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Femtosecond trimer quench in the unconventional charge-density-wave material 17’-TaTe,
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Ultrafast optical switching of materials properties promises future technological applications, enabled by
fundamental insights about microscopic couplings and nonequilibrium phenomena. Transition-metal dichalco-
genides (TMDCs) combine photosensitivity with strong correlations, furthering rich phase diagrams and
enhanced tunability. The compound 17’-TaTe, exhibits an electronically and structurally unique set of charge
density waves (CDWs), featuring an unusual increase in conductivity and amplitude modes of low prominence.
Compared to other charge-ordered TMDCs, only very few studies addressed the ultrafast response of this
material to optical excitation. In particular, the question whether such unconventional properties translate to
unusual quench dynamics remains largely unresolved. Here, we investigate the structural dynamics in 17'-TaTe,
by means of ultrafast nanobeam electron diffraction at an unprecedented repetition rate of 2 MHz. We reveal a
strongly directional cooperative atomic motion during the one-dimensional quench of the low-temperature trimer
lattice. These dynamics are completed within less than 500fs, substantially faster than reported previously.
In striking contrast, the periodic lattice distortion of the room-temperature phase is unusually robust against
high-density electronic excitation. In conjunction with the known sensitivity of 17'-TaTe, to chemical doping,

we thus expect the material to serve as a versatile platform for tunable structural control by optical stimuli.

DOI: 10.1103/PhysRevB.110.085155

I. INTRODUCTION

Tailoring electronic properties by chemical doping is a
central element of current semiconductor technology. Tran-
sition metal dichalcogenides (TMDCs), strongly correlated
materials in a chalcogen-metal-chalcogen trilayer structure
[1], may lead to novel functionality [2] beyond established
applications. In these compounds, comparably small modi-
fications of the electronic state can evoke large effects via
couplings to phononic, orbital or spin degrees of freedom
[3,4]. Quasi-two-dimensional characteristics in conjunction
with strong electron-phonon interactions promote correlated
phases [5], including charge density waves (CDWs) coupled
to a periodic lattice distortion (PLD) [6]. The corresponding
electronic structures are highly susceptible to external stimuli
[7-10] or alterations of the chemical composition [11,12] and
dimensionality [13,14].

Alongside their structural tunability, TMDCs offer func-
tionality by transient photodoping [4,15,16] and in optoelec-
tronics [17]. Probing the interplay of structural and electronic
excitations [18-60], ultrafast measurement schemes fre-
quently uncover underlying nonequilibrium processes. In the
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past, pulsed laser excitation has not only been used to drive
transitions between different CDW phases [40-57], but also
to induce [60] or enhance CDW order [31] as well as distinct
types of disorder [32,53-56], prompt dimensional crossovers
[51-53,61,62], and to drive materials into thermodynamically
inaccessible metastable states [58,59,63].

To date, the investigation of ultrafast CDW dynamics and
phase transitions in TMDCs has largely focused on sulfur-
and selenium-based compounds [32,34-55]. In contrast, the
CDW phases in TMD tellurides have only recently become
the subject of ultrafast studies [64—68]. In these materials,
a hybridization of the tellurium p with the metal d bands
enhances the transition metal valence and thus changes the
electronic texture [69,70]. Among other features, this re-
sults in an increase of the material’s effective dimensionality
as a result of stronger interlayer interactions [69]. More-
over, the compounds 17’'-VTe,, 1T’-NbTe,, and 17’-TaTe,
share (3 x 1) superstructures with pronounced Jahn-Teller-
like distortions [70], which are stable at room temperature and
above [71-73].

This chemical perspective on the formation of charge-
ordered superstructures in the form of tightly bound zigzag
chains [69] particularly applies to 17'-TaTe, [73-75], the
compound with the largest PLD amplitudes among the group-
V compounds [73]. In this material, the trimerization even
persists up to highest temperatures, i.e., an undistorted phase
is absent from the phase diagram due to the electronic energy
gain upon tantalum-cluster formation [69,70,76]. Cooling
brings about a second transition into a unique (3 x 3) phase
[72,76,77] that is in competition with other structural instabili-
ties at surfaces and in few-layer systems [78—81]. Remarkably,
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FIG. 1. Nanobeam electron diffraction at megahertz rates in an ultrafast transmission electron microscope (UTEM). (a) Schematics of the
UTEM. Ultrashort electron pulses (green) are generated via linear photoemission (blue) from a tip-shaped emitter. Laser excitation (red) drives
reversible dynamics in the 17’-TaTe, thin film. The exceptionally high transverse beam coherence allows for collimated diffractive probing
with nanometric electron illumination. (b) In-plane crystal structure of the low-temperature (3 x 3) (top) and the room-temperature (3 x 1)
phases of 17’-TaTe, (bottom). The additional unit-cell tripling along the b axis below 174 K leads to the formation of tantalum heptamers.
(c) Monoclinic unit cell (green) of 17'-TaTe, in the (3 x 1) phase. Trilayers of tantalum atoms (blue) sandwiched between tellurium atoms
(orange) are stacked in threefold sequence. (d) Electron diffractograms recorded in the [101] zone axis. In the (3 x 3) phase, the heptamer
formation brings about PLD diffraction spots (highlighted by blue circles) in between the bright host lattice reflections present in both phases.
(e) Electron micrograph of the investigated sample. In the diffraction experiments, we probe a sample area of enhanced spatial homogeneity
with a diameter of 670 nm (green circle). (f) Megahertz specimen design (side view). A circular gold aperture confines the laser excitation and

enables efficient heat dissipation.

the formation of the (3 x 3) phase results in a decrease of
the electrical resistivity [82], as opposed to related transitions
in other TMDCs where the opening of the CDW band gap
near the Fermi energy promotes the conventional insulating
behavior [1,7,47].

Its unusual phase diagram and the associated macroscopic
properties call for further investigations of the CDW phases in
17’-TaTe;,. In equilibrium, the origin of the low-temperature
butterfly-like structure has been linked to an anisotropic
phononic softening [72,73], driven by Fermi-surface nesting
[83,84]. Few ultrafast experiments studied nonequilibrium dy-
namics in this material, finding an only weak amplitude mode
[66] and a considerably slower partial PLD suppression [65]
compared to dynamics in other strongly correlated materials
[40-57,67,68]. However, possible microscopic origins for a
slower response remain to be explored, and a complete quench
of the (3 x 3) phase has yet to be observed. Moreover, the
sensitivity of the (3 x 1) periodicities to photodoping both at
low and at high temperatures is of considerable interest.

In this article, we address these questions by investi-
gating the laser-induced dynamics in 17’-TaTe, employing
nanobeam ultrafast electron diffraction (nano-UED) in an ul-
trafast transmission electron microscope (UTEM) [Fig. 1(a)].
We find that the structural dynamics unfolds substantially
faster than previously reported. Furthermore, the timescale of
the structural quench is a strong function of excitation fluence,
with a transient suppression of the (3 x 3) lattice distortion

proceeding as fast as 200 fs. Approaching the fluence thresh-
old, the phase transition into the (3 x 1) phase is completed
after 500fs, indicative of a softening of the corresponding
structural mode. In contrast, we identify an atypical stability
of the high-temperature (3 x 1) superstructure in response to
an optical stimulus, revealing the coexistence of seemingly
similar types of structural order with completely different
origins suspended within the same host material.

II. EXPERIMENTS AND RESULTS
A. CDW phases in 17’-TaTe,

The basic monoclinic structure of 17’-TaTe, results from
a commensurate distortion of the 17" symmetry commonly
found in TMDCs. This room-temperature (3 x 1) phase ex-
hibits a tripling of the (hypothetical) undistorted unit cell
along the lattice vector a* and a threefold layer stacking
sequence [Fig. 1(c)] [72,76]. Within the unit cell, the zigzag
chain formation predominantly follows from atomic displace-
ments in a direction perpendicular to the lattice vector b
[Fig. 1(b)] with an amplitude that amounts to up to 12.4%
of the average interatomic distance. Below a temperature of
174 K, a further 7.8% distortion, mainly oriented along the
b direction, transforms the crystal into the (3 x 3) phase
[72,76,77]. Both phases, as well as the transition between
them, primarily involve reconfigurations of the tantalum
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sublattice [72] and band structure, suggesting that orbital-
selective mechanisms drive the PLD [85].

Accordingly, the real-space crystal consists of a superposi-
tion of a 17 host with trimer periodicities, and the reciprocal
lattice includes features of both types of structural symme-
tries. Figure 1(d) displays electron diffractograms recorded
in the [101] zone axis, i.e., with the electron beam incident
perpendicular on the layers spanned by the vectors b and
a*. In these images, the brighter diffraction spots (hk!/) with
k = 3n (where n is an integer) correspond to the undistorted
spatial periodicities (hereafter referred to as main lattice spots,
see also Appendix B). In contrast, the (3 x 3) distortions
produce the weaker reflections in between, analogous to the
second-order CDW spots observed in the distorted phases of
related 17 polytypes [1]. The intensity of these satellites is
a precise measure of the (3 x 3) PLD amplitude Asy3, the
order parameter of the structural transformation. In particu-
lar, a sinusoidal atomic structure modulation brings about a
quadratic intensity scaling of first-order satellite reflections
with increasing As.3 for small atomic displacements [86].
For a commensurate superstructure, higher harmonics and
linear combinations of the PLD wavevectors also exhibit
structure factors of a comparable magnitude. Performing dy-
namical diffraction simulations (Appendix C2), we find a
quadratic scaling for all accessible satellite peaks, with devia-
tions for relative structural changes larger than 4% (see Fig. 7
below).

B. Ultrafast pencil-beam electron diffraction

In the ultrafast experiments, we excite a 17'-TaTe, thin-
film in the low-temperature phase with ultrashort laser pulses
(800 nm wavelength, 50 fs duration, between 0.7 mJ/ cm? and
11 mJ/cm? incident fluence), and probe the subsequent dy-
namics with collimated ultrashort electron pulses (120keV
energy, 200 fs duration, 670 nm beam diameter). To this end,
the Gottingen UTEM [see Fig. 1(a) and Appendix A 1] is
equipped with a laser-triggered field emitter whose nano-
metric size results in an exceptionally high transverse beam
coherence [87]. The small effective source size promotes
picometer beam emittances and high reciprocal-space reso-
lution at narrow electron beams, enabling ultrafast diffraction
measurements from sample regions of enhanced spatial ho-
mogeneity [53]. Importantly, suspending the 17’-TaTe, thin
film below a circular gold aperture [cf. Fig. 1(f)] facilitates
optimized thermal dissipation between subsequent excitation
events [49,53], which allows us to induce—and accordingly
probe—the dynamics at a repetition rate of 2 MHz, higher
than in any previous measurement of a structural phase tran-
sition. In this way, our sample design drastically enhances the
sensitivity to low-intensity features and eliminates common
issues in the stroboscopic investigation of thin material films
[88]. In comparison, MHz excitation in spectroscopic inves-
tigations of electronic quench dynamics typically involves
considerably lower fluences [89,90].

Tracking the intensities of the (3 x 3) satellites at variable
delay At between the laser pump and the electron probe
pulses, the optically induced structural dynamics span four or-
ders of magnitude [Figs. 2(a) and 5 below]. Following a rapid
femtosecond suppression of the PLD amplitude, we observe

a partial recovery after 5ps for low and intermediate pump
fluences. For fluences above 8 mJ/cm?, the (3 x 3) intensities
remain suppressed, evidencing the transition into the (3 x 1)
phase [Fig. 2(d)]. From here, the initial state is reestablished
after only 3 ns, leaving sufficient time for further relaxation
and heat dissipation before the arrival of the subsequent pump
pulse (after 0.5 us). Overall, we find no significant dependence
of the dynamics on the excitation wavelength in the visible
spectral range (cf. Fig. 8 below).

The fastest, femtosecond features of such structural
dynamics frequently approach the temporal resolution of ul-
trafast electron diffraction experiments given by the electron
pulse length. Typically, both the exact temporal overlap as
well as the pulse shape and duration are inferred from ref-
erence measurements on separate samples. Here, we provide
a quantitative approach to the determination of the ultrafast
instrument response function, which we believe will serve
as a highly valuable benchmark for future ultrafast imaging
and diffraction studies. Specifically, harnessing the versatility
of the UTEM, we spectroscopically determine the inelastic
scattering of electrons by the pump-induced optical near-field
at the sample surface [91-93] [see Fig. 2(f) and Appendix D].
This instantaneous field-driven interaction yields a precise
measure of the electron pulse shape [94]. In particular, we
record such reference measurements alongside every delay
curve and under the same experimental conditions, showing
consistent electron pulse durations of about 200 fs. Further-
more, time zero is precisely determined for all of these curves,
and thus not a free parameter during the quantitative data
evaluation. The corresponding instrument resolution func-
tions can be used to exemplify how an instantaneous signal
drop would be probed [grey curves in Fig. 2(b)]. Its clear
temporal separation from the measured delay curves (black
points) demonstrates that the laser-induced phase switch is
quantitatively resolved. For completeness, the reference mea-
surements also allow for a deconvolution of the recorded
intensity curves (colored circles), which, as expected, yields
only a small correction.

Relating the spot intensities to the structural order param-
eter (see Appendix C2), we extract the time constants of
the transformation—a critical parameter linked to the degrees
of freedom involved, thereby elucidating microscopic origins
of the symmetry-broken state [42,95]. Here, the PLD sup-
pression evolves as expected for a displacive excitation of
the nuclei after a sudden quench of the electronic subsystem
[96]. We thus fit the diffraction intensities for a cosinusoidal
evolution of the PLD amplitude, incorporating the calibra-
tion curve obtained by the dynamical diffraction simulations
[Fig. 2(c)]. We obtain half-periods from about 300 fs to 600 fs
at low and at high fluence, respectively (see Appendix C3
for all fit results). The cosine function slightly underestimates
the changes to the PLD amplitude in the first few hundred
femtoseconds of the dynamics (see Fig. 5 below). This ob-
servation hints at either anharmonicities in the displacive
potential or a contribution from an impulsive mechanism [97].
Furthermore, the deceleration of the structural remodifica-
tions towards the end of the phase transformation is not fully
captured by the model. In order to also represent the PLD
suppression in a fit-model-independent manner, we quantify
the melting times directly in terms of the experimentally
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FIG. 2. Femtosecond PLD quenching in 17’-TaTe,. (a) Delay curves derived from the intensities of second-order (3 x 3) diffraction
spots. After a pronounced initial suppression, the PLD partially recovers for low and intermediate fluences. The material retains its initial
configuration after 3 ns. (b) PLD dynamics around time zero for an excitation fluence of 5mJ/cm? (left) and 10 mJ/cm? (right), respectively.
The measured curves (black circles) display a clear temporal separation from the independently recorded instrument resolution function (grey),
and the deconvoluted suppression of the (3 x 3) PLD (colored circles) is well resolved. (c) Dynamical diffraction simulations yield the relation
between PLD amplitude As3.3 and spot intensities. For small atomic displacements, the intensity of second-order (3 x 3) spots (blue curve)
increases quadratically with A3.3 (grey). (d) Maximum initial suppression of the PLD amplitude As.3 from an equilibrium value of 7.8% for
different pump fluences, based on the curve displayed in (c). A complete phase transition occurs for fluences above 8 mJ/cm?. (¢) PLD melting
times 7, at different pump fluences. The phase transition slows down upon approaching the threshold excitation. (f) Laser-electron pulse cross
correlation (top), obtained from the inelastic electron scattering at the optical near-field that leads to sidebands in the electron spectra separated
by the photon energy 7iw. The intensity of the outer energy sidebands yields the instrument resolution (grey, bottom) and the electron pulse

shape (blue).

determined order parameter. Specifically, we evaluate the time
delay for a relative suppression of 85% with respect to the
minimal amplitude for each fluence. Timescales down to
200 fs are found, reaching a plateau at 460 £ 20 fs for a com-
plete phase switch [Fig. 2(e)]. Finally, for comparison with
prior studies, we also consider an exponential order parameter
decay, which yields decay times between 130fs for a weak
and 430 fs for a full quench, respectively, substantially faster
than a 1.4-ps exponential decay reported previously for a
partial diffraction intensity suppression [65]. While it is not
straightforward to reconcile such slower PLD dynamics with
our results, one may consider differences in experimental pa-
rameters, including beam diameter and sample homogeneity,
or different measures of time zero and pulse structure, as
possible origins. Generally, propagation of excited carriers
into the films may also affect the dynamics. However, in
the case of a 60-nm s17-TaS, film, thicker than the optical
absorption length, above-threshold excitation was shown to
rapidly switch the PLD throughout the depth [49].

The femtosecond response to an optically induced elec-
tronic transition underlines the strongly correlated nature of
the (3 x 3) phase. Previously, a slowing-down of structural
dynamics in CDW systems, similar to our observations in
17’-TaTe,, was linked to a softening of the corresponding
structural mode [98], and also identified in all-optical mea-
surements of 17’-TaTe, [66]. Indeed, a comparatively flat
potential landscape close to the critical point of the transition

is expected to minimize the forces driving the structural mod-
ifications, particularly for second-order and weakly first-order
transitions [99].

C. Contrasting the photoresponse of the (3 x 3)
and (3 x 1) orders

The temporal evolution of the second-order PLD spots
evidences an ultrafast quenching of the tantalum clusters. As
described in Sec. I A, however, the low-temperature phase
actually results from a superposition of two stripe-like PLDs,
emerging from an additional trimerization of the (3 x 1) or-
der. We next investigate the photoresponse of the atomic
displacements along the respective crystallographic axes in-
dividually. To this end, we probe the first-order PLD spots by
changing the angle of incidence between the electron beam
and the sample surface normal to approximately 0.7°. Specif-
ically, these spots are located in the first-order Laue zone
(FOLZ) and at one-third of the distance between neighboring
main lattice reflections, owing to the unit-cell tripling both
in and out of plane [Fig. 3(a)]. In this diffraction geometry,
every main lattice spot in the FOLZ has a drastically reduced
intensity, and is surrounded by three prominent satellites.
Two of these are associated with the low-temperature PLD
(highlighted by blue circles), and their intensity scales with
the atomic displacements along the wavevector parallel to the
crystal b axis. A third spot of the (3 x 1) kind (red) encodes
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FIG. 3. Ultrafast dynamics in the first-order Laue zone and phase transition mechanism. (a) Example diffractogram for an electron beam
tilted out of the [101] zone axis. The individual signatures of the (3 x 1) (red circles) and the (3 x 3) structure (blue) reside in the first-order
Laue zone, whereas the zero-order Laue zone contains second-order PLD spots and the main lattice reflections (black). (b) Temporal evolution
of first-order (3 x 3) (blue), (3 x 1) (red) and of the main lattice spots (black, 10 mJ/cm? fluence). At room temperature (top), we observe
few-picosecond Debye-Waller dynamics in all spots. During the transition from the low-temperature into the high-temperature phase (bottom),
the (3 x 3) spots are rapidly suppressed, whereas the remaining spots display a transient overshoot before a slower, few-percent intensity
decay. (c) PLD spot intensities as a function of the main lattice intensities derived from the curves displayed in (b), including temporal binning.
The curves range from Ar = Ops to 10 ps. The laser-induced heating of the host lattice serves as a gauge for the photosensitivity of the two
superperiodicities. The temporal evolution of the (3 x 1) PLD coincident to the Debye-Waller suppression indicates purely thermal dynamics
both at low (dark red) and at room temperature (light red). In contrast, the (3 x 3) PLD can efficiently be quenched (light blue, 5 mJ/cm?
fluence) or transformed (dark blue, 10 mJ/cm?) optically. The corresponding intensity suppression leads to an intensity exchange with the host
lattice, evolving along the vertical direction in the diagram. The laser excitation thus predominantly launches one-dimensional atomic motions
towards the high-temperature (3 x 1) phase, followed by a few-picosecond thermalization (see also sketches of the transient crystal structures).
For a partial quench, the initial trimer suppression unfolds as fast as 200 fs.

the PLD oriented perpendicular to b. After laser excitation,
the (3 x 3) spots are suppressed on the same timescale as the
second-order peaks, followed by a few-picosecond recovery
for intermediate pump fluences [cf. Figs. 3(b) and 7 below].
As the (3 x 3) order disappears, diffracted intensity is redis-
tributed into the remaining (3 x 1) [red curve in Fig. 3(b)]
and main lattice reflections (black), leading to an intensity
overshoot preceding a slower thermalization.

Based on these observations, we deduce that the phase
transformation proceeds as illustrated in Fig. 3(c). The optical
excitation induces a quench specifically of the trimerization
oriented along the lattice vector b. The atomic displacements
perpendicular to b, on the other hand, remain largely unaf-
fected and persist even in the out-of-equilibrium state shortly
after time zero. The distinction between a soft and a sta-
ble crystal axis becomes apparent by evaluating the PLD
intensities during the dynamics as a function of those of
the “photoinert” main lattice symmetries. A joint temporal
evolution in Fig. 3(c) [derived from the curves in Fig. 3(b)]
signifies thermal dynamics, indicative of an overall rise in
lattice temperature, i.e., the Debye-Waller effect [24,35]. Vari-
ations towards the lower-right corner of the diagram, on the
other hand, arise from an increase of main peak intensity
caused by a photosensitive suppression of the PLD. Whereas
the (3 x 3) PLD shows an immediate and strong response
to the optical excitation, the (3 x 1) order exhibits merely
thermal behavior. This remarkable difference has direct

consequences also for the non-equilibrium pathway between
both phases. Specifically, we observe no sign of transient
disorder during the phase transformation (cf. Figs. 6 and 9
below). As a result, the phase switching unfolds completely
reversibly, resulting in unidirectional atomic motions connect-
ing the two superstructures.

III. DISCUSSION

The large Jahn-Teller-like distortions of up to 12.4% at
room temperature, and the additional PLD of 7.8% in the
low-temperature phase of 17'-TaTe, usually suggest a de-
scription beyond that of other CDW phases [73,75]. However,
the ultrafast behavior of the (3 x 3) distortion is indeed re-
markably similar to those in related TMDCs. In that sense,
the (3 x 3) phase parallels the (3 x 1) PLD in 17’-VTe; in
terms of distortion amplitude, temperature dependence, and
photosensitivity [67,68,71].

In contrast, the characteristics of the (3 x 1) phase appears
to have no analog in other TMDCs. From a purely thermal
standpoint, its stability might seem trivial due to the ab-
sence of both the 17 polytype and a corresponding transition
temperature from the phase diagram. Optical excitation, how-
ever, has been shown to realize also thermally inaccessible
metastable states [58-60,63,100] and dimensional crossovers
[51-53,61,62] in a variety of related compounds. It is a partic-
ular strength of UED to map out instabilities and anisotropies
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in the free-energy landscape [101] that underlie the tunabil-
ity of quantum materials. For the case of 17’-TaTe,, recent
theoretical studies indeed predicts a competition between a
number of structural distortions [80,81,102], experimentally
realized in monolayers and at surfaces [78-80].

In our investigations of a bulk crystal, we find no sign of
metastability (cf. Fig. 6 below). Similarly, after a direct excita-
tion of the (3 x 1) phase of the material at room temperature,
we again solely observe a thermalisation of the entire lattice
also for comparably high fluences of 10 mJ/cm? [Figs. 3(b)
and 3(c)]. In other words, also a sudden increase of the elec-
tronic temperature to several thousand Kelvin as typically
achieved by pulsed laser excitation [103] is insufficient to
induce femtosecond PLD dynamics. Our results underline
that the formation of the two superstructures supported by
the material involves completely different energy scales and
driving forces, i.e., a perturbational and thus highly tunable
distortion interwoven with a photoinert trimerization.

This unconventional stability among the CDW phases in
TMDCs opens up interesting perspectives on exploring the
origins of CDW formation in a broader sense. Recent density-
functional theory calculations attribute a significant portion of
the energy gain upon tantalum chain formation in bulk 17"'-
TaTe, to the stacking of the (3 x 1) phase [76], in agreement
with the notion that the interlayer binding is enhanced in
the TMD tellurides [69,70]. This implies that a more orbital-
selective excitation might be required to realize transient
metastable order in the material [65,85], specifically lifting
the tellurium-tantalum charge transfer and thus weakening the
interlayer coupling by photodoping.

Simultaneously, tuning of the material’s dimensionality,
can also be achieved via chemical doping [104]. Upon
partially substituting the tellurium atoms with selenium in
1T-TaSe;_,Te,, both the (3 x 3) and the (3 x 1) phase occur
for doping levels down to x > 1.3, followed by closely related
but incommensurate distortions for lower tellurium contents
[105]. Interestingly, these incommensurate PLD’s were found
thermally stable across a broad temperature range [105,106],
extending up to the complete dissociation of the host lat-
tice [107]. Nevertheless, a subpicosecond CDW quench after
1.55 eV optical excitation was observed in 17'-TaSeTe, imply-
ing that thermal PLD stability and a reduced photosensitivity
may emerge independently in these systems [107]. In the
future, spectroscopic investigations in thermal equilibrium,
ultrafast methodology, and theoretical study might therefore
jointly explore, among other things, the influence of electron-
phonon coupling and dimensionality on CDW formation, and
characterize the nonequilibrium photoresponse as a function
of chemical doping in tellurides.

IV. CONCLUSIONS

In conclusion, ultrafast pencil-beam electron diffraction
enables a precise mapping of the laser-induced dynamics in
17’-TaTe, free from the influence of structural heterogene-
ity. Our results suggest a close correspondence between the
driving mechanisms responsible for the CDW formation at
low temperatures to other related correlated phases. At the
same time, the characteristics of the high-temperature phase
further exemplifies behavior that is notably distinct from

others in the TMDC family, warranting further investigations
in the ultrafast time domain by, e.g., selectively exciting spe-
cific electronic transitions. Furthermore, the peculiar phase
diagram renders 17’-TaTe, a promising component in het-
erostructures combining different layered materials [108,109].
The combination of megahertz driving and minimization of
the electron beam diameter at high reciprocal-space and tem-
poral resolution will extend the experimental possibilities
to investigate nonequilibrium dynamics in such systems by
means of ultrafast diffraction and imaging [30,110]. Finally,
we anticipate that the precise determination of the electron
pulse shape in conjunction with the high temporal resolution
of nano-UED will advance the quantitative characterization of
ultrafast structural dynamics and the underlying fundamental
processes for a wide range of materials and heterostructures.
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APPENDIX A: EXPERIMENTAL DETAILS

1. Ultrafast Transmission Electron Microscopy

The Goéttingen UTEM is based on a JEOL JEM-2100F,
equipped with a ZrO/W Schottky emitter [87]. Access to the
ultrafast time domain is enabled by operating the electron
source below the threshold for continuous electron emis-
sion, gating the linear photoemission of femtosecond electron
pulses with pulsed laser illumination incident on the emit-
ter tip (Light Conversion CARBIDE, 40fs pulse duration,
515 nm wavelength after frequency doubling, 2 MHz repeti-
tion rate). For the optical excitation of the sample, a part of the
laser output is fed into an optical parametric amplifier (Light
Conversion ORPHEUS F), and converted to a wavelength
between 690 nm and 940 nm. The measurements at low tem-
peratures are conducted with a commercially available TEM
sample holder that allows cooling below the phase transition
temperature (Gatan Liquid Nitrogen Cooling Holder, model
636). We estimate a base temperature of 120 K in the absence
of laser illumination.

In the ultrafast experiments, the data is recorded by varying
the relative timing between the laser pump and the electron
probe pulses in the sample plane, integrating over the average
response of the sample to the optical stimulus for 90 s at every
temporal delay following the stroboscopic principle. The re-
sulting diffractograms and real-space images of the specimen
were recorded with a direct electron detector (Direct Electron
DE-16), and processed by an electron counting algorithm,
while the static diffractograms in Fig. 1 were taken with a
CCD camera (Gatan Orius). For the pulse length measure-
ments, we used a hybrid pixel detector based on the Timepix3
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chip (Amsterdam Scientific Instrument’s Cheeta T3), attached
behind an electron spectrometer and energy filtering device
(CEOS CEFID). The size of the pump beam in the sample
plane amounts to approximately 25 um (full-width at half-
maximum), incident under an angle of around 6° with respect
to the sample surface normal. The specified laser fluences
correspond to values incident onto the samples. For the single-
hole sample geometry, the local fluence may be reduced due
to scattering [49]. Throughout the experiments, we observe
no impact of the optical excitation on the structural integrity
of the sample.

2. Sample preparation

17’-TaTe, thin films with a nominal thickness of 50 nm
were prepared by ultramicrotomy from a commercially avail-
able single crystal (HQ graphene). The single-hole sample
is produced by covering the backside of a silicon nitride
membrane with an opaque gold film (thickness 250 nm) via
argon-plasma sputtering. Electron-transparency within a 2-um
field-of-view is ensured by placing the 17'-TaTe, thin-film
over a hole drilled by focused ion beam milling.

APPENDIX B: INDEXING OF DIFFRACTION PATTERNS

As described in the main text, the periodic lattice distor-
tions in 17’-TaTe, are commensurate with the underlying,
hypothetical 17 structure. As such, it is possible to include
the three-dimensional PLD of all phases in a monoclinic unit
cell. In our experiments, we record diffractograms under per-
pendicular incidence with respect to the individual material
layers. In these images, the brightest reflections in a close to
hexagonal arrangement are a signature of the reminiscent 17
polytype when illuminated in the corresponding [001] zone
axis. For the choice of a monoclinic unit cell, this setting is
analogous to the [101] zone axis, and the diffractograms re-
quire a different indexing of the depicted lattice planes, while
considering systematic absences associated with the space
group of 17”-TaTe,, that is, C2/m (spacegroup 12, cell choice
1 in Ref. [111]). Specifically, the [101] zone axis generally
only features those spots (hkl) where h = [, while, addi-
tionally, only reflections with 4 + k = 2n, h = 2n for (h0l),
k = 2n for (0kl), h + k = 2n for (hk0), k = 2n for (0k0),
and h = 2n for (h00) are symmetry allowed (where n is an
integer). Figure 4 shows the resulting positions of reciprocal
lattice points in the ZOLZ, as recorded in the experiments
for the (3 x 3) phase, and the corresponding indices (hkl).
Reflections with k = 3n describe the undistorted 17 period-
icities, and, in this projection of the reciprocal lattice and
distinct from the 17 polytype, the hexagons comprised out of
spots with comparable distances to the direct beam are slightly
distorted. Reflections in-between correspond to the (3 x 3)
superperiodicity, analogously to the second-order CDW spots
in the CDW phases of, e.g., 17-TaS; and 17-TaSe; [1]. First-
order reflections of both phases appear in the first-order Laue
zone, i.e., either at larger wave vectors or upon tilting the sam-
ple. For the (3 x 3) unit cell, their indexing fulfills h =1 + 1
in addition to k = 3n for the (3 x 1) and k = 3n & 1 for the
(3 x 3) spots.

° °
°
°
o °
°® o
.3x3 symmetry E%) o (060) °
) E OZO
1T’ symmetry 3 (040) ¢
o °
(020) o
(131) .
o 000) °
(111) °
222) O
° (333)
° o
(202) o
°
° °
°
® (0]
°
® o
° °

FIG. 4. Reciprocal lattice of the (3 x 3) phase in the projection
along the [101] zone axis. The monoclinic crystal system introduces
non-trivial spot-indexing of main lattice 17" (black) and superstruc-
ture reflections (blue) compared to the conventional nomenclature of
the 17 polytype. Note the different distances of second-order main
lattice spots from the origin indicated by the black arrows.

APPENDIX C: DATA EVALUATION AND PHASE
SWITCHING TIMES

1. Derivation of delay curves

In order to derive the delay curves displayed in Figs. 2
and 3 from the diffractogram time-series, we evaluate the
intensities of first- and second-order PLD spots as well as
the main lattice reflections at every temporal delay. In the
following, we describe the selection of diffraction spots that
contribute to the individual curves, as well as the treatment of
the inelastic background in the images.

For the second-order delay curves, we sort the correspond-
ing diffraction spots by their intensity measured before time
zero, and then consider only those with an intensity that falls
within the upper 40% of the detected intensity range. After-
wards, we determine the inelastic scattering contribution to
every individual spot intensity. This k-dependent background
is derived by radially sectioning the reciprocal lattice into 16
rings, each covering the same radial width Ak. The average
signal before time zero (At < —1 ps) within the individual
rings, excluding the intensities of the diffraction spots they
contain, yields the phononic contribution to the intensities of
the second-order PLD spots within each ring. Finally, the de-
lay curves are derived by summing the spot intensities with the
background subtracted, resulting in the delay curves displayed
in Fig. 5.

First-order PLD spots of the (3 x 3) phase are evaluated
in the same manner, yielding the delay curves in Figs. 3(b)
and 7(a) below. Due to the symmetry-change associated with
the structural phase transformation, the number of first-order
(3 x 1) spots is substantially reduced [see also Fig. 3(a)].
We therefore consider all (3 x 1) reflections in the FOLZ for
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FIG. 5. Fluence-dependent delay curves of second-order CDW spots recorded in the [101] zone axis for all incident pump fluence as
discussed in Fig. 2 (blue data points), and the respective instrument response functions (green). The specified temporal resolution corresponds
to the FWHM of the respective electron pulse shape. The melting time 7j, is estimated from an 85% drop of the initial value with respect to
the maximum suppression (black crosses). Black lines represent the cosinusoidal fit for reference.

reconstructing the temporal response of the high-temperature
periodicities.

The main lattice dynamics are comprised out of all avail-
able main lattice reflections in the recorded diffractograms.
As their intensity is orders of magnitude above the inelastic
background, we do not subtract a phononic contribution from
the recorded signal. In order to further illustrate the dynamics
observed in our experiments, we additionally show represen-
tative difference images from a measurement series recorded
under tilted electron illumination (Fig. 6). The images are ob-
tained by subtracting a reference image, temporally averaged
over delays smaller than —0.1 ps, from the recorded temporal
evolution of the diffractograms. In agreement with the aver-
aged delay curves, we observe a pronounced suppression of all
second-order PLD spots in the ZOLZ as well as the first-order
(3 x 3) spots in the FOLZ [blue contrast in Figs. 6(b)-6(h)].
Analogously, both the main lattice peaks and the first-order
(3 x 1) reflections witness the transient overshoot (red con-
trast). Furthermore, changes of the diffracted intensities of all
reflections setting in after 10 ps indicate a global oscillation
of the thin film spanned across the gold aperture that also
affects the diffuse background due to dynamical diffraction
from neighboring intense main lattice spots.

2. Relation between spot intensities and PLD amplitude

The intensity of the (3 x 3) diffraction spots is a precise
measure of the order parameter for the (3 x 3) to (3 x 1) tran-
sition, as it is intrinsically linked to the PLD amplitude [86]. In

order to derive a quantitative relation [Fig. 7(c)], we perform
dynamical diffraction simulations [112] based on the struc-
tural refinement described in Ref. [72]. In the simulations (see
Ref. [53] for a more detailed description), we average over
an equal distribution in both sample thickness (in the range
40-60 nm) and sample orientation (0.2° total width around the
specified zone axis). The PLD amplitude is varied by starting
from the (3 x 3) phase, displacing the atoms in the unit cell
by a global factor between O and 1, and along trajectories
that connect their low-temperature and their high-temperature
equilibrium positions. We find the same quadratic increase
of the scattered intensities for first- and second-order spots
with the PLD amplitudes for small distortions [86]. For larger
atomic displacements, the intensities of different spot orders
scale slightly differently [see dashed-black curve in Fig. 7(b)].
Based on these calibration curves, we assign a momentary
PLD amplitude As«3(At) to the recorded intensities, which
we then use for extracting the PLD melting time.

Tilting the electron beam out of the [101] zone axis allows
for an experimental comparison of the different types of PLD
spots, accessing the ZOLZ and the FOLZ in the same image
[Fig. 3(a)]. The results are displayed in Fig. 7(a), and we
recover the behavior described in the main text. Importantly,
both types of (3 x 3) reflections evolve uniformly [see also
Fig. 6(i)], with small deviations for larger PLD amplitudes,
i.e., in the early stages of the dynamics when the spot in-
tensities are higher [blue curves in Fig. 7(b)]. These results
are in excellent agreement with the behavior extracted from
the dynamical diffraction simulations [black-dashed line; and
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FIG. 6. Temporal evolution of diffractograms for a pump fluence of 8 mJ/cm?. (a) Diffractogram of 17’-TaTe, in the (3 x 3) phase,
recorded under tilted electron illumination. [(b)—(h)] Difference images during the dynamics with respect to a temporally averaged diffrac-
togram recorded before time zero. (3 x 3) spots appear blue and (3 x 1) spots are red, respectively. The top row displays dynamics in the
FOLZ, whereas the bottom row shows dynamics in the ZOLZ, both highlighted in (a) by the larger black rectangles. (i) Delay curves
for the different types of spots as extracted from the image series (see also Fig. 7). At delays beyond 10 ps, an oscillation of the entire
thin-film [see also the difference image in (h)] additionally modulates the intensity of all diffraction spots. (j) Example diffractograms (top)
and difference images (bottom) in the FOLZ during the dynamics, derived from the region highlighted by the black square in (a). The optical
excitation induces intensity variations, while no sign of transient disorder in the form of spot broadening is visible for neither type of first-order
spot.

Fig. 7(c)], underlining the highly quantitative characterization suppression of the PLD amplitude A(¢) with
of the phase transformation in our measurements. A £ <0
0> N

AACOS(%) + ’%, 0<t<Ty.

3. Fitting the PLD amplitude suppression A(r) = (CDH

As described in the main text, we evaluate the PLD melting
time by different fit functions. All of these approaches are =~ Therein, AA = , with the initial PLD amplitude be-
calibrated by the relation between the recorded intensities fore time zero Ay and the minimum value after the structural
and the PLD amplitude derived from dynamical diffraction quench Apin. Ty is the melting time, corresponding to a half-
simulations as described in Appendix C2. cycle of the cosinusoidal PLD suppression. Importantly, and
For a displacive excitation mechanism [96], we fit the as detailed in the main text, time zero is a measured quantity
intensities of the second-order spots to a cosinusoidal and thus not a fit parameter. In a second approach, we consider

Ag—Amin
2
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FIG. 7. Fluence-dependent delay curves and comparison of PLD spots of different order under tilted electron illumination (cf. Fig. 6).
(a) Temporal evolution of intensities scattered into first-order (top) and second-order diffraction spots (bottom) of the (3 x 1) (red) and
the (3 x 3) (blue) type for different excitation fluences. The high-temperature PLD spots display a transient overshoot that scales with the
pump fluence, followed by a slower thermalization (see main text). (3 x 3) spots of both first and second order are suppressed within 500 fs.
(b) PLD spot intensities of second-order spots as a function of first-order (3 x 3) intensities as displayed in (a). Both types of spots encode
the same scaling with the PLD amplitude such that their laser-induced suppression during the structural transformation into the (3 x 1) phase
is almost identical. The measured relationship follows the expected behavior derived from dynamical diffraction simulations (dashed-black
line). (¢) Simulated dependence of PLD spot intensities on the PLD amplitude for first-order (top) and second-order (3 x 3) spots (bottom).
For structural distortions smaller than 4% of the respective average interatomic distances (see also sketch), dynamical diffraction simulations
recover the expected quadratic scaling (grey), with deviations for larger atomic displacements.

an exponential decay of the order parameter, where

Ag,

A(t) = »
(Ao — Amin) € /e ~+ Amins

<0
t > 0.

(C2)

results from inferring the transition time directly from the
experimental data, i.e., without assuming a specific function
underlying the observed dynamics. To this end, we extract
the temporal delay where the recorded PLD spot intensity

The extracted time constant T corresponds to a relative PLD
amplitude suppression of 63%. The fit results for the indi-
vidual pump fluences are listed in Table I, along with the

TABLE I. Experimentally derived melting times based on the
different methods and fit functions described in the text.

Fluence 85% suppression  Exponential Displacive
[mJ/cm?] Tulfs] decay t[fs] excitation Ty[fs]
3 240%70 130 £ 60 260 + 100
4 30012 290 + 180 380 + 90
5 320130 160 £ 40 370 + 30
5 500+ 300 £+ 60 460 + 30
6 44015 260 £ 70 510 £ 110
7 4007 240 £ 70 440 £ 40
8 460180 270 £ 50 420 £ 40
8 530720 360 + 40 610 + 30
9 48017 430 + 60 600 + 20
10 450730 320 £ 40 580 + 20
11 49019 430 £+ 120 550 + 50

first falls below a value that corresponds to 85% of the over-
all intensity drop at the respective fluence. In order to also
quantify the measurement uncertainties of this determination,
we estimate the noise level in terms of the relative intensity
variations Al recorded before time zero. For datasets with
a particularly low noise level, we instead define a minimum
Al of 5%. The error bars displayed in Figs. 2(e) and 8(b)
are derived by finding the temporal delay where the described
relative intensity suppression amounts to (85 £ Al) %.

4. Wavelength-dependent measurements

We additionally explore the dependence of the CDW
dynamics in 17"-TaTe; in the visible spectral range by record-
ing delay curves at laser wavelengths between 690 nm and
940 nm. The results are depicted in Fig. 8. In the considered
wavelength regime, we expect comparable laser absorption
profiles given the close-to constant optical conductivity and
reflectivity of the material [66]. We find similar melting times
in all of these measurements, in line with the results from the
fluence-dependent characterization for an 800 nm-excitation
described in the main text. Due to pump-laser instabilities,
the noise level in the measurements for 750 nm- and 880 nm-
excitation is slightly enhanced.
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FIG. 8. CDW dynamics at different excitation wavelengths in
the visible spectrum. (a) Irrespective of the incident pump photon
energy, the second-order spots of the (3 x 3) phase (blue circles) are
suppressed within 500 fs. The black curves represent the results of
the cosinusoidal fits. (b) PLD melting time derived from the 85%
intensity suppression as described in the text. We observe no signifi-
cant influence of the pump photon energy on the temporal evolution
of the dynamics.

3x1 rocking curve

O

APPENDIX D: ELECTRON PULSE DURATION
AND INSTRUMENT RESOLUTION FUNCTION

The electron pulse duration is obtained by measuring
the instantaneous inelastic interaction of the electron pulses
with the optical near-field at the surface of the speci-
men (photon-induced near-field electron microscopy, PINEM
[91-94,113]). Therein, individual electrons either gain or lose
energy in multiple integers of the photon energy, leading to
characteristic sidebands in the electron spectra when they
are in spatiotemporal overlap with the laser illumination.
The number of electrons that interact with the light field
and the extent of the energy exchange, i.e., the population
and the overall number of energy sidebands, respectively,
strongly depends on the optical field strength. A typical cross
correlation of electron and laser pulses obtained by scan-
ning the temporal delay between both pulses is depicted in
Fig. 2(f). In particular, the occupation of the outermost side-
band possesses a linear field-dependence [92]. Summing up
the scattered intensity in this energy regime thus yields a
precise measure of the electron pulse structure, effectively
removing the laser pulse duration from the cross correlation
[94]. The resulting instrument resolution functions [Figs. 2(b)
and 5] describe how the experimental setup would resolve an
abrupt, step-like structural change.

APPENDIX E: TEMPORAL EVOLUTION
OF THE DIFFRACTION SPOT SHAPE

In the recorded diffractograms, the long-range coherence
of the CDW is encoded in the temporal evolution of the shape
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FIG. 9. Three-dimensional temporal evolution of the (3 x 1) diffraction spot shape. (a) (3 x 1) rocking curves as extracted from a
single measurement under tilted illumination for an excitation fluence of 8 mJ/cm?. At every temporal delay, every data point (blue circles)
corresponds to the intensity of one individual (3 x 1) diffraction spot situated at out-of-plane momentum k. The resulting rocking curve (red),
centered around a value for &, that corresponds to the threefold stacking, preserves its width during the dynamics. (b) In-plane spot profile of a
representative individual (3 x 1) reflection. Similar to (a), the spot shape does not change during the phase transformation. (c) Diffraction spot
widths (FWHM) resulting from a fit of a gaussian spot shape to the data displayed in (a) and (b). The error bars represent the 68% confidence
interval of the fit results for the respective in-plane (green and blue) and the out-of-plane values (red).

085155-11



TILL DOMROSE AND CLAUS ROPERS

PHYSICAL REVIEW B 110, 085155 (2024)

of the individual CDW diffraction spots. As such, disorder
along the in-plane direction would result in a broadening of
the corresponding (3 x 1) or the (3 x 3) reflections. In our
experiments, such a broadening is absent regardless of the
laser pump fluence, indicating that the phase transformation
does not involve the transient generation of topological de-
fects [cf. Figs. 6, 9(b), and 9(c)]. Similarly, the out-of-plane
coherence, i.e., the CDW stacking sequence, can be inferred
from a reconstruction of the CDW rocking curve [Fig. 9(a)].
To this end, electron diffractograms recorded under tilted-
beam conditions feature multiple Laue zones [cf. Fig. 3(a)]
that allow to densely sample the CDW diffraction spot shape
at different out-of-plane momenta [53]. We assume that the
most intense (3 x 1) spots in our images are situated in
the first-order Laue zone at an out-of-plane momentum cor-
responding to the threefold CDW stacking sequence. The

resulting rocking curves are shown in Fig. 9(a). Generally,
the occurrence of possible disorder along the layer direction
is more difficult to resolve than comparable in-plane pro-
cesses due to the strong influence of dynamical scattering on
diffracted intensities. Nevertheless, a dimensional crossover
during the dynamics would result in a pronounced intensity
increase that is distributed homogeneously along the out-of-
plane momentum k, [53]. As such a dynamics is absent in our
data, we conclude that the optical excitation does not induce
transient disorder during the dynamics. Instead, the observed
intensity overshoot and the subsequent (3 x 1) suppression
described in the main text maintains the three-dimensional
shape of the diffraction spots throughout the entire dynamics.
Similarly, the first-order (3 x 3) spots show no sign of tran-
sient spot broadening, as evident from the difference images
displayed in Fig. 6.
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