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ABSTRACT: Time-resolved dynamics in charge-density-wave materials have revealed interesting out-of-equilibrium electronic
responses. However, these are typically only performed in a single material possessing a CDW. As such, it is challenging to separate
subtle effects originating from the CDW. Here, we report on the ultrafast dynamics of the GdSb,Te,_,_; series of materials where Eg
can be tuned, resulting in a change from an undistorted tetraganal phase to a CDW with a wavevector that depends on x. Using mid-
infrared, near-infrared, and visible excitation, we find the dynamics are sensitive to both Ep and the presence of the CDW.
Specifically, as the Sb content of the compounds increases, transient spectral features shift to higher probe energies. In addition, we
observe an enhanced lifetime and change in the sign of the transient signal upon removing the CDW with high Sb concentrations.
Finally, we reveal fluence- and temperature-dependent photoinduced responses of the differential reflectivity, which provide evidence
of transient charge density wave suppression in related telluride materials. Taken together our results provide a blueprint for future
ultrafast studies of CDW systems.

B INTRODUCTION Many of the early studies on the interaction of CDWs and
light focused on blue bronzes and other oxide materi-
alg;Z141e recently, however, rare earth tritelluride com-
pounds have been hotly investigated.'’~*° For example, the
axial Higgs mode—evidence of an unconventional CDW due
to multiple symmetries breaking—was recently observed at
300 K in GdTe; through quantum interference pathways in
Raman scattering experiments.”’ One possible rationale behind

Materials with lower-dimensional band structures are fre-
quently known to undergo charge density wave (CDW)
formation," in which the electron density and crystal lattice
become spatially modulated. CDW materials are commonly
studied for this electron—Ilattice correlation, which often occurs
at more easily attainable conditions than similar phenomena in

other correlated materials, like superconductors. The out-of- these materials’ popularity is that they allow a systematic
equilibrium response of the CDW state has also been tuning of the system, as many of them, from La to Tm (except
extensively studied through, e.g., excitation with ultrashort Pm and Eu), exhibit at least one CDW;***"** Tb—Tm host

pulsed lasers to understand how the various competing degrees

of freedom react and subsequently interact as they return to Received: August 26, 2022
equilibrium.z_9 “Hidden” metastable CDW states which are Revised:  December 8, 2022
inaccessible via equilibrium routes have also been found.'13 Published: January 3, 2023

However, to date, these studies have typically been limited to a
single compound and thus cannot uniquely separate CDW
signatures.

© 2023 American Chemical Society https://doi.org/10.1021/acs.jpcc.2c06120
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Figure 1. (a) Crystal structure of tetragonal GdSbTe. As more Te is incorporated, it replaces Sb in the square net and the unit cell becomes
orthorhombic. This is also accompanied by supercell formation dependent on the Sb content. (b) Room temperature phase diagram of the
GdSb,Te,_,_5 system as a function of Sb content, x.>” As x decreases from 1, the material enters the orthorhombic CDW phase between x = 0.80
and x = 0.77. This new CDW phase consists of a single q vector that increases in magnitude with decreasing x. Around x = 0.20, the material begins
to host more complex distortions with multiple q vectors. The formulas included in the diagram are studied in this work; compounds above and
below the x-axis are probed in the near-infrared and visible regions, respectively. (c) An example of a S-fold supercellular structure for an
orthorhombic compound with x & 0.5. Note the introduction of Te as well as vacancies in the Sb square net. (d) A general schematic of the
electronic structure of these materials that highlights the impact of CDW formation, that is, that Dirac nodes that arise from mirror symmetry (m-
DN) are gapped by some amount 2A¢py while nodes that arise from nonsymmorphic symmetry (ns-DN) remain ungapped. Note that the Fermi

level in this study has a range as the doping changes its position.

two CDWs with different critical temperatures T¢’s.””*® In

addition, a clear trend of the CDW common to all of the
compounds is observed, where the critical temperature
decreases with increasing atomic number; on the contrary,
the T of the second CDW increases with atomic number.””
Photoexcitation is hypothesized to enhance the CDW nesting
conditions in DyTe;.”* In LaTe; however, ultrafast laser
excitation can transiently suppress or even completely “melt”
the c-direction CDW, depending on the fluence.””*" A suite of
time-resolved electronic and structural probes were then used
to show that the recondensation of the CDW was hindered by
topological defects in the material which slowed the return of
phase coherence. LaTe; was also observed to host a
photoinduced nonequilibrium incommensurate CDW along
the g-axis, orthogonal to the equilibrium CDW.> Despite this,
no studies have addressed what happens to the dynamics when
the Fermi level is tuned or the CDW is completely removed.

Photoexcitation is usually thought to quench the CDW
amplitude, but this is not always the case. While excitation with
high energy light can often be described by a sudden increase
of electronic temperature, hence quenching the CDW order
parameter, excitation with low energy light can give a different
response and enhanced “order”*® or metastable phases can be
triggered. Having a system in which the Fermi surface nesting
conditions and CDW gap can be continuously tuned (e.g., with
electron filling) is of paramount importance when studying the
response of CDWs to photoexcitation. Such a system can, for
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example, be capable of distinguishing dynamics associated with
sudden increases in electronic temperatures with other
collective coherent responses such as changes to the nesting
conditions,* reduced screening,34 or coherent lattice dynam-
jcs.?53¢ GdSb,Te,_,_s (8 represents a vacancy concentration;
see Figure 1), in which the nesting conditions and CDW q
vectors can be continuously tuned with electron filling (e.g,
with Sb doping), provides one such rare opportunity.’”**
The GdSb,Te,_,_s series of materials can be viewed as Te-
doped relatives of the topological semimetal candidate
GdSbTe, the structure of which is shown in Figure 1la
(PbECl-type structure, P4/nmm). This “parent” material
consists of layers of Te and Gd atoms sandwiched between
square nets of Sb, Sb—Gd—Te—Te—Gd—Sb; with doping, Te
atoms replace Sb atoms in the square net. As the Sb content, x,
is varied from 1 to 0, the material transforms from an
unmodulated tetragonal structure to a modulated orthorhom-
bic superstructure exhibiting multiple CDW wavevectors at x =
0, GdTe,.”” In x ~ 0.20—0.80 the material hosts a single CDW
wavevector along b*, the modulation wavelength of which
increases from 4.2 to oo with decreasing «, resulting in an -
dependent unidirectional supercell formation along the b-
axis.”” These CDWss are stable at room temperature and persist
for hundreds of kelvin; the CDW transition temperature of
GdSby4Te, 45 was found to be approximately 950 K.*® The
CDW tunability in this region can be related to Fermi surface

https://doi.org/10.1021/acs.jpcc.2c06120
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Figure 2. (a—d) Transient spectra for GdSby3,Te; 55 (a), GdSbyssTey 43 (b), GdSbgoTe; 5 (c), and GdSbygoTe; 1 (d), tracking the change in the
reflected NIR probe pulse after NIR excitation, all at a pump fluence of 1.2 mJ/cm? and at 300 K. (e—h) Normalized responses at the probe
energies denoted by dashed lines in (a)—(d): 0.90 (e), 1.13 (f), 1.13 (g), and 1.24 eV (h) across the range of fluences used. The intensities of the
peaks (i—1) and the average intensities of the responses at later times (m—pj; averages over 7—9 ps for (e)—(g) and 4—9 ps for (h)) are presented.
Additional spectra at other pump fluences can be found in Figures S1—S4.

nesting conditions that change with electron filling (Sb has one
fewer electron than Te).*®

The most pronounced consequence of a CDW is the
formation of an energy gap across certain regions of the Fermi
surface. Gap opening is typically considered to be deleterious
in topological semimetals (TSMs) like GdSbTe since it often
destroys the nontrivial linear band crossings that define the
topological semimetal state. Due to the nonsymmorphic
symmetry of the crystal structure, though, these materials are
known to host symmetry-protected Dirac crossings at certain
high-symmetry points in k-space, in addition to a number of
trivial bands that are also predicted to reside in the vicinity of
the Fermi level. Therefore, a CDW forms a gap in the
spectrum but leaves the symmetry-protected Dirac bands
untouched. The position of the Fermi level within the
symmetry-protected Dirac bands can then be tuned by the
Sb content, resulting in a selectively gapped system which can
effectively be gated by the Sb content.”® A schematic band
structure outlining this process is shown in Figure 1d. It should
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be noted that the location of the Fermi level depends on the
doping concentration x of the specific material.

Here we present a survey of the ultrafast dynamics in
GdSb,Te,_,_s (0.34 < x < 0.80) following photoexcitation of
free carriers with mid-infrared (MIR), near-infrared (NIR),
and visible light. This range includes material with and without
a CDW. NIR light and visible light primarily excite above the
CDW gap, while MIR light exclusively excites within it. The
response in the NIR shows that the CDW compositions and
the non-CDW compositions have dynamics with different
signs, different time scales, and different fluence dependences.
Spectral features also increase in probe energy with increasing
x. The responses to MIR and visible excitation were only
collected on compounds with the CDW, but these were still
able to show the continued evolution of the spectral features
into the visible energy range and to differentiate between
electronic transitions within and outside the gap. The fluence
dependence of the transient signals shows that CDW
compositions near the orthorhombic—tetragonal transition

https://doi.org/10.1021/acs.jpcc.2c06120
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likely undergo a photoinduced phase transition, which is
assigned to the transient suppression of the CDW. Ultimately
this interpretation is reinforced by the absence of such features
in the non-CDW system.

B METHODS

The in-depth growth and characterization of these samples is
described in ref 37, but, in brief, single crystals of
GdSb,Te,_,_5 were grown by chemical vapor transport, using
iodine as the transport agent. Different starting elemental
stoichiometries resulted in various Sb:Te:vacancy ratios; in this
work we use samples with x ranging from 0.34 to 0.80.
Representative crystals were ground to a powder and analyzed
using a STOE STADI P X-ray diffractometer (Mo Ka,
radiation, Ge monochromator). Chemical analysis was done
using an XL30 FEG-SEM equipped with an Oxford EDX
detector.

NIR pump—NIR probe transient reflectivity experiments
were performed with a commercial pump—probe setup
(Ultrafast System Helios), in which the 1.55 eV output from
a 1 kHz regeneratively amplified Ti:sapphire laser (Coherent
Libra) was split to produce both the pump and probe pulses.
Narrow-band pump pulses of 1.24 eV were generated in an
optical parametric amplifier (OPerA Solo), and broad-band
probe pulses spanning 0.8—1.35 eV were produced by focusing
the 1.55 eV light in a sapphire crystal.

Visible pump—visible probe and MIR pump—visible probe
transient reflectivity experiments were performed on the laser
system described in ref 39. The system is made up of a
noncollinear optical parametric amplifier (NOPA; Orpheus-N
by Light Conversion) and a twin optical parametric amplifier
(TOPAs; Orpheus TWIN by Light Conversion), both pumped
by the Pharos laser (Light Conversion), delivering 400 uJ
pulses with 1.2 eV photon energy at 50 kHz. The visible pump
(3.1 V) is obtained by second harmonic generation of the
NOPA output in a BBO crystal. The carrier-envelope phase
stable MIR pump (0.275 eV) is produced by difference
frequency generation in a GaSe crystal of the TOPAs outputs
seeded by the same white light. The broad-band visible
reflectivity is probed by a white-light supercontinuum (1.4—2.1
€V), generated by focusing the Pharos beam in a 6 mm thick
sapphire crystal. The probe pulses are diffracted and acquired
by a home-built referenced detection system based on two
linear arrays of silicon photodiodes.

All samples were measured in the ab plane. The NIR probe
experiments were performed at room temperature, and the
samples were housed in an argon-atmosphere chamber because
they are air sensitive. The visible probe experiments were
performed at 300, 150, and 10 K, and the samples were held in
an air-free closed-cycle helium cryostat.

B RESULTS AND DISCUSSION

NIR Pump and NIR Probe. The room temperature NIR
pump—NIR probe spectra for three compounds with a CDW
(x = 0.34, 0.55, and 0.70) and one without a CDW (x = 0.80)
can be seen in Figure 2a—d, tracking the transient, or
differential, reflectivity (AR/R) as a function of probe energy
and time delay between the two pulses (additional spectra—at
all fluences used—can be found in Figures S1—S4). Beginning
with the compound with the lowest Sb content (x = 0.34,
Figure 2a), and consequently the largest CDW wavevector, the
spectrum initially consists of a negative peak centered around
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0.90 eV; the closely related square-net materials ZrSiS and
ZrSiSe display similar initial peaks that are due to a transient
increase in electronic screening in the excited state.”” After 2
ps, the spectrum changes such that the differential signal is
negative at low probe energies but positive at higher energies.
This final signal is likely the result of lattice heating and does
not reach a nonzero constant value within the delay time
window like the subsequent compositions do (Figure 2b—d,f—
h). The transient spectra of the compounds with the next-
highest Sb contents, x = 0.55 and 0.70, can be seen in Figure
2b,c. In contrast to x = 0.34 (Figure 2a), the spectrum for x =
0.5S is negative over the entire probe range and the main peak
is centered around 1.13 eV, slightly higher in energy than in
the lower Sb compound. For x = 0.70, the bulk of the NIR
response is still negative (Figure 2c) but now includes a
positive component at low probe energies (0.90—1.1 eV) and
early delay times (t < 1 ps) that becomes more prominent at
high pump fluences. The negative feature found in the x = 0.34
and 0.55 compositions (Figure 2a,b) appears to shift to still-
higher energies for x = 0.70, but there is still a peak at 1.13 eV.
In juxtaposition to the lower Sb orthorhombic CDW phases,
the transient response of the ungapped tetragonal x = 0.80
compound is entirely positive in the first 1-2 ps (Figure 2d).
However, it is not clear whether the positive signal is a novel
feature of the tetragonal phase or simply a continuation of the
feature observed between 0.90 and 1.1 eV in x = 0.70; it is
conceivable that x = 0.34 and x = 0.5S5 have similar spectral
features at lower probe energies. The scenario in which
excitation results in an increase in screening does not account
for this change in sign.

The normalized dynamics of the peaks highlighted in Figure
2a—d by a dashed line (0.90 (a), 1.13 (b), 1.13 (c), and 1.24
eV (d)) are shown in Figure 2e—h for a range of pump
fluences. For the compound with the largest CDW wavevector,
x = 0.34, the time constant for the recovery, hereafter referred
to as the “lifetime”, increases as the fluence is increased from
0.17 to 1.53 mJ/cm?® (Figure 2e). Coherent phonons are also
excited at 125 and 160 cm™ and are due to the presence of
Te—O impurities on the sample surface’”*" which occur even
when the samples are housed in an Ar glovebox, measured in
an Ar atmosphere, or even measured under vacuum in a
cryostat; they are ubiquitous but extraneous to the bulk
electronic dynamics. For x = 0.55 (Figure 2f), the lifetime of
the initial photoexcited state increases with increasing fluence,
similar to x = 0.34, but unlike the lower Sb composition
achieves a metastable constant signal within the delay time
window, in which the temperature of the lattice is likely
elevated out of equilibrium. Similar to x = 0.34 and x = 0.55,
the lifetime of the 1.13 eV peak in x = 0.70 increases with
increasing fluence (Figure 2g), and like x = 0.55, the response
attains a constant quasi-equilibrium state within a few
picoseconds. The position of this peak in time (the “rise
time”) also increases with increasing fluence, exhibiting
thresholdlike behavior (Figure 2g). This is in contrast to the
lower Sb samples, in which the peak broadens slightly with
increasing fluence but the position of it in time does not
significantly change (Figure 2e,(f). This is discussed further
under Fluence and Temperature Dependence. In the non-
CDW compound, x = 0.80, this initial decay happens much
more quickly (Figure 2h) than in the partially gapped phases
with lower Sb contents (Figure 2e—g), which is consistent with
this composition being ungapped, but it still increases with
increasing fluence. In addition to the endemic Te—O phonon

https://doi.org/10.1021/acs.jpcc.2c06120
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Figure 3. (a—d) Transient spectra for GdSby s Te, 45 (a, b) and GdSby,Te, ,; (c, d), tracking the change in the reflected visible probe pulse after
excitation by 3.1 eV visible light (a and ¢, 1.57 mJ/cm?) and 0.275 eV MIR light (b and d, 3.56 m]/cm?). All spectra in this figure were collected at
300 K. (e—h) Normalized responses at the probe energies denoted by dashed lines in (a)—(d): 1.6 (e, f) and 1.8 eV (g, h) across the range of
fluences used. Additional spectra and dynamics at other pump fluences and at 10 and 150 K can be found in Figures S5—S18.

modes, this composition displays very clear low-frequency
coherent phonons (17 cm™") that do not dephase within the
delay time window.

In addition to transient signals from the gapped and
ungapped compounds having opposite signs, there are also
differences in the fluence dependence that depend on the
presence or absence of the CDW (Figure 2i—p). In all of the
compounds in the CDW phase (x = 0.34, 0.55, and 0.70), the
intensity of the negative peak (Figure 2i—k, probe energies of
0.90, 1.13, and 1.13 €V, respectively) increases linearly with
fluence, whereas in the ungapped phase (x = 0.80, Figure 2I)
the magnitude increases superlinearly with fluence. The quasi-
equilibrium response at later times does not follow this trend
(Figure 2m—p); in x« = 0.80, the constant signal increases
superlinearly with increasing fluence, like the initial peak. The
plateaus in «x 0.55 and 0.70 also, however, increase
superlinearly in magnitude with fluence, while the x = 0.34
composition does not reach such a plateau within our delay
time window. If a superlinear response is characteristic of the
tetragonal phase, this could suggest that, after the initial
excitation, the x = 0.55 and 0.70 compounds find themselves in
a metastable state that responds more similarly to the
tetragonal phase, in which the CDW is at least partially
suppressed. The q vectors decrease in magnitude with
increasing Sb content, so it appears reasonable that the
orthorhombic compounds with higher Sb contents will have a
lower energy barrier to CDW suppression than lower Sb
contents, like x = 0.34.

Visible Pump and Visible Probe, and MIR Pump and
Visible Probe. Since the spectral features observed with the
NIR probe pulse shift with Sb content to higher energy (Figure
2a—d), the continuation of this trend into the visible region
was investigated with further transient reflectivity measure-
ments using a visible probe pulse. Compounds with x = 0.54
and 0.77 (both CDW hosting) were thus studied in this region,
with a 3.1 eV pump pulse (Figure 3a,c) as well as with a 0.275
€V and 0.077 €V MIR pump pulses (Figures 3b,d and S19,
respectively). With x = 0.54, the broad negative peak observed
in x = 0.55 (Figure 2a) extends into the visible probe window
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(Figure 3ab,ef; Figures S5—S11), displaying a minimum
around 1.6 eV. This broad peak occurs regardless of whether
the material is pumped with 0.275 or 3.1 €V light (Figure 3a,b)
and is likely the result of lattice heating. Additionally, when
pumped at 0.275 eV, this composition displays low-frequency
coherent phonons similar to those observed in x = 0.80,
although at a slightly higher frequency of 33 cm™.

In « 0.77, there are larger differences between the
responses to the 0.275 and 3.1 eV pumps at early delay times
(Figure 3c,d,gh; Figures $12—S18). The main peak is centered
around 1.8 eV in both situations, but 3.1 €V excitation leads to
a positive feature within the first picosecond like that seen in x
= 0.70 (Figure 2d), but at higher energy (1.4—1.6 eV). This
follows the pattern of spectral features increasing in energy
with increasing Sb content. This feature is absent in the
response to 0.275 and 0.077 eV pumps (Figure S19) and as
such is likely a consequence of above-gap excitation.

For the CDW compound x = 0.77, a spectral feature
associated with transitions well above the CDW gap has been
identified. That this feature is also present for x = 0.70
following 1.24 eV excitation provides some level of upper and
lower bounds for the energy scale of the CDW: 0.275 eV <
2Acpw < 1.24 eV. Although the 3.1 eV pump is roughly 11
times the energy of the 0.275 eV pump and has been shown to
produce different initial excited states, after 2 ps each
compound ends up in the same quasi-equilibrium “hot lattice”
state.

Fluence and Temperature Dependence. As previously
mentioned, the response in all of these compositions has a
strong pump fluence dependence. In every composition, the
lifetime increases with increasing excitation density. Although
gapped systems are known to have increasing lifetimes as the
gap size decreases due to an increased phonon reabsorption
rate (often described through the lens of the Rothwarf—Taylor
model for superconductors), this effect persists above the
CDW transition composition (Figure 2h) and so is likely due
to excitation density effects. However, there are fluence-
dependent effects observed solely in the CDW compounds
approaching the transition composition, x = 0.70 and 0.77;

https://doi.org/10.1021/acs.jpcc.2c06120
J. Phys. Chem. C 2023, 127, 577-584


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06120/suppl_file/jp2c06120_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06120/suppl_file/jp2c06120_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06120/suppl_file/jp2c06120_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06120/suppl_file/jp2c06120_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06120?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06120?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06120?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c06120/suppl_file/jp2c06120_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c06120?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c06120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

these materials also have the smallest q vectors and are thought
to have the lowest CDW melting temperatures of the series
studied here. In x = 0.70, this fluence dependence is
manifested through the delay time at which the 1.13 eV
peak attains its minimum AR/R signal, the “rise time” (Figures
2g and 4). Below 0.85 mJ/cm?, the peak occurs around 0.60 ps,
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Figure 4. Evolution of the rise time in the compositions studied in the
NIR. In x = 0.70, there is a threshold fluence between 0.60 and 0.85
mJ/cm? above which the delay minimum increases linearly with
fluence, before plateauing around 1.2 mJ/cm?; although the negative
peaks broaden slightly in the other compositions, they do not display
such drastic fluence dependence. The transition from the
orthorhombic phase to the tetragonal phase is denoted with a dashed
line. In x = 0.34 and 0.55, the minima of the transients and the
minima from high-order polynomial fits are included, to minimize
potential artifacts from the Te—O impurity coherent phonon
response.

independent of fluence. As the fluence increases above 0.85
mJ/cm?, it takes the response longer and longer to reach its
minimum, with the peak progressing roughly linearly in time
with increasing fluence until 1.2 mJ/cm?* at which point it
appears to saturate, over 1 ps later than at low fluences.

This thresholdlike behavior in the time it takes the system to
become maximally out of equilibrium, which in CDW systems
can be thought of as the time it takes to suppress the
modulation, is often indicative of a photoinduced phase
transition. A similar change in the rise time of the response was
observed in LaTe; (“dynamical slowing down”, in which the
lifetime of the CDW order parameter increases around a
critical fluence) and was attributed to the transient optical
suppression of the CDW.?’ Although partial suppression of the
CDW in x = 0.70 is possible, it is unlikely that we are observing
complete CDW melting (with LaTe;, the authors were able to
clearly traverse the increase and subsequent decrease in rise
time with their fluence range), and the exact nature of this
transition remains unknown. The other compositions display
slight increases in their rise times with increasing fluence but
no thresholdlike behavior (Figure 4). Despite the fact that a
Rothwarf—Taylor picture seems to be an inadequate descriptor
of the transient dynamics of each individual composition—
because the lifetimes increase with fluence on both sides of the
CDW transition composition—the spread of the rise times
with Sb content (Figure 4) follows the typical path of an order
parameter around Tc. As x increases from 0.34 to 0.70, the rise
times and the spread in the rise times increase; far below the
transition (e.g, x = 0.34 and 0.55) the changes are modest, yet
near the transition the rise times increase dramatically. On the
other side of the transition composition, i.e., x = 0.80, the rise
times are appreciably lower than below the transition.
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The MIR and visible pump experiments on x = 0.54 and
0.77 were performed at temperatures down to 10 K, which is
below the magnetic ordering temperature in these materials.””
The Sb content dependent T for the CDW in these materials
is far above room temperature, so performing measurements at
cryogenic temperatures will not provide information toward
the dynamics of a particular composition above and below its
CDW T, but it can give indications that the excess energy
deposited in the system is contributing to a photoinduced
phase transition. When x = 0.77 is pumped at 0.275 eV, the
response at 1.4 eV presents a secondary minimum that
becomes more prominent with increasing temperature and
with increasing fluence (Figure Sa). This second minimum also

0.2
—10K — 300K 0.5 —10 K— 300 K {

0 150 K 150 K
-~ - GdSbo 77Tey 23
= -0.2 E o 3.1 eV pump {
2_0_4 g 1.4 eV probe
[ans o
06 T-05
< -0.8 GdSbg 77Ty 23 <

0.275 eV pump
-1 1.4 eV probe 1 -1
0 2 4 0 2 4

Delay time (ps) Delay time (ps)
Figure 5. (a) In x = 0.77, following 0.275 eV excitation, a second
minimum grows with increasing sample temperature and at each
temperature with increasing pump fluence. (b) x = 0.77 also displays a
moving minimum when pumped at 3.1 eV. Full spectra from (a) and
(b) can be found in Figures S12—S17.

occurs at later delay times with increasing temperature and
fluence, an effect similar to that observed in x = 0.70 at 300 K
with fluence. When pumped at 3.1 €V, the transients at 1.4 eV
also show some fluence dependence, in which the rise time
stretches from ~1 to 2 ps as the temperature is raised from 10
to 300 K (Figure Sb). That these photoinduced phenomena
become more prominent with increasing fluence and especially
increasing temperature suggests that there is some barrier to
physical change that is easier for the material to surmount
when it has more excess energy. That the compositions that
exhibit strong fluence-dependent dynamics, x = 0.70 and 0.77,
are also those nearest the transition composition indicate that
the photoinduced effects are likely related to the nearby
tetragonal unmodulated phase.

B CONCLUSIONS

To conclude, we have presented the first systematic ultrafast
spectroscopic study of a material tuned between undistorted
and CDW phases. Specifically we studied the GdSb,Te,_, 5
series of materials, focusing on their optical responses in the
NIR and visible, while pumping with MIR, NIR, or visible
light. As the Sb content increases, transient spectral features
shift to higher probe energies, showing that the optoelectronic
properties of the material similarly evolve continuously with Sb
content. In compounds with the CDW, the initial response is
negative, with lifetimes that increase with pump fluence. In the
compound without a CDW, the transient response changes
sign and displays much faster relaxation. This clearly
demonstrates the long rise and recovery lifetimes result from
the CDW destruction and re-formation. Furthermore, the
ultrafast spectral response measured in the NIR is similar for
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excitations both intragap and well above the CDW gap. This is
consistent with the CDW coupling to the overall band
structure and/or an ultrafast response primarily resulting
from sample heating. In the CDW compounds close to the
transition composition (x = 0.70 and 0.77), there are
temperature- and fluence-dependent phenomena that might
be indicative of some photoinduced change to the electronic
structure of the material—such as the suppression of the
CDW—that warrants additional investigation. We hope that
the work presented here can lay the foundation from which to
study the photoinduced phenomena in this complex tunable
correlated system further.
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