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ABSTRACT

Here, we present comprehensive phononic and charge density wave properties (CDW) of rare-earth van der Waals tritellurides through
temperature dependent angle-resolved Raman spectroscopy measurements. All the possible rare-earth tritellurides (RTes) ranging from
R = La-Nd, Sm, Gd-Tm were synthesized through a chemical vapor transport technique to achieve high quality crystals with excellent CDW
characteristics. Raman spectroscopy studies successfully identify the emergence of the CDW state and transition temperature (Tcpw), which
offers a non-destructive method to identify their CDW response with micron spatial resolution. Temperature dependent Raman measure-
ments further correlate how the atomic mass of metal cations and the resulting chemical pressure influence its CDW properties and offer
detailed insight into the strength of CDW amplitude mode-phonon coupling during the CDW transition. Angle-resolved Raman measure-
ments offer the first insights into the CDW-phonon symmetry interplay by monitoring the change in the symmetry of phonon mode across the
CDW transition. Overall results introduce the library of RTe; CDW materials and establish their characteristics through the non-destructive
angle-resolved Raman spectroscopy technique.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0110395

INTRODUCTION

Rare-earth tritellurides (RTes, R = La-Nd, Sm, Gd-Tm) is a
family of antiferromagnetic layered materials wherein individual
RTe; sheets are coupled to each other through weak van der Waals
(vdW) interactions. Recently, rare earth tritellurides have attracted
much attention owing to their high electron mobility in the mag-
netically ordered vdW materials,' the presence of superconductivity
under high pressure and intercalation,”’ and other emergent quan-

incommensurate CDW state with the wavevector qc = (0, 0, ~ 2/7 )
at the transition temperature ranging from 250 K in TmTe; to
540 K in CeTes, and an even higher temperature is expected in
LaTes."'®!"” For heavy R elements (Tb-Tm), a second incommen-
surate CDW state with the wavevector qc = (~2/7 a*, 0, 0) occurs
perpendicular to the first CDW wavevector qc at the temperature
ranging from 41 K in TbTe; to 186 K in TmTes. """

Usually, measurements are carried out using electrical trans-

tum properties and effects.” ' RTe; sheets consist of two tellurium
layers separated by an RTe slab in the unit cell as shown in Fig. 1(a).
RTe; has an orthorhombic crystal structure with a slight in-plane
anisotropy (a ~ 0.999¢), which results in a preferred charge den-
sity wave (CDW) order direction along the c-axis [Fig. 1(a)]. The
lattice parameter varies with the R lanthanide atom’s Bohr radius
and leads to an effective chemical pressure that affects the transi-
tion temperature of CDW states."” """ All RTe; show a unidirectional

port studies after RTes sheets undergo heavy microfabrication steps,
and the measured response is an average over a large area. Due
to the poor environmental stability of some of these rare-earth
tritelluride materials, they can quickly oxide or can even become
defective after processing, resulting in a change of physical proper-
ties. Limited optical spectroscopy studies suggested the emergence
of CDW phase transition of selected RTes containing La, Gd, Dy, or
Er.”””° More comprehensive studies across the entire RTe; family
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FIG. 1. (a) The crystal structure of rare-earth tritellurides. (b) The optical images of RTes crystals. (c) The optical image of an exfoliated GdTe; sheet on a SiO,/Si substrate.
(d) X-ray diffraction spectrum from a GdTe; single crystal. The inset shows the (0 8 0) reflection of the series of RTe; crystals ranging from R = Nd, Sm, Gd-Tm. (e)
Scanning electron microscopy (SEM) image and energy-dispersive x-ray spectroscopy (EDS) elemental mapping results of (f) Te and (g) Gd for GdTe; exfoliated sheets.

(h) EDS spectrum of GdTes.

are needed to understand how the metal cation type and chemical
pressure influence their CDW response and how CDW formation
influences the phonon symmetry (angle-resolved Raman) across the
CDW transition.

Here, we report on the comprehensive vibrational and charge
density wave properties of the library of rare-earth tritellurides mate-
rials through cryogenic Raman spectroscopy and angle-resolved
Raman spectroscopy. Using the chemical vapor transport (CVT)
technique, all the possible rare-earth tritellurides (RTes3) were syn-
thesized to include R = La-Nd, Sm, Gd-Tm. Through systematic
Raman spectroscopy studies, the emergent CDW vibrational fin-
gerprints were identified for a given lanthanide metal cation by
monitoring the changes in the Raman spectra as the temperature
was swept and the material underwent the CDW transition. Further-
more, decreasing the Bohr radius of rare-earth metal cations going
from R = La to Tm allowed us to correlate the CDW properties
to increasing chemical pressure through micron resolution cryo-
genic Raman spectroscopy. For the first time, angle-resolved Raman
spectroscopy on RTes sheets was performed, which revealed large
changes in the Raman polar plots across the CDW transition tem-
perature associated with the Raman tensor changes triggered by the
onset of the CDW phase.

The CVT synthesis of rare-earth tritelluride crystals. RTe;
crystals were synthesized by chemical vapor transport (CVT) to yield
large RTes crystals as shown in Fig. 1(b). One gram of a stoichiomet-
ric mixture of rare-earth metal (99.9%, Alfa Aesar) and tellurium
(99.999%, Alfa Aesar) was sealed with a transport agent in a quartz

ampoule under a vacuum of 107 Torr. In a typical growth, 20 mg
of iodine (I;) for R = La-Dy and 40 mg of TeCls for R = Ho-Tm
were used as a transport agent. The ampoule was heated at the rate
of 2 K/min to the growth temperature ranging from 500 to 730 °C
depending on which RTe; is being grown (see the summary of
growth parameters in supplementary material Table I). The growth
process was carried out for 1 week, and subsequently, the temper-
ature was controllably reduced to room temperature. The quartz
ampoule was opened in a glovebox, and the crystals were stored in
an inert environment to avoid degradation. The crystals were freshly
exfoliated onto SiO,/Si substrates using the standard mechanical
exfoliation technique [Fig. 1(c)]. Because of the vdW interaction
between two adjacent Te layers, the crystal can be easily exfoliated
into thin and smooth films. Typical RTes exfoliated sheets mea-
sured ~100 nm to microns in thickness. The crystal structure was
characterized by x-ray diffraction (XRD) using Malvern PANalytical
Aeris with Cu Ka radiation. The x-ray diffraction spectra of synthe-
sized RTes crystals exhibited well-defined (0 I 0) reflections along
the vdW stacking b-axis lattice direction with I = 2, 4, 6, and so on,
as shown in Fig. 1(d), which was consistent with values reported
in literature.”® It is known that the atomic radius of lanthanides
shrinks as the atomic number increases due to the poor shield-
ing effect of 4f electrons, which is called lanthanide contraction.
The lanthanide contraction results in a decreased lattice parameter
for RTe;s crystals with heavier rare-earth elements.'” Scanning elec-
tron microscopy (SEM) and energy-dispersive x-ray spectroscopy
(EDS) measurements were performed using a JEOL JXA-8530F field
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emission electron microprobe analyzer with an acceleration voltage
of 20 kV. The SEM image shown in Fig. 1(e) also showed the layered
nature of the synthesized RTe; vdW crystals, and the EDS mappings
have shown uniform rare-earth cation and chalcogen anion distri-
bution across the entire flake as shown for GdTe; in Figs. 1(f) and
1(g) with a 1:3 stoichiometric ratio of R to Te.

Chemical pressure effects on the Vibrational characteris-
tics. To understand the effect of chemical pressure on the CDW
and phononic properties of RTes; crystals, temperature depen-
dent Raman measurements were performed on exfoliated and
bulk crystals using a 532 nm laser with a 50x objective lens.
The laser spot size was kept the same (~1 ym) for all samples,
and the laser power was set below 750 yW to prevent sample
degradation. Angle-resolved Raman spectroscopy (ARRS) mea-
surements were also performed using the same setup. The scat-
tered light was polarized parallel to the incident laser, and the
polarization direction was rotated to collect Raman spectra at
different angles, as demonstrated previously for other material
systems.f o

The temperature dependent Raman spectra of GdTe; from 298
to 388 K are shown in Fig. 2(a). The broad shoulder located around
® < 60 cm™! at 298 K shifts to lower frequencies (softens) as the
temperature is increased. The peak eventually vanishes above the
CDW transition temperature (Tcpw ~ 378 K) when the CDW order
is thermally disturbed. This significant temperature dependence of
the frequency is specific for a CDW amplitude mode.””****~**
Other small peaks at 60, 80, and 110 cm™! lose their Raman intensity
and eventually disappear above Tcpw without substantial frequency
shifts, which indicates that these peaks originate from the CDW
zone-folded modes due to the new lattice periodicity. The emer-
gence of these new Raman peaks in the CDW state has been reported
in various materials. The emergence of these new Raman peaks in
the CDW state has been reported in various materials.””***>""~*' In
contrast, the peaks at 65, 92, 118, and 129 cm™! remain even above
Tcow, implying that they are related to the undistorted-state phonon
modes.

ARTICLE scitation.org/journal/apm

The Raman peak positions of other RTe; materials with
R = La-Nd, Sm, Gd-Tm were collected at 79 K and summarized
in Fig. 2(b). As discussed above, the origin of Raman peaks is deter-
mined by temperature dependent Raman spectroscopy (the Raman
spectra of the RTes series are shown in the supplementary material).
The red circles represent the phonon peaks, and the green dia-
monds represent the CDW peaks. The peaks of the phonon modes
at 35 and 135 cm™" are independent of the rare-earth cation while
the peak around 100 cm™" softens, and the peaks around 60 and
115 cm™" harden with the heavier rare-earth cations. Although the
proximity of Raman peaks makes it difficult to deconvolute some of
them, the trend of peak positions by a systematic study of Raman
spectra through lanthanide series enables us to determine the peak
positions.

Figure 2(c) shows the plot of full width at half maximum
(FWHM) of phonon modes of GdTes shown in Fig. 2(a) as a func-
tion of temperature. The FWHM of the peaks decreased as the
temperature decreased due to phonon anharmonicity. The peak at
118 cm™! showed an anomalous increase of FWHM below Tcpw.
This behavior was not observed in the other phonon modes. This
broadening below Tcpw can be attributed to the emergence of new
CDW peaks. As shown in Fig. 2(b), one phonon mode and two
CDW modes exist around 120 cm™". The fact that the peak around
120 cm™ splits into two peaks at low temperature [Fig. 3(a)] and
supports the origin of the increase in FWHM.

Figures 3(a) and 3(b) show the Raman spectra collected from
GdTes and ErTe; from room temperature (300 K) down to 77 K.
As the temperature decreased, the CDW amplitude mode frequency
wcpw appeared at ~360 K for GdTes and at ~250 K for ErTes,
which is consistent with resistivity measurements as summarized
in Fig. 3(d).””*"”” At low temperatures, the intensity of the CDW
amplitude mode decreases, and the Raman shift becomes indepen-
dent of temperature, while the intensity of the peak around 60 cm™
becomes stronger and blueshifts at lower temperatures. This anti-
crossing behavior is due to the interaction of the CDW amplitude
mode and phonon mode and is consistent with prior works.””***
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FIG. 2. (a) Temperature-dependent Raman spectroscopy for GdTes. The signature CDW Raman mode is observed at ~50 cm~" as the temperature is lowered across
the CDW transition temperature, Tcpw. (b) Identified Raman peaks for the entire lanthanide tritelluride series at T = 79 K. Circles represent phonon modes related to the
undistorted state. Diamonds represent peaks related to the CDW state. (c) FWHM of GdTe; phonon modes. The major four phonon modes at 65 cm=" (pentagons), 92 cm~"

(circles), 118 cm™" (triangles), and 129 cm=" (squares) are shown. At low temperatures, the 118 cm=" mode splits into two peaks (triangles and diamonds). The 35 and
65 cm~" modes at low temperatures are not shown due to the difficulty of deconvolution of these peaks related to phonon and CDW amplitude modes.
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of CDW and phonon modes become comparable (Ty, = 240 K for GdTes, 90 K for ErTes). (c) Temperature dependence of the CDW amplitude mode. The red and blue
solid lines show the fittings based on the coupling of the phonon mode and the amplitude mode following the Ginzburg-Landau temperature dependence. The fitting is
performed using the data points at temperatures above Ty, (d) RTe; CDW transition temperature as a function of the rare-earth cations measured with various methods.
The red spheres represent the transition temperatures estimated by the fitting on the peak position of the amplitude mode and phonon. The green symbols are determined
by Resistivity measurement,’> XRD,'” and SAED.'* (e) The coupling constant of the CDW amplitude mode and phonon mode (square), and B for Ginzburg-Landau

temperature dependence (circle).

The intensities of the CDW peak and the phonon peak become com-
parable around the critical temperature T as shown in Fig. 3(c)
(blue dotted circles), and the peak around 60 cm™! starts to behave
as a CDW amplitude mode above the critical temperature Ti.

Here, the temperature dependence of the CDW mode (wcpw)
can be described by the Ginzburg-Landau model in the form of
B 222343

wCDW = Wo X (1 B wcpw is the frequency of the CDW

Tcow
mode, w, is the frequency of the CDW amplitude mode at low
temperature, and the parameter f is a critical exponent. The CDW
amplitude mode and the phonon mode wyy, interact through a cou-
pling constant 8. The interaction can be described by a matrix
(wCDW

8
the vibrational frequencies observed in Raman spectroscopy. Within
this relation, the CDW amplitude mode softens as the temperature
increases, gradually reaches zero frequency, and completely dis-
appears around the CDW transition temperature Tcpw. The data
points above the critical temperature Ty are used for the fitting
since the coupling with another peak around 80 cm™" is observed
at a lower temperature, which causes a deviation from the coupling
model of the two modes. The experimentally measured temperature
dependence of the CDW modes has shown an excellent agreement
with the Ginzburg-Landau equation as shown in Fig. 3(c). Based on
the fittings, Tcpw is 378 K for GdTes and 266 K for ErTes. We note
that these Tcpw values obtained from fitting were in close agreement
with the values determined by macroscale electronic measurements
as shown in Fig. 3(d).

Based on the close agreement seen in Tcpw values from elec-
trical transport and Raman spectroscopy measurements, the Tcpw
values were successfully determined for RTes (R = Gd-Tm) by
Raman spectroscopy. The CDW transition temperature decreased
for increasing atomic number (increasing the number of 4f

8 . .
), where the eigenvalues of the matrix correspond to
Wph

electrons) as shown in Fig. 3(d) (red circles). This trend across the
lanthanide series can be attributed to reduced lattice parameters or
increased chemical pressure by heavier lanthanide atoms, in which
the chemical pressure is qualitatively equivalent to the applied exter-
nal pressure, reducing Tcpw. Figure 3(e) further shows that the
extracted coupling constant § (Ginzburg-Landau fitting) increases
for heavier lanthanide atoms (increased chemical pressure) while
the critical exponent f3 value remains nearly constant. This find-
ing implies that increasing the number of 4f electrons effectively
increases the interaction between the CDW amplitude mode and
phonon vibrational mode. Further theoretical studies are needed to
clarify the origin of this effect.

Angle-resolved Raman spectroscopy and CDW transition.
The natural question arises as to how the symmetry of fundamental
Raman modes changes as coupling with the amplitude mode takes
place across the CDW transition. In our studies, we have performed
angle-resolved Raman spectroscopy measurements on NdTe; and
GdTes above Tcpw and at the lowest attainable temperature (79 K)
in our cryostat to elucidate these effects. The spectra of NdTe; and
GdTe; at each temperature are shown in Fig. 4(a). The spectra above
the CDW transition temperature are obtained at 500 K for NdTes
(Tcpw ~ 470 K) and 380 K for GdTes (Tcpw = 378 K). The inten-
sities of the phonon modes determined by Lorentz fitting under
parallel polarization configuration are plotted with respect to the
polarization angle Figs. 4(b) and 4(c) (the angle-resolved Raman
spectra and the fittings are shown in the supplementary material).
Here, the in-plane crystal structure orientation is determined by the
angle-dependence of the CDW amplitude mode peak intensity.”
The angle is defined as 0° when the polarization of the incident laser
is along the a-lattice direction. Due to the weak Raman peak inten-
sity and overlap with the CDW peak, fittings to the phonon mode
at 63 cm™! for NdTe; (at 500 K) and 114 cm™! for GdTes (at 79 K)
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FIG. 4. (a) Raman spectra of NdTe; and GdTe; at 79 K (solid line) and above CDW transition temperature (dashed line). The spectra above the CDW transition temperature
are obtained at 500 K for NdTe; and 380 K for GdTes. Asterisks represent phonon modes related to the undistorted state. Angle dependence of phonon modes of (b) NdTe;
and (c) GdTes above (circles) and below (triangles) the CDW transition temperature. The fitting was not performed on the peak of NdTes at 63 cm~" due to the small peak
intensity. The peak of GdTe; at 114 cm~" overlapped with the CDW peak at 79 K (diamond).

were not possible [Fig. 4(b)]. Above the CDW transition tempera-
ture (at 500 K), all five Raman peaks show clear four-fold symmetry.
The Raman modes at 35, 64, 114, and 129 cm™~! maximize when
the polarization vector is ~45° while that at 91 cm™ maximizes at
~90°, which indicates that the Raman mode at 91 cm™" and the other
modes originate from the vibrational modes that have different sym-
metry. Below the transition temperature (79 K), the symmetry of the
peaks at 35, 64, 114, and 129 cm”! remain the same, but the peak
at 91 cm™! starts to display a two-lobed feature (it reaches a maxi-
mum at 90 and 270°). This polarization direction corresponds to the
c-axis direction [Fig. 1(a)]. This result suggests that the distortion
triggered by the CDW transition primarily affects the 91 cm™" peak
and that this mode is involved in the coupling (phonon-electron and
phonon-phonon) processes.

In summary, the results have introduced low-frequency tem-
perature dependent Raman spectroscopy and angle-resolved Raman
spectroscopy to access the CDW phase transition and related phys-
ical parameters in a wide range of lanthanide tritelluride materials.
Findings have shown that the onset of the CDW transition, Tcpw,
a CDW amplitude mode, can be observed in RTe; (R = Gd-Tm),
and the temperature dependence of the CDW amplitude mode can
be well-described by the Ginzburg-Landau model. The CDW tran-
sition temperature (Tcpw) and other CDW-related parameters can
be well determined after fitting into the Ginzburg-Landau model.
Angle-resolved Raman studies highlighted which Raman modes
undergo significant symmetry changes across the CDW transi-
tion temperature. Findings introduce complete Raman spectroscopy
studies on RTe; CDW materials and extend the knowledge in these
unique material systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for the growth condition, the
complete sets of temperature dependent Raman spectra, and the
details of the Lorentz fitting.
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