CDW
dynamics in GdTes;. Our ultrafast electron diffraction re-
sults show that the pump laser pulse is able to trigger a
non-thermal photo-induced phase transition which occurs
for lattice temperatures below 7. in out-of-equilibrium
conditions. The CDW is found to be suppressed in the
disordered state following photo-excitation for large enough
fluences (F > F,, = 1.9 mJ/cm?). We observed that the CDW
state recovers while the lattice is thermalizing on time scale
Thermal =~ 0ps. The CDW recovery is found to be increasing
with the incident fluence and the initial sample temperature.
The slowing down of the CDW recovery was closely related
to the temperature in the quasi-equilibrium state 7 ..

Our results are consistent with recent results obtained in
other materials of the RTes family'®?2. In particular, we
also observe a broadening of the CDW satellite peaks, and
confirm the loss of long-range order with underestimated
time recombination. Our results performed at different initial
temperatures showed that the slowing down in the CDW
relaxation is greatly influenced by the lattice temperature.

Future diffraction experiments investigating more systemati-
cally the effect of the initial temperature should allow us to
better understand its role in the observed dynamics. In addi-
tion, experiments with a THz pump could potentially reduce
lattice heating induced by the infrared pump pulse and allow
to discriminate better the respective role of temperature and
pump fluence in the dynamics of this out-of-equilibrium phase
transition.
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