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The rare-earth tritellurides (RTez) are a distinct class of 2D layered materials that recently gained
significant attention due to hosting such quantum collective phenomena as superconductivity or charge
density waves (CDWs). Many members of this van der Waals (vdW) family crystals exhibit CDW behavior
at room temperature, i.e.,, RTes compound where R = La, Ce, Pr, Nd, Sm, Gd, and Tb. Here, our
systematic studies establish the CDW properties of RTes when the vdW spacing/interaction strength
between adjacent RTez layers is engineered under extreme hydrostatic pressures. Using a non-
destructive spectroscopy technique, pressure-dependent Raman studies first establish the pressure
coefficients of phonon and CDW amplitude modes for a variety of RTes materials, including LaTes,
CeTes, PrTes, NdTes, SmTes, GdTes, and TbTes. Results further show that the CDW phase is eventually
suppressed at high pressures when the interlayer spacing is reduced and interaction strength is
increased. Comparison between different RTez materials shows that LaTes with the largest
thermodynamic equilibrium interlayer spacing (smallest chemical pressure) exhibits the most stable CDW
phases at high pressures. In contrast, CDW phases in late RTes systems with the largest internal
chemical pressures are suppressed easily with applied pressure. Overall results provide comprehensive
insights into the CDW response of the entire RTes series under extreme pressures, offering an
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Introduction

van der Waals (vdW) Rare-Earth Tritellurides (RTe;3) belong to
layered material systems with unique quantum collective phe-
nomena, including superconductivity (SC)" or charge density
wave (CDW) formation®” at room temperature. Previously, the
interplay between these two states was established for select
RTe; materials through electrical studies at different tempera-
tures, and pressures.”> More recent studies have shown the
presence of the light-induced CDW phase,® and thickness-
dependent CDW properties,” and established GTe; as a high
carrier mobility material with unique magnetic ordering.'®"!
Lately, much effort has been given to understanding the CDW
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understanding of CDW formation/engineering in a unique class of vdW RTes material systems.

phase behavior, which is hosted within the Te atomic layers'?
and driven not only by Fermi surface nesting® but also by strong
electron-phonon interaction.>'* Here the two Te layers are
separated by the RTe slab, as shown in Fig. 1a, and coupled to
another RTe; stack through van der Waals forces. Studies have
shown that using different rare-earth metal cations leads to
different CDW temperatures (Tcpw) ranging from cryogenic to
above room temperature due to different chemical pressures
induced within the RTe slabs.">” Considering the correlation
between the chemical and hydrostatic pressures,'® limited
electrical and X-ray diffraction studies have reported on CDW
phase response under hydrostatic pressure®'®'® to engineer
their properties.

Here we utilize the non-contact, non-destructive optical
techniques (i.e., regular and angle-resolved Raman spectro-
scopy) and present comprehensive studies across the RTe;
series to establish the pressure response of vdW CDW RTe;
systems (where R = La, Ce, Pr, Nd, Sm, Gd, and Tb). The CDW
behavior of RTe; material under applied pressures was char-
acterized using the Raman spectroscopy technique' by analyz-
ing the pressure response of the phonon mode and amplitude
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Fig. 1 Structural characterization of neodymium tritellurides. (a) Crystal
structure of RTes materials which crystalize in the Cmcm space group,
(b) SEM images together with EDS compositional maps for Nd and Te
elements (inset images). (c) and (d) are respectively XRD and EDS spectra.

mode related to the CDW phase. Studies from 0 to 14.6 GPa
established the pressure values at which the CDW state is
suppressed for each crystal (Popw). Based on these studies,
our results constructed the phase diagram for RTe; systems
relating their out-of-plane lattice constant ‘b’ with the hydro-
static pressure leading to phase transition from CDW to non-
CDW state. Further angle-resolved Raman spectroscopy
measurements were performed to elucidate how the vibrational
characteristics of the Raman modes change under CDW phase
transition at high pressures. Overall results establish the
pressure-driven CDW phase suppression for RTe; systems
using Raman spectroscopy.

Sample synthesis

RTe; crystals (Fig. 1a and b) were grown by chemical vapor
transport (CVT) for R = Nd, Sm, Gd, Tb and self-flux technique
for R = La, Ce, Pr. For CVT, one gram of a stoichiometric
mixture of rare-earth metal (99.9%, Alfa Aesar) and tellurium
(99.999%, Alfa Aesar) was sealed with 20 mg of iodine (I,) in a
quartz ampoule under vacuum (10> torr). The ampoule was
heated to the growth temperature ranging from 700 to 840 °C
depending on rare-earth elements and kept at a constant
temperature for a week. Once the growth was completed, the
sealed ampoule was controllably cooled down to room tem-
perature over 2 days. For the self-flux technique, 2 grams of a
mixture of rare-earth metal and tellurium in the molar ratio
R:Te = 3:97 were put in alumina crucibles and sealed together
with quartz wool in a quartz ampoule under a vacuum. The
ampoule was heated to 700 °C over 8 hours and held at that
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temperature for 8 hours, then cooled to 515 °C at the rate of
2 °C h™". The decant procedure through centrifugation was
performed to remove the flux at 515 °C, and then the tempera-
ture was reduced to room temperature. The ampoule was
opened, and the materials were kept in an inert gas environ-
ment to avoid degradation.

The crystallinity of the synthesized crystals was confirmed
by X-ray diffraction (XRD) spectroscopy, as shown in Fig. 1c,
with a set of distinct and narrow reflections for NdTe; crystals,
which were compared with theoretical predictions as shown in
Table S1 in the ESIT (all the other XRD spectra for the RTe; were
also obtained by the Malvern PANalytical Aeris system with
CuK, radiation - 1.54056 A and are shown in Fig. S1, ESIt).
Energy-dispersive X-ray (EDS) mapping (Fig. 1b inset) was
performed to confirm the stoichiometry as well as homogenous
elemental distribution of lanthanide cations and tellurium
anions within the exfoliated vdW sheets. The crystals were
exfoliated to yield thin vdW sheets on GaAs substrate, as shown
in the scanning electron microscope (SEM) in Fig. 1b (obtained
with Zeiss Auriga FIB-SEM).

Experimental methods

For high-pressure studies (up to 14.6 GPa), the RTe; crystals
were thinned down by mechanical exfoliation using Kapton
tape and transferred directly onto the 500 um culet of the
diamond anvil cell (DAC), as depicted in Fig. 2b. As a pressure
media, we have used Silicone Oil (AlfaAesar) which does not
react chemically with the RTe; crystals, remains hydrostatic in
the target pressure range, and its Raman signal does not
obscure signals from the RTe; crystals. For determining the
pressure inside the DAC, the position of the diamond Raman
mode (1334 cm™') was tracked.”® All Raman spectra were
obtained in the backscattering configuration with the CW
532nm laser line, where the scattered signal was dispersed by
a 0.75 m focal-length Shemrock monochromator. Moreover, the
laser beam was focused by a 50x Mitutoyo objective lens to a
size of ~5 pm. For angle-resolved Raman spectroscopy (ARRS)
measurements, the incident and scattered light were polarized
parallelly.

Results and discussion

The pressure-dependent vibrational properties for the vdw
RTe; crystals can offer unique insight into the CDW phase
behavior when the rare earth elements vary across lanthanides.
That ordered quantum phenomenon is hosted within the Te
sheet of the RTe; structure and, at room temperature, is
unidirectional (CDW is formed along the c-axis) and incommen-
surate in nature.>?' Prior diffraction studies have shown that
the modulation wave vector is similar for each RTe; material
system,>* and when going from heaviest (Tm) to lightest (La)
metal cation, the CDW temperature - the onset temperature for
inducing CDW phase transformation - increases from 220 K to
above 570 K, marking a change in Tcpw as much as ~250 K.*"7

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Simplified scheme of DAC and (b) optical image of a sample inside the gasket enclosed within the DAC. (c) Pressure-dependent Raman spectra
obtained for NdTes crystal (dotted lines are added as an eye guide). (d) Positions of phonon modes (navy spheres) and amplitude (red diamonds) mode in
the function of pressure obtained with Lorentz fitting procedure — the shaded area represents broadening of each Raman mode.

For high-pressure studies, we have used DAC (schematically
shown in Fig. 2a) together with the Raman setup equipped with
the 50x objective lens, where the e-field of the incident and
scattered light is parallel to the surface of crystals. This setup
allows us to perform micron resolved measurements for
mechanically exfoliated thin samples, as shown in Fig. 2b.
Based on the factor-group analysis, it was reported that 4A, +
4B, + 4B3, modes are Raman active.” Considering our experi-
mental configuration, we could access A, out of mentioned
modes. Nevertheless, B;, modes can also be observed as a
result of the layered symmetry of the studied material.* Addi-
tionally, it was predicted that due to the lattice distortion, B,
modes should emerge around 84 and 114 cm ™ '.> Because the
mode positions in our studies closely resemble those previously
reported,” * we have tentatively assigned the observed modes as
shown in Fig. 2d. The most intense mode observed at around
67 cm ! was identified as an amplitude mode based on its
evolution with temperature (detailed analysis was provided in
the ESIT Fig. S2). Fig. 2c shows the evolution of NdTe; Raman
spectra from 0 GPa to 13.5 GPa. It can be seen that all modes
located above 75 cm ™' blueshift with pressure due to lattice
stiffening, while their Raman FWHM remains relatively unaf-
fected. Fig. 2c also shows that the intensity of a mode located at
67 cm™ ' and 84 cm ™' decreases, and at around 5 GPa becomes
strongly reduced, while 35, 97, and 114 cm™ " modes can still be
distinguished from the background signal and traced in the
entire pressure range. Previous temperature-dependent Raman
studies identified the 67 cm ™' mode as the CDW amplitude
mode owing to its strong correlation with the CDW response.>”
Moreover, as shown in our temperature evolution of Raman
spectra (Fig. S2, ESIf), the mode located at 84 cm™' also
exhibits a correlation with the CDW phase. In contrast, 1st
order Raman peaks at 35, 97, and 114 cm ' were primarily

This journal is © The Royal Society of Chemistry 2022

related to vibrational modes at the I' = 0 in the phonon
dispersion curves.”>** These Raman spectra were fitted to the
Lorentz function at each pressure to obtain frequency and
broadening parameters of measured modes, as shown in
Fig. 2d. The results of the fitting procedure with Lorentz
functions performed for spectra obtained at 0.46 GPa are
presented in Fig. S3 (ESIt). Due to the reduced intensity of
some of the modes, the uncertainty with which their position
was obtained can be significant. For example, at 4.4 GPa, the
uncertainty of the position of mode located at around 60 cm ™"
is comparable to its broadening.

The qualitative analysis shows that the pressure coefficient
for phonon modes is positive (modes at 97 and 114 cm ™) or
negligible (mode at 35 cm™), i.e., its position does not change
with pressure. Furthermore, their broadening (shaded area in
Fig. 2d) remains almost constant as well as for most other
modes, excluding amplitude modes for which its FWHM
increases with pressure from 7 to 45 cm ™. The mode observed
at 84 cm™ " in the low-pressure range first blueshifts and from
5 GPa becomes less sensitive to changes in pressure, which
could suggest its coupling to the CDW phase as indicated by the
Raman measurements with temperature. More importantly, the
observed behavior of modes at 56 and 67 cm™' reveals
the anticrossing interaction of coupled phonon and amplitude
modes. At low pressure, the higher branch (at 67 cm™") has an
amplitude nature, whereas the lower branch (at 56 cm™') is
phononic, and at around 2 GPa, the intensities of both modes
are comparable, and the natures of both branches reverse. By
closely observing the behavior of the lower branch above 2 GPa,
the pressure of phase transitions was estimated to be at
~5 GPa, ie., pressure at which intensity of amplitude mode
is not distinguishable from the background signal. Due to the
raw estimation of the Pcpw, its value in Fig. 4 was plotted with a
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large error equal to at least 1 GPa. Here, similar analyses were
performed for other RTe; crystals (see the ESIt Fig. S4-S6 and
S8-S10), thus creating the library of phase transformations for
these crystal systems.

Angle-resolved Raman measurements were performed to
assess how the symmetry of phonon modes changes below
and above the CDW phase transition pressure. The results of
these studies for NdTe; crystal are presented in Fig. 3a as an
intensity map of Raman signal as a function of the polarization
angle where excitation and scattered light were polarized in the
parallel direction. The measured angle-resolved phonon modes
at 35 and 114 cm ' (~0 GPa) exhibit signature four-fold
symmetry as shown in Fig. 3b and c (the complete ARRS data
presented in Fig. S11 and S12, ESIt). The observed behavior of
Raman mode with polarization angle agrees with the results
published for LaTe; crystals, where the distorted structure
displays the two-fold and four-fold symmetry of Raman-active
modes.>* Moreover, a similar polarization dependency, ie.,
four-fold symmetry, was presented for an amplitude mode
studied for ErTe; crystal.”’ The measured polar plots at
12.4 GPa for 35 cm™ ' and 131 cm ™' modes are presented in
Fig. 3d and e. We note that their Raman peak positions were
tracked starting from 0 GPa to accurately identify/label these
modes at low and high pressure, as shown in Fig. 2c¢ by the
dotted gray lines. A comparison of ARRS results between 0 vs.
12 GPa implies that the observed four-fold symmetry remains
largely unchanged. However, its relative orientation (i.e., polar-
ization orientation) changes possibly due to changes in the
Raman tensor caused by the pressure-induced reduction of

View Article Online
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in-plane lattice constants anisotropy, which arises when CDW
is forming.”"”

After establishing the pressure-induced suppression of the
CDW phase in NbTe; and other RTe; crystals, we propose the
phase diagram of RTe; CDW behavior across the entire family
of RTe; systems. Previous studies for LaTe; and CeTe; have
shown that the satellite XRD peaks corresponding to lattice
distortion and evoked by the CDW state will disappear when
the volume of the lattice is compressed by 5%"® offering some
insights into pressure-induced effects. In contrast, other
Raman studies performed primarily above the critical fre-
quency range (~80 cm™') prevented observing pressure-
induced CDW changes.>* Here, our comprehensive pressure
studies explain how pressure suppresses the CDW state as the
‘b’ out-plane lattice constant is varied across the RTe; materials
system (Fig. 4a) by changing the metal cation type. More
specifically, for lighter metal cations such as La in the case of
LaTe;, the ‘b’ out-of-plane lattice constant is larger (26.27 A)
compared to that of the heavier TbTe; (25.48 A) vdW crystal.
This causes larger in-plane lattice constant anisotropy and
higher Tcpw moving from Tb to La.'”

Fig. 4a summarizes the pressure required to cross over from
CDW to non-CDW phase across the entire RTe; series. The
rightmost part of Fig. 4b schematically presents how chemical
pressure variation is induced. When the rare-earth element is
replaced with a smaller one, the out-of-plane lattice constant
(and the unit cell volume) is reduced, causing an increase in
chemical pressure. Results in Fig. 4a show that in RTe; crystals
with large chemical pressure resulting from the smaller lattice
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(a) Polarization map of Raman spectra obtained for NdTesz at 1.97 GPa. The polar plot of the integrated intensity of phonon mode 35 cm™
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Fig. 4 (a) Phase diagram relating pressure at which the CDW diminishes with the out-of-plane lattice constant. The inset represents (080) reflection for
XRD spectra across RTez crystals at ambient pressure. (b) Schematic of chemical and hydrostatic pressure equivalence in the RTes material system.

constant ‘b’ (closer to Tb and away from La), the critical
pressure required to induce CDW phase transition is much
smaller. In contrast, going from TbTe; to LaTes;, the chemical
pressure is reduced, and the lattice constant ‘b’ is increased.
Thus, it takes higher hydrostatic pressure to suppress the CDW
state. This presents clear evidence for equivalence of chemical
and hydrostatic pressure (as shown in Fig. 4b) when the
second-order phase transition is considered for RTe; materials.

Conclusions

In conclusion, these comprehensive high-pressure studies
establish the pressure-induced suppression of CDW phases in
vdW RTe; systems where R = La, Ce, Pr, Nd, Sm, Gd, and Tb.
Results show that the diamond anvil cell integrated with
Raman spectroscopy can elucidate CDW behavior in this mate-
rial system by investigating the Raman active and CDW ampli-
tude modes. Using these methods, we demonstrate that the
CDW phase can be easily suppressed by applying hydrostatic
pressure for late rare-earth tritellurides (towards TbTejs),
whereas significantly larger (>5 times) pressure is required
to suppress the CDW phase in early RTe; (towards LaTes). This
effect is linked to the already large internal chemical pressure
or smaller out-of-plane lattice constant ‘b’ in late RTe; materi-
als, further confirming the equivalence between hydrostatic
and chemical pressures. Our studies give new insight into the
behavior of the CDW phase in vdW RTe; crystals and establish
the library of pressure responses across the entire RTe; mate-
rial system.
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