Ultrafast Science L)
A SCIENCE PARTNER JOURNAL (Ejr;)%caﬁégr ‘

RESEARCH ARTICLE

Nonlocal Probing of Amplitude Mode Dynamics

in Charge-Density-Wave Phase of EuTe,

Ranjana Rathore*?", Himanshu Singhal'?, Vivek Dwij**, Mayanak K Gupta®,
Abhishek Pathak®, Juzer Ali Chakera'?, Ranjan Mittal*>,

Aditya Prasad Roy?, Arun Babu?, Ruta Kulkarni®, A Thamizhavel®,

Ayman H Said®, and Dipanshu Bansal**

Citation: RathoreR, Singhal H, DwijV,
GuptaMK, Pathak A, Chakera JA,
Mittal R, Roy AP, Babu A, KulkarniR,
etal. Nonlocal Probing of Amplitude
Mode Dynamics in Charge-Density-
Wave Phase of EuTe, Ultrafast Sci.
2023;3:Article 0041. https://doi.
org/10.34133/ultrafastscience.0041
!Laser Plasma Division, Raja Ramanna Centre for Advanced Technology, Indore, MP 452013, India.

2Homi Bhabha National Institute, Training School Complex, Anushaktinagar, Mumbai, MH 400094, India.
3Department of Mechanical Engineering, Indian Institute of Technology Bombay, Mumbai, MH 400076,
India. “Department of Condensed Matter Physics & Materials Science, Tata Institute of Fundamental
Research, Mumbai, MH 400005, India. °Solid State Physics Division, Bhabha Atomic Research Centre,
Mumbai, MH 400085, India. ®Advanced Photon Source, Argonne National Laboratory, 9700 South Cass
Avenue, Lemont, IL 60439, USA. Center for Research in Nano Technology and Science, Indian Institute
of Technology Bombay, Mumbai, MH 400076, India.

Submitted 3 April 2023
Accepted 1 August 2023
Published 23 August 2023

Copyright © 2023 Ranjana Rathore
etal. Exclusive licensee Xi'an Institute
of Optics and Precision Mechanics.
No claim to original U.S. Government
Works. Distributed under a Creative
Commons Attribution License 4.0
(CCBY 4.0).

*Address correspondence to: ranjana@rrcat.gov.in (R.R.); dipanshu@iitb.ac.in (D.B.)

Amplitude mode is collective excitation emerging from frozen lattice distortions below the charge-density-
wave (CDW) transition temperature Tep,, and relates to the order parameter. Generally, the amplitude
mode is non-polar (symmetry-even) and does not interact with incoming infrared photons. However, if the
amplitude mode is polar (symmetry-odd), it can potentially couple with incoming photons, thus forming a
coupled phonon-polariton quasiparticle that can travel with light-like speed beyond the optically excited
region. Here, we present the amplitude mode dynamics far beyond the optically excited depth of ~150 nm
in the CDW phase of ~10-pm-thick single-crystal EuTe, using time-resolved x-ray diffraction. The observed
oscillations of the CDW peak, triggered by photoexcitation, occur at the amplitude mode frequency wpy.
However, the underdamped oscillations and their propagation beyond the optically excited depth are at
odds with the observation of the overdamped nature of the amplitude mode measured using meV-resolution
inelastic x-ray scattering and polarized Raman scattering. The w,, is found to decrease with increasing
fluence owing to arise in the sample temperature, which is independently confirmed using polarized Raman
scattering and ab-initio molecular dynamics simulations. We rationalize the above observations by explicitly
calculating two coupled quasiparticles—phonon—-polariton and exciton—polariton. Our data and simulations
cannot conclusively confirm or rule out the one but point toward the likely origin from propagating phonon-
polariton. The observed non-local behavior of amplitude mode thus provides an opportunity to engineer
material properties at a substantially faster time scale with optical pulses.

Introduction

Charge-density-wave (CDW) order is a broken-symmetry state
in metals that leads to a periodic spatial modulation of the
charge-density at CDW wavevector qpy, below the transition
temperature T¢py [1,2]. Several mechanisms, such as the Fermi
surface nesting and hidden nesting [1-9], wavevector-dependent
electron—-phonon interaction [10-13], strong electron correla-
tions [4,14,15], and a large electronic density of states at the
Fermi level (E;) in high-symmetry structures [16,17], are found
to be the origin of CDW instability. The CDW instability is
generally accompanied by lattice distortions, which are visible
as Kohn anomalies above Tpyy [7-9,18]. The freezing of the
CDW instability and lattice distortions below Ty, at CDW
wavevector qcpy can be commensurate or incommensurate with
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the host lattice periodicity and leads to partial (only a few
k-points) or full bandgap opening at Ep. [19-30]. Below T¢py»
collective excitation emerges from the frozen lattice distortion
and is referred to as the amplitude mode [31-38]. The ampli-
tude mode relates to the CDW order parameter, and character-
ization of its dynamics is necessary to decipher the underlying
mechanism of CDW instability.

The amplitude mode dynamics is typically probed using
Raman scattering, inelastic x-ray scattering (IXS), time-resolved
photoemission spectroscopy, and time-resolved x-ray/electron
scattering, among others [12,13,19,31-34,36-41]. However,
all the measurements as mentioned above generally measure
local response within the optically excited volume, as the probe
volume (from where the scattered radiation is collected) is
the same or smaller. Recent pump-probe measurements have
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shown that, under specific conditions, material properties are
altered beyond the excited volume. Examples include ferroe-
lectric polarization reversal in 50-pm-thick LiINbO, via phonon-
polariton coupling [42], exciton-polariton coupling in InlI
single-crystals [43], and hybridization of phase mode exciton
condensate and dispersion-less phonon mode in Ta,NiSe; [44].
Here, in all examples, the origin of non-local behavior is owing
to the generation of a new quasi-particle that propagates orders
of magnitude faster through the materials than the speed of
sound [42-46]. Hence, the observation of non-local behavior
is of immense practical interest, as it highlights the opportuni-
ties to tailor material properties at substantially faster time scale
(light-like speed for phonon-polariton and exciton-polariton)
with external perturbations such as light.

The rare-earth tellurides (RTe, for n = 2 to 4) are particu-
larly interesting as they have readily accessible T, and are
actively being pursued to understand the amplitude mode
dynamics [12,13,19,31,36,37,39,40]. Photoexcitation-induced
coherent excitation of the amplitude mode; its overdamping
and disappearance of CDW at higher fluence [19,31,37]; cou-
pling of amplitude mode with phonons [36,39], electrons [12,13],
or charge order [40]; enhancement of CDW amplitude on pho-
toexcitation [41]; and amplitude mode exhibiting signatures of
axial Higgs mode [47] highlight the complexity and intertwined
nature of amplitude mode with other quasiparticle excitations
in RTe,. Despite the above measurements with varying tech-
niques, the coupling of amplitude mode with photon, enabling
nonlocal behavior, is yet to be observed. The lack of observation
stems from two reasons. The primary reason is the non-polar
(symmetry-even) nature of the amplitude mode, which forbids
the formation of the phonon-polariton quasiparticle [42,46].
The secondary reason is that the previous experimental setups
were inherently designed to measure local response.

In this study, we focus on recently synthesized EuTe,, an n = 4
family of RTe,, (see Fig. 1) [9,20,48], to observe amplitude mode—
photon coupling enabled by the following favorable conditions.
First, the amplitude mode in the non-centrosymmetric CDW
phase of EuTe, is polar (symmetry-odd), which we explicitly
confirm using group theory and symmetry analysis. The second
is the high-quality growth of thin flakes (attenuation length is
~5 pm for 8.05 keV) that enables probe of non-local response
using time-resolved x-ray diffraction (TXRD) measurements in
the transmission geometry. Our TXRD measurements show
oscillations far beyond the laser penetration depth. We ration-
alize the oscillation to originate from phonon-polariton prop-
agation near the amplitude mode frequency w ;. The @, value
is consistent with our IXS measurements near qcpy. We
find the oscillation frequency decreases on heating toward
Tcpw» which is independently confirmed using temperature-
dependent polarized Raman scattering measurements and
ab-initio molecular dynamics (AIMD) simulations. Moreover,
abundant electron-hole pairs at q¢pyy lead to divergence of the
electron-hole polarizability (Lindhard response function) in
EuTe,, which may excite the amplitude mode on photoexcita-
tion. We also explore this possibility of exciton—polariton prop-
agation for the observed oscillations.

Methods

Time-resolved x-ray diffraction
Figure 3A shows the schematic of the TXRD experimental
setup. TXRD experiments were carried out with an 800 nm
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Fig.1.Normal and CDW phase of EuTe,. (A and B) Crystal structure of EuTe, in the
normal phase in the a-b and a-c planes. Dashed red and blue rectangles mark unit
cells of normal and CDW phases. Light yellow and green semi-transparent boxes
highlight Te monolayer and bilayers. (C and D) Same as (A) and (B), but in the CDW
phase. In the CDW phase, Te atoms form trimers in the monolayer and bilayer, as
shown in both panels.

(1.55eV), 50 fs, ~5.7 m] energy, laser pulse at a 1 kHz repetition
rate. [49] The 10:90 (R:T) beam splitter splits the laser beam
into two parts. The reflected beam passes through mirrors M2
to M4 and is focused on the sample using a plano-convex lens
for photoexcitation. The transmitted beam is focused on a mov-
ing Cu wire (~350 pm diameter) target using an f/8 oft-axis
parabolic mirror (OAPM, focal spot 13.5 pm X 8.2 pm full
width at half maximum [FWHM]) to generate the x-ray probe
at 8.05 keV. A polycapillary lens focuses the x-rays on the sam-
ple (spot size ~330 pm FWHM). A moving transparent poly-
ethylene tape protects the OAPM and polycapillary lens from
Cu plasma debris. The OAPM, polycapillary lens, wire target,
and tape assembly were placed inside a vacuum chamber evac-
uated to ~10~> mbar. The focused x-rays from the polycapillary
lens exit the vacuum chamber through a 25-pm-thick Kapton
window and then fall on the sample through a holed mirror
(a 5 mm hole in the center). The holed mirror reflects the pump
pulse, and both pump and probe pulse overlap at the sample
in near collinear geometry (the angle between the pump and
probe beams was ~2.5°). The pump beam uniformly photoex-
cites (heats) the sample as the laser spot size is much larger than
the sample cross-section area (~0.7 X 1.0 mm?, see Fig. S6).
The transmitted diffracted x-rays from the single-crystal EuTe,
sample (thickness f . ~10 pm) fall on a DRZ phosphor
screen, and an electron-multiplying charge-coupled device
(EMCCD, Make: Andor) measures the intensity. The TXRD
pattern of Qcpw = (2,2—|qcpw/-0) peak (see Fig. 3C, |qcpw| =
0.643 r.l.u., here r.L.u. refers to the reciprocal lattice unit) was
recorded by varying the delay between the pump and probe
pulses. To detect low-intensity signals and to decrease the
Bremsstrahlung x-ray noise, the path between the x-ray source
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and DRZ phosphor was shielded by 30-mm-thick lead sheets.
To detect the small shift in the diffracted angle of the (2,0,0)
Bragg peak due to heat deposition by the pump beam, EMCCD
and DRZ phosphor screen were replaced by an x-ray CCD.

Inelastic x-ray scattering

High-resolution IXS experiments to measure wavevector-
resolved dynamical structure factor S(E) and phonon lifetimes
of EuTe, were performed at beamline 30-ID-C (HERIX) [50-52]
at the Advanced Photon Source. A small single crystal of approx-
imately ~30 pm thickness was glued to a copper post using a
high-temperature silver paste. The highly monochromatic x-ray
beam of incident energy E; ~ 23.7 keV (A = 0.5226 A)hadan
energy resolution AE; ~ 1.0 meV (FWHM), and was focused
on the sample with a beam cross-section ~35 X 15 pm (hori-
zontalxvertical). The convoluted energy resolution of the inci-
dent x-ray beam and analyzer crystals was AE ~ 1.5 meV. The
sample mosaic measured on the HERIX instrument was less
than 0.06 °. The measurements were performed in the trans-
mission geometry. Typical counting times were 20 to 150 s at
each point in the energy scans at constant Q. The intensity vs.
energy-transfer spectra were fitted with a damped harmonic

oscillator (DHO) scattering function [53], subsequently con-
voluted with the measured instrumental resolution function,
R % S(E):

{§¢§+n(|E|)}xer

S(E) = A +B,

pog ) + (2T'E)? W
(#-£3)

where B is a constant background, n(E) is the temperature-
dependent Bose-Einstein distribution at energy transfer E, A
is the amplitude, 2I" is the FWHM of the phonon peak, and E,,
is the renormalized phonon energy in the presence of damping
(the + sign is for E > 0, i.e., phonon creation, and the — sign is
for E < 0, i.e., phonon annihilation).

Polarized Raman scattering

Raman spectroscopy experiments were performed using a
Renishaw Raman spectrometer equipped with a confocal micro-
scope in the backscattering geometry. The overall spectral res-
olution of the Raman spectrometer was ~1 cm™". Raman spectra
were acquired using a 532 nm excitation source. The laser beam
was focused on a beam diameter of 2 im using a 50X objective
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Fig.2.Dynamics of the amplitude mode. (A) Qualitative illustration of phonon spectra below Ty, gy denotes the CDW peak [see a gray color circle on the x-axis; for example,
(4,0.643(1),0)] from which phase mode emerges. Transverse acoustic mode (TAg,,.,) emerges from the Bragg peak [see a black color circle on the x-axis; for example: (4,0,0)].
The amplitude mode appears as an optic mode above the CDW peak and is representative of the CDW order parameter. (B) Qualitative illustration of softening of the amplitude
mode energy (wpy) on heating/photoexcitation. The w,y, will drop to zero energy on higher fluence leading to the disappearance of the CDW peak and the emergence of the
normal phase. (C) IXS measurements of the amplitude and phase mode near the Q. at room temperature [9]. Fitted peaks without convolution with instrument resolution
function are shown underneath the data (see details in the Inelastic x-ray scattering section). Note that the CDW peak intensity saturates the entire energy scan at Q.y; hence,
nearby Q points are shown. The excellent data statistics allow us to observe both phase and amplitude modes [for example, see Q=(4,0.8,0)]. Intensity is on the logarithmic
scale. Error bars are from counting statistics (\/N). (D) FWHM (2I") of the amplitude mode extracted by fitting the spectra shown in (C) using DHO. The FWHM diverges at
Qcpw due to nesting-driven electron—phonon coupling as discussed in Refs [7-9] and shown qualitatively by light blue lines. (E) The simulated time evolution of the amplitude

mode using the measured @y cpw, and lifetime [zyycow) =1/(24T)].
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Fig. 3. TXRD experimental setup and CDW peaks. (A) Schematic of the TXRD setup used for optical pump and x-ray probe measurements. The diffracted x-rays are detected
with an EMCCD detector. See details in the Methods section. (B) The simulated single-crystal XRD pattern of EuTe, in the normal phase in the (H,K, 0) scattering plane. The
size of the black circle denotes the relative intensity of Bragg peaks. (C) Same as (B), except in the CDW phase. CDW peaks emerge between the Bragg peaks, as marked by
blue circles corresponding to incommensurate qpy,. Higher-order CDW peaks are weaker than first-order CDW peaks and, consequently, are not visible in the panel. The Bragg
peaks are not labeled in (C) as they are the same as in (B). TXRD data are measured for the Qgpy = (2,2-|qcpyl.0). i.e.,(2,1.357,0) as indicated by the arrow.

lens. The laser power was kept below 10 pW to avoid laser-
induced heating. Temperature-dependent Raman measurements
were carried out by mounting the crystals in the Linkam TS 1500
stage with a temperature stability of +0.1 K. Angle-resolved
polarized Raman spectroscopy was carried out at room temper-
ature by mounting the single crystal on a custom rotating stage.
The incident light was plane-polarized, and the scattered beam
was analyzed using an analyzer in parallel and cross-polarization
geometry. In the present experiments, the incident laser beam
propagates along the (001) direction of the EuTe, crystal and has
light polarization in the (110) plane. The incident light polari-
zation was rotated in-plane by rotating the crystal.

AIMD simulations

Electronic structure simulations were performed in the frame-
work of density functional theory (DFT) as implemented in
the Vienna Ab-initio Simulation Package (VASP 5.4.4) [54-56].
The details of structure relaxation, energy minimization, pho-
non simulation, and calculation of dynamical structure factor
S(Q, E) are the same as prior studies on EuTe, [8,9] Here, Q is
the momentum transfer and E = /w is the phonon energy. The
fidelity of simulations is confirmed by comparing AIMD sim-
ulations below T < Ty ~ 726 K [9] at 300 and 650 K on a
3 X 3 x 2 supercell of the normal phase that incorporates
the measured CDW distortion, i.e., same as the reported
CDW phase in Ref. [48]. The supercell contains 180 atoms.
AIMD simulations were performed using NVT-ensemble with
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Nose-Hoover thermostat (MDALGO = 2). The simulations ran
for 3,000 to 13,000 fs or more with a time step of 2 fs. Simulations
were computationally expensive and ran for ~168,000 and
72,000 CPU hours at 300 and 650 K on 240 cores. From the
measured trajectory, the structure factor S(Q) and intensity at
Qcpw = (2,2—|qcpwl0) Iepw were calculated. I, was subse-
quently fast Fourier transformed to obtain the oscillation fre-
quency of the amplitude mode (see Fig. 4). A standard zero
padding was done before the fast Fourier transform (FFT).

Results and Discussion

Here, in the following subsections, firstly, we discuss the struc-
ture and CDW transition. Then, we measure the amplitude
mode’s energy and determine its polarization using meV-
resolution IXS. Subsequently, we nonlocally probe the ampli-
tude mode using TXRD at different fluences/temperatures,
which we further confirm using polarized Raman scattering.
Following this, we exclude the conventional electron and pho-
non heat diffusion as the possible reason for the nonlocal obser-
vation of the amplitude mode. Lastly, we invoke the possible
formation of phonon-polariton and exciton-polariton to ration-
alize the observations.

Structure and CDW transition

Figure 1A and B shows the orthorhombic crystal structure of
EuTe, in the normal phase (Pmmn). The layered structure
along the c-axis is constituted of a Te bilayer and a Te monolayer
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Fig. 4. Intensity modulation of CDW peak by the amplitude mode. (A) Intensity
(log(lcpw)) evolution of the CDW peak at Qcpy = (2,2—|qcpy|.0) as extracted by
calculating the square of the structure factor from AIMD trajectory at 300 K. (B)
FFT amplitude versus frequency of intensity reported in (A). To improve the FFT
signal, we have averaged FFT of eight CDW peaks, i.e., Qepy =(+2, £ 2 £1qcpy.0).

Similar to IXS experiments (see Fig. 2C), a broad amplitude mode near wm ~
4 meV and high-frequency modes between 8 and 15 meV are visible. The frequency
resolution is limited by trajectory length. Simulations were computationally

expensive and ran for ~168,000 CPU hours at 300 K on 240 cores.

separated by the EuTe layer, i.e., (EuTe)—ﬁ—(EuTe)—ﬁ—ﬁ — .

[48]. Here, single and double overline imply Te atoms in mon-
olayer and bilayer, respectively. Within the Te monolayer and
Te bilayer, Te atoms form a square-net-like structure. The square-
nets are inherently unstable and undergo planar distortion
below T¢py forming Te trimers as shown in Fig. 1C and D
[9,20,48]. First-order transition at Ti-p,, on heating from room
temperature and on cooling from T > T, are reported to
be ~726 and 652 K, respectively [9]. The planar distortion
is incommensurate with the underlying lattice occurring at
qepw = (0,0.643(1),0) r.lu. (|]qepw| = 0.643 r.l.u.). Other than
the planar distortion, multiple CDW distortions along all crys-
tallographic axes have been reported recently in the literature
[9], but because of their proximity to Bragg peak or relatively
smaller amplitude, we do not focus on them. Similar planar
distortions are observed in the RTe, and RTe, family of compounds
[12,13,19,23-28,30,57-59].

Momentum- and energy-resolved mapping of the
amplitude mode

Incommensurate CDW phase leads to the appearance of two
new modes emerging from qcp,, hamely, phase and amplitude
modes (akin to acoustic and optic modes), corresponding to
purely tangential sliding and radial breathing emerge from the
frozen lattice distortions, as pictorially illustrated in Fig. 2A. In
the pictorial depiction, the Bragg and CDW peak are to be taken
as (4,0,0) and (4,0.643(1),0), respectively. Transverse acoustic
mode emanates from the Bragg peak as it would in the normal
phase. On heating, the amplitude mode energy (w,,,) decreases
and will drop to zero at Ty ~ 726 K leading to stabilization
of the normal phase, as shown in Fig. 2B. We directly map all
the excitation in the CDW phase using IXS measurements at
room temperature (data from Ref. [9]). Figure 2C shows S(E)
of EuTe, near the Qcp = (4,0.643(1),0). Note that the CDW
peak intensity saturates the entire energy scan at Q.py; hence,
nearby Q points are shown. The excellent data statistics allow
us to observe both phase and amplitude modes emanating
from Qcpyw and are marked in the figure [for example, see
Q = (4,0.8,0)]. Importantly, the observation of the amplitude
mode along [4,K,0] confirms the predicted polarization using

Rathore et al. 2023 | https://doi.org/10.34133/ultrafastscience.0041

phonon simulations, i.e., a-polarized transverse phonon prop-
agating along the [0,1,0] direction in the reciprocal space, see
Ref. [8]. We fit S(E) using DHO (see the Methods section) to
extract phonon energy (E = hw) and linewidth (2I', FWHM).
We find a)%\i near Qgpyw to be ~4.5 meV (see Ref. [9] for the
measured amplitude mode dispersion curve). Other high-
energy modes are present between 8 and 15 meV. The FWHM
of the amplitude mode for the entire Brillouin zone (along
[4,K,0] V 0 < K <1 rlu.) is shown in Fig. 2D. As expected,
FWHM diverges at Qgpy due to nesting-driven electron-
phonon coupling as discussed in Refs [7-9] and shown quali-
tatively by light blue lines. Since E}fﬁ is the same magnitude as
FWHM, the amplitude mode is overdamped. From the data, if
we take 2I" to be 4.5 meV at Qcpy, then the lifetime 7 of the
mode becomes 0.3 ps (z=1/2zl"). If we were to observe the
amplitude mode as oscillations in any time-resolved measure-
ments, its amplitude would diminish rapidly due to small 7 (see
Fig. 2E).

Time-resolved mapping of the amplitude mode

The amplitude mode was observed for photoexcited SmTe,
appearing as oscillations in the intensity of the CDW peak
[31]. We follow the same experimental protocol, except the
measurements are in transmission mode as opposed to graz-
ing incidence reflection geometry in Ref. [31]. However, before
measurements, we first perform the AIMD simulations to sim-
ulate dynamical structure factor S(Q, E) in multiple Brillouin
zones [8]. The S(Q, E) simulations enable us to identify the
wavevectors that have large oscillations corresponding to the
amplitude mode and are accessible within the physical con-
straints of our experimental setup (not blocked by vacuum
chamber and lead sheets). We find measurable intensity of the
amplitude mode oscillations at Qcpyw = (2,2—|qcpwl.0), i-e.,
(2,1.357,0) peak isolated from other modes (see Fig. 4A).
Consistent with IXS measurements (see Q = (4,0.55,0) and
(4,0.75,0) in Fig. 2C), the Fourier transform of intensity (Fig.
4B) shows a broad peak at a)i’l\rj[ ~ 4 meV and high-frequency
modes between 8 and 15 meV. Here, we note two points. Firstly,
we probed the amplitude mode in IXS measurements along
[4,K,0] owing to its large intensity and along [2,K,0] in TXRD
measurements due to the physical constraints of the setup; how-
ever, amplitude mode dynamics is identical in both Brillouin
zones. Secondly, phonon intensity in IXS measurements at
Qcpw or in close vicinity is not visible because of strong CDW
peak intensity; hence, we compare TXRD measurements with
nearby Qcpy points. The comparison with nearby points is
remarkable as the amplitude mode disperses weakly, i.e., nearly
flat dispersion at room temperature [9].

We use TXRD in the transmission geometry to measure the
time-resolved evolution of the intensity at Qcpyw = (2,2—|qcpw]-0)
with respect to delay between optical pump and x-ray probe
pulses (see Fig. 3A and the Methods section). Note that all
Bragg peak, plane, and direction notations refer to the normal
phase. The advantage of using x-rays as opposed to optical
probe pulse is that owing to the momentum conservation,
modes with wavevector Qcpy, only will contribute to measured
oscillations. The Q. CDW peak appears below T,y owing
to condensation of the planar distortion as discussed earlier
(see Fig. 3B and C). The other first-order CDW peaks in the
(H, K, 0) plane are circled in Fig. 3C. The first-order CDW
peaks are at least an order of magnitude weaker than the nearest
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Bragg peak [9]. The higher-order CDW peaks, for example,
(2,2|qcpwl>0), are not visible in Fig. 3C because of even lower
intensity (size of black circles indicates relative intensity) [9].
The low intensity at Q. necessitates a collection time of 300 s
per delay point. Figure 5A shows measured oscillations in the
intensity for a fluence of 4 mJ/cm’. The measurements were
repeated to ensure the reproducibility of extracted oscillation
frequency.

To extract one or more oscillation frequencies from the data,
we can perform a FFT or fit (un)damped sinusoidal function(s).
We used both methods to extract the oscillation frequency,
yielding nearly identical results. The black solid line in Fig. 5A

shows the extracted oscillation frequency a)TXRD at ~2.6 meV

(or equivalently a)TXRD ~0.6 THz) by ﬁttrng the sinusoidal

function. Here, B\(ARD was kept as fitting parameter. Similarly,

the FFT amplitude of the measured signal (see Fig. 5B) shows
a peak centered around ~2.6 meV, consistent with the sinusoi-
dal fitting. From the fitting in Fig. 5A, we observe that the single
frequency at ~2.6 meV does not capture high-frequency oscil-
lations visible in the data. The high-frequency oscillations
originate from high-energy phonon mode at Qcp,, (present
between 8 and 15 meV, see Figs. 2C and 4B) having an oscilla-
tion period T between 250 and 500 fs [T = 1/@ (in units of
THz), 1 THz = 4.1357 meV]. Since our x-ray probe pulse has
a pulse width of ~300 fs, the high-frequency oscillations are
not resolvable and appear as noise. Note that intensity quench-
ing or recovery is not observed on photoexcitation, as in the
transmission geometry, probe region (~10 pm) is approxi-
mately 65 times larger than the photoexcited region (~145 nm).
We compare the fitted oscillation frequency from TXRD meas-

TXRD IXS TXRD ;
urements, i.e., the o a0 @R and find that w AN IS less

than the measured w%& (~4.5meV) and simulated a)S‘m (~4 meV)
at room temperature. As discussed earlier, since w, ), decreases
on heating, we first explicitly calculate the temperature rise on
laser pumping to understand the origin of the measured differ-
ence from the two techniques.

We measured the peak shift of (2,0,0) on photoexcitation
with the same fluence. For high-resolution A26° measurements,
we replaced phosphor and EMCCD with x-ray CCD. Figure

5C shows A26° as a function of delay. Each delay point was
measured for 120 s, during which 120,000 laser pulses fell on
the sample. Due to low thermal conductivity (x < 1 Wm ~'K™'
at 300 K, see details later in the text), the sample cannot dissi-
pate heat (the only possible heat dissipation is via air convection
and conduction via a small contact region on copper post). The
heat gets accumulated and leads to a rise in sample tempera-
ture. The peak shift, signifying the rise in sample temperature,
remains nearly constant after measurements of one delay point
for 120 s as laser heating reaches equilibrium with heat dissi-
pation. Since the measurements are performed in transmission
geometry, it indicates that the entire sample thickness of ~10 pm
is uniformly heated after a few initial laser pulses. We compared
the (2,0,0) peak shift with T-dependent synchrotron XRD data
to determine the temperature rise (AT) and found it to be
236424 K (see Section S4). Hence, the lower value of measured
TXRD is possibly owing to the heating of the sample, which we
onﬁrm below.
We repeated the measurements at different fluences to
confirm whether the sample heating occurs for all cases and
whether the measured oscillations originate from the amplitude

mode. wBsIRD must approach a)IXS ~4.5 meV for low fluences
(as T will be close to room temperature) and decrease on
increasing fluence (see illustration in Fig. 2B). Figure 6A and
B shows the TXRD data with ﬁtted oscillations and FFT ampli-
tude for a fluence of 2 mJ/cm? (data for other fluences is shown
in Fig. S5). All fluences lead to uniform sample heating (see
Section S4). The sample temperature T'= (297 + AT) K deter-
mined from shift in A2¢" for fluence of 2 mJ/cm? is indicated
on the panel. The fitted wB\(ARD for all measured fluences is shown
in Fig. 6C. As we can observe, the a)BE,[RD decreases on increas-
ing fluence and, as expected, approach a)IXS ~4.5 meV at low
fluences. Note that in measurements on photoexcitation, elec-
tronic temperature rises above Tpyy and reaches equilibrium
with lattice in few picoseconds depending on the fluence (see
details in the Heat diffusion on photoexcitation section); hence,
the oscillations at w,,, are triggered once the CDW phase
recovers. In particular, for the fluence of 6 mJ/cm?, oscillations

are observed after ~3 ps, when equilibrium is reached (see Fig.
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Fig.5.Time-resolved response of the amplitude mode. (A) TXRD intensity (I//(t<0)) at Qcpw = (2,2—|qcpw|,0) CDW peak (blue square markers) as a function of delay between
the 800 nm pump and x-ray probe pulses for a fluence of 4 mJ/cm?. A solid black line denotes the oscillations corresponding to the fitted amplitude mode frequency component
in the measured data. The high-frequency components between 8 and 15 meV are not resolvable in our data due to the large (300 fs) FWHM of the x-ray probe pulse (see Fig.
4B and discussion in the text). Error bars are from shot-to-shot fluctuations. (B) FFT amplitude versus frequency of intensity reported in (A). A peak corresponding to the
amplitude mode centered near 2.6 meV is marked by an arrow. (C) Peak shift (strain) of the (2,0,0) Bragg peak as a function of delay. Each data point is measured for 120 s.
The constant peak shift after the first delay point indicates the rise in the equilibrium sample temperature, as indicated in the panel.
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Fig. 6. Time-resolved response of the amplitude mode for different fluence. (A) Time-resolved x-ray diffraction intensity at Qgpy = (2,2—|qcpy|.0) CDW peak (blue square
markers) as a function of delay between the 800 nm pump and x-ray probe pulses for a fluence of 2 mJ/cm?. Due to the low , the fluence leads to rise in the equilibrium sample
temperature, as indicated in the panel. A solid black line denotes the oscillations corresponding to the fitted frequency component in the measured data. The high-frequency
components between 8 and 15 meV are not resolvable in our data due to the large (300 fs) FWHM of the x-ray probe pulse (see Fig. 4B and discussion in the text). Error bars
are from shot-to-shot fluctuations. (B) FFT amplitude versus frequency of intensity reported in (A). A peak corresponding to the amplitude mode centered near 4.2 meV is

TXRD!

marked by an arrow. (C) The amplitude mode energy (w,y,

), extracted from the fitting of measured data, as a function of fluence. The data for a fluence of 6 mJ/cm? are

shown in Fig. S5. The amplitude mode energy converges to ~4.5 meV at low fluence, consistent with the value reported using meV-resolution IXS at 300 K. Error bars (one
standard deviation on either side of the markers) are obtained from fitting the sinusoidal function.

S5A). Consequently, the phase of the oscillations is dependent
on CDW phase recovery that varies from sub-picosecond to
few picoseconds in rare-earth tellurides [23,31].

Temperature dependence of the amplitude mode

To unambiguously confirm that the observed T dependence
of the measured oscillations originates from the amplitude
mode, we can independently probe the amplitude mode using
Raman or infrared (IR) scattering, as the CDW phase is non-
centrosymmetric [48]. We perform polarized Raman scat-
tering on a single crystal of EuTe, oriented such that the [001]
crystallographic direction points along the laser propagation
direction and laser polarization is in the (110) plane. For the
measured configuration, only A, modes will have non-zero
Raman intensity (see Section S2). Figure 7A shows the Raman
spectrum for c(aa)c parallel polarization geometry. Here c and
crefer to the incident and outgoing laser propagation direction,
and (aa) denotes the incident and outgoing laser polarization.
The parallel polarization geometry implies incident and out-
going laser polarization are identical (for the cross-polarization
geometry, incident and outgoing laser polarization are orthog-
onal). As indicated in the figure, we resolve 7 modes at room
temperature, including the amplitude mode (mode 1). In the
normal parent phase, 5 A, modes are present; hence, some
observed modes are folded back from qcp,y to the zone center
in the CDW phase. We can differentiate the normal phase
modes from CDW phase modes by angle-resolved polarized
Raman scattering in parallel and cross-polarization geometry.
Figure 7E and F shows an apparent four-fold symmetry for
mode 7 in both parallel and cross-polarization geometry with
a45° phase difference as expected for the A, mode. In contrast,
a two-fold symmetry is observed for modes 5 and 6, suggesting
their origin from the band folding in the CDW phase. The
other modes have a relatively weak intensity to identify their
two- or four-fold symmetry. Figure 7B shows the T evolution
of the Raman spectrum, highlighting phonon softening and
broadening. We fit all modes with the Lorentzian function

Rathore et al. 2023 | https://doi.org/10.34133/ultrafastscience.0041

to extract the energy and linewidths. The extracted T depend-
ence of @AM and 2rRaman js shown in Figure 7C and D,
respectively. Consistent with IXS measurements and AIMD
simulations, the amplitude mode is overdamped. The observed
softening of @M@ is similar to T dependence from TXRD
measurements (see Fig. 6C), thus confirming that oscillations
in TXRD data for different fluences indeed originated from the
amplitude mode.

However, two questions arise from the above observations.
First, IXS and Raman measurements and AIMD simulations
show that the amplitude mode is overdamped, but the observed
TXRD oscillations are underdamped. FFT in Fig. 6B confirms
the underdamped nature as the amplitude mode’s linewidth
(FWHM~0.9 meV) is nearly five times smaller than its energy

(a)BE,[RD ~4.2 meV) and substantially less than the FWHM

from IXS measurements (see Fig. 2C). The second is the sam-
ple is photoexcited to a penetration depth § ~145 nm (see
Section S7), but in the transmission geometry, x-rays probe the
entire thickness of £, ~10 pm. Moreover, the heat cannot
propagate to more than 36 from electron and phonon diffu-
sion till 20 ps, as discussed below. Hence, it remains to be
identified how the amplitude mode propagates through the
material with a velocity far exceeding the acoustic strain pulse
velocity with little damping. Below, we discuss both questions
in detail.

Heat diffusion on photoexcitation

Firstly we discuss heat diffusion via electrons and phonons. We
use the two-temperature model to simulate the heat transfer from
the pump pulse to photoexcited electrons and subsequently to
phonons via electron—phonon coupling [60]. To confirm the
fidelity of the two-temperature model, we also simulate phonon
diftusion by solving the Boltzmann transport equation (BTE) using
experimentally determined phonon energies (E,,,), group veloc-
ities (v,), and lifetimes (7) [61]. See Section S9 for a description/
parameters of the two-temperature model. Figure 8A shows the
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Fig.7.Polarized Raman scattering of the amplitude mode. (A) Raman spectrum of EuTe, for c(aa)c parallel polarization geometry at 300 K. Rayleigh scattering (gray shaded
area), amplitude mode (blue shaded area, peak 1), and other phonon modes fitting are shown underneath the data. Inset shows the overdamped amplitude mode (marked by
an arrow) for c(ab)c cross-polarization geometry at 300 K. (B) Temperature evolution of Raman spectrum in the same measured configuration as (A). (C and D) w,,, and 2I" as
a function of temperature obtained from fitting the amplitude mode. Error bars (one standard deviation on either side of the markers) are obtained from fitting the Lorentzian
function. (E and F) Color map of angular-resolved Raman spectra at 300 K in parallel polarization (E) and cross-polarization (F) geometry. Measurements show an apparent
four-fold symmetry for peak 7 in both parallel and cross-polarization geometry with a 45° phase difference between them as expected for A, symmetry mode, while for peak
6, such four-fold symmetry is absent, suggesting band folding from qp,, to the zone center owing to the CDW distortion.

temperature profile post-pump pulse of fluence 6 mJ/cm’. For  of EuTe,, the phonon diffusion is extremely slow. Consequently,
the 800 nm laser pump pulse, 5 is 145 nm (see Section S7).  heat diffuses to approximately 20 nm further than the initial
Electronic temperature (T,) along the orange arrow in Fig. 8A for ~ ~300 nm. Even if we assume all phonons travel ballistically or
different delay times is shown in Fig. 8B. As we can observe, T,  fictitiously scale the k by order of magnitude by increasing v,,
rises rapidly post-pump pulse. The temperature rise can be seen  still furthest the heat diffuses to approximately 500 nm from
up to a depth of 1 pm. As heat is transferred to the phonons via ~ the sample surface. From the above simulations, it is apparent
electron-phonon coupling and diffuses, the peak T, dropsbelow  that for realistic parameters, the heat diffusion from incident
400 K at 5 ps. Phonon temperature (T,,) rises above 400 Kinthe ~ laser pulse is limited to 2 or 3 times the penetration depth up
first few picoseconds (see Fig. S7) and subsequently diffuses.  to the measured delay time, substantially less than the sample
Furthermore, we solve BTE using E;, v,, and 7as input. E, and  thickness (36/%, ~ 0.04). Consequently, the acoustic strain

sample

vgare taken from Ref. [9], while measureg zusing IXS are reported pulse generated from sample heating [64] will contribute little

in Fig. 8C. For a 6 of 145 nm, T}, rises above room temperature  to diffracted x-rays in the transmission geometry as the heating
to a depth of ~300 nm due to electron-phonon coupling. For  is limited to a small depth only. Moreover, as described earlier,
BTE simulations, we assume this rise in T}, as the initial condi-  our direct strain measurement did not show any laser pump-
tion. As we can observe from Fig. 8D (see blue circles), because induced change for positive delays (see Fig. 5C), thus further
of ultralow phonon thermal conduct1v1ty (k<1Wm 'K 'at  confirming that acoustic strain pulse did not contribute to the

300 K, calculated as [62,63] k== C v2 rusmg experimental data) measured oscillations.
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Fig. 8. Heat diffusion via electrons and phonons. (A) Schematic illustration of
temperature profile post-laser excitation on EuTe, sample at t = 0. The laser
penetration depth is 5 ~ 145 nm. The orange arrow denotes the heat propagation
direction shown in (B) and (D). (B) Electronic temperature (T,) as a function of heat
propagation distance for various time delays obtained using the solution of the two-
temperature model. (C) Measured phonon lifetime (z) using IXS as a function of
phonon energy. (D) Heat diffusion by phonons [along the orange arrow shown in
(A)] as a function of time post-arrival of the laser pulse. Because of the large &, the
initial temperature rises to a depth of ~0.3 pm. BTE solution denotes the solution
of phonon Boltzmann transport equation using phonon dispersions and measured
7 [see (C)], BTE solution in the ballistic limit refers to the case when z— o0, and BTE
solution in ballistic limit and v, scaled is the same as the earlier case except, here, v,
is also scaled by a factor of 3.

Coupling of the amplitude mode with pump photon
Amplitude mode can be created by another mechanism, as
discussed in the literature [31,41,65]. Since the laser pumping
(photoexcitation) destroys (or reduces the distortion ampli-
tude) the CDW [19,23,31], it abruptly changes the interatomic
potential; consequently, the frozen lattice distortions are thawed
and propagate as amplitude mode in the sample [31,41,65].
The dynamics of the propagating amplitude mode is typically
modeled using a time-dependent extension of the Ginzburg-
Landau formalism that reduces to the commonly used displa-
cive excitation of coherent phonons in low-fluence limit [31].
Similar to other rare-earth tellurides [31,39], the amplitude
mode in EuTe, is released by CDW melting. On propagation,
the overdamped amplitude mode will decay rapidly, as dis-
cussed earlier (see Fig. 2E). However, our measurements show
underdamped nature, thus indicating the coupling of amplitude
mode with other excitations leading to long-lived quasiparti-
cles. Phonon-polariton [42,45,46,66-69] and exciton-polariton
[43,70-72] are two quasiparticles that can travel with light-
like speed beyond the laser penetration depth and heat diffu-
sion region and have long lifetimes. Other possibilities may
exist but we are not aware of those. Below, we explore both
scenarios.

The amplitude mode can couple with an IR photon to form
a phonon-polariton; however, it must be polar (symmetry-
odd). Phonon-polariton quasiparticles are reported in ferro-
electrics LiTaO, [45,46] and LiNbO; [42], where they are found
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to propagate with little dissipation at light-like speed to dis-
tances exceeding 50 pm. Using group theory and symmetry
analysis of EuTe,, we explicitly calculate the symmetry vectors
of the irreducible representation of the CDW phase and pro-
jected symmetry vectors to the eigenvectors of the unstable
modes of the normal phase. We identify that the unstable
modes at wavevectors q¢p, of the normal phase transform to
A1l and B1 character polar (symmetry-odd) modes in the
CDW phase, thus confirming that the amplitude mode is polar
in the CDW phase (see Section S10 for detailed description).
Consequently, as discussed above, the polar nature of the
amplitude mode potentially enables coupling with an IR pho-
ton to form a phonon-polariton, wherein propagating polar-
iton wave triggers the amplitude mode as it travels through
the thickness. Specifically, for an uncharged medium, the
interaction of a polar phonon mode and an IR photon can be
described by Maxwell’s equation:

V-D=0, @)

where D is the electric displacement vector. For a plane wave
with wavevector k, Eq. 2 can be written in terms of electric field
Eas

e(w)k-E)=0. (3)

Wk —w?
Here, e(w) = emh is the dielectric constant of the
TO

material. Two solutions of Eq. 3, i.e., (@) =0 and k- E=0,
correspond to longitudinal optic w, ;, and transverse optic wo

. . 2 _ ?
resonance frequency, respectively. Using|k|” = 77 €(@), we can
obtain dispersion relation of phonon-polariton,

a)zz—l

- {fz|k|2+eooa)§oi

[se]
2 2 2
\/(c2|k| +€°°in) —4e 2|k w,zro}

For EuTe,, ¢ corresponds to )\, (a-polarized transverse
phonon propagating along the [0,1,0] direction in the recipro-
cal space, see Refs. [8,9]) and splitting between w;, and ;o
is small. Figure 9C qualitatively illustrates the formation of
phonon-polariton as given by Eq. 4 (@, is not shown for clar-
ity). Note that between w, , and transverse @, (i.e., reststrahlen
band), the real part of €(w) is negative; hence, waves are expo-
nentially attenuated [42]. As we can observe, the energy of
phonon-polariton at qcpy is similar to the amplitude mode.
Hence, the observed oscillations in the TXRD data have the
same energy and T dependence as that of the amplitude mode.

The other possibility is the formation of exciton—polariton.
EuTe, possesses linearly dispersing p bands near the Fermi energy
(Er) [8,21,48], which enables the formation of a large number of
electron-hole pairs with same q . We illustrate this scenario in
Fig. 9A. Two linearly dispersing bands (shown with red color lines,
similar to dispersion in EuTe, [8] ) of opposite Fermi velocity (vy)
cross Ep at (k, ) and (K, g). Here, k' =k + q, § = g, = E,and
Ve = — Vg~ The magnitude of q is shown as a blue color line
joining (k, ) and (K’, €.). Now, if we select two new q points
(k+ Ak, g + v Ak) and (k' + Ak, g + v .Ak) above and below
E;; (shown by green color circles), we find that new points are
also separated by the same q. Thus, due to the linear dispersion,
multiple electron-hole pairs can be formed at the same q. The

(4)
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Fig. 9. Lindhard susceptibility and formation of exciton—polariton and phonon-polariton. (A) Pictorial depiction of electronic states near E; contributing to the real part of
Lindhard susceptibility Re{yo(q)} at wavevector q (blue line). Here, owing to linear dispersion near E (red curves), the electronic states above and below E; (green line) also
contribute to the divergence of Re{y,(q)} at the same q. (B) Calculated Re{y,(q)} in the (H,K,0) reciprocal space showing a peak at qcp,, [marked by the red circle at
(1-1qepyl). i.e., 0.357 r.l.u.] along the K direction. The peak along H (marked by the blue circle) is relatively weak [8]. (C) Qualitative illustration of coupling between incoming
photon and polar amplitude mode, leading to the propagation of the phonon-polariton quasiparticle in the material.

electron-hole pair formation leads to the divergence of electron-
hole polarizability y,(q) and is shown to be the origin of CDW in
EuTe, [8]. Similar to the previous study [8], we explicitly calculate
the real part of y,(q) [2]

2
Re{)fo(‘l)w)} =}1/i_)l’%eazkzl’l,
(exrqr — €1 —10) (f (expqr) —f (€x1))

(€k+q,l’ —€r— ha))2 +y2

l(k+q,1' | VIK D),

(5)

where e is the electron charge, Q is the system volume, f(€))
denotes the electron’s Fermi distribution function at energy €
for a given wavevector k and a band index [, |(k + q, | V| k, [)|*
is the matrix transition elements between states (k + q, /' | and
|k, I), and y is an infinitesimal constant representing broaden-
ing. The first and second summation represents the sum over
all k states and all bands ! in the first Brillouin zone, respectively.
The calculated Re{y,(q)} is shown in Fig. 9B. Using blue and
red circles, we mark the maxima along H and K reciprocal space
directions, respectively. The peak along K occurs at q.p,. Thus,
we can conclude that EuTe, forms abundant electron-hole
pairs, i.e., excitons at qcpyy- The excitons can couple with photons
to form exciton-polariton quasiparticles [43,70-72]. Exciton—
polariton can propagate to macroscopic distances exceeding
50 pm, as observed for CsPbBr, perovskite microwire micro-
cavity at room temperature [70]. On photoexcitation, excitons
will break, thus triggering the melting of CDW and the release
of the amplitude mode. As discussed above, propagation of both
phonon-polariton and exciton—polariton is a possibility. However,
long coherences for exciton-polariton are generally observed
for microcavity architecture [70,72] or at low temperatures [71].
On the other hand, phonon-polariton can propagate coher-
ently for macroscopic distances in single crystals at room tem-
perature [42,45,46]. Although our measurements and simulations
cannot conclusively confirm or rule out one scenario, neverthe-
less measured oscillations are likely from propagating phonon-
polariton.
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Conclusion

In summary, we have characterized the polar amplitude mode
in EuTe, using meV-resolution IXS, polarized Raman scatter-
ing, TXRD in the transmission geometry combined with AIMD
simulations of amplitude dynamics, simulation of electron-hole
polarizability, group theory, and symmetry analysis. The pump-
induced oscillations of the CDW peak intensity occur at @,
and show underdamped nature. The underdamped oscillations
are at odds with the overdamped amplitude mode measured
using IXS measurements and polarized Raman scattering. The
observed behavior can be rationalized by coupling of the polar
amplitude mode with incident infrared photons to form a
phonon-polariton quasiparticle that propagates with light-like
speed beyond optically excited depth. We further explored the
possibility of forming an exciton—polariton quasiparticle due
to abundant electron-hole pairs at q¢p,,. The electron and pho-
non heat diffusion cannot account for the propagation through
the ~10 pm thickness. Moreover, w ), decreases with increasing
fluence owing to a rise in the sample temperature, consistent
with polarized Raman scattering measurements. Similar to
previously reported ferroelectric materials [42,46], our results
highlight the opportunity to engineer material response at an
ultrafast time scale with external perturbations such as light.
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