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We present the structural evolution and electrical transport properties in quasi-two-dimensional layered CeTes
under high pressures by employing Raman spectra, synchrotron x-ray diffraction (XRD), and electrical resistance
measurements. Our Raman and XRD experiments reveal the suppression of charge density wave (CDW)
occurring via two distinct ways at ~6 GPa in different hydrostatic environments, namely, incommensurate-to-
commensurate transition via the distortion of the Te sheets at quasihydrostatic condition and the transformation
from the superlattice of the Cmcm structure to an intermediate phase (HP I) with lower symmetric structure at
nonhydrostatic condition. The electrical transport measurements show the emergence of the superconductivity
(SC) at ~3.3 GPa after suppression of CDW and antiferromagnetism. Upon further compression up to ~90
GPa, the low-pressure layered structure transforms into a high-pressure phase (HP II) with three-dimensional
structure, which is tentatively attributed to the Pmmn symmetry and accompanied by a new superconducting
behavior. Our discoveries shed light on the distinct mechanisms in pressure-induced suppression of CDW and

transformation from the layered to three-dimensional structure in the rare-earth tritelluride family.
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I. INTRODUCTION

The rare-earth tritelluride family (RTes;, R=La-Nd, Sm,
Gd-Tm, Y) with a quasi-two-dimensional layered structure
has attracted increasing attention owing to charge density
waves (CDWs), spin density waves, superconductivity, mag-
netic order and other advanced quantum properties [1-6].
Among the exotic physical properties, the CDW state, char-
acterized by a cooperative periodic modulation of the charge
density and crystal lattice, receives special care as a promising
model system to study the electron-lattice interplay in the
layer structure [7,8]. It originates from the strong coupling
between the electronic and lattice degrees of freedom, and
can be tuned by modifying the lattice with high pressure,
chemical pressure, uniaxial stress, and pump laser [4,9—15].
For example, uniaxial stress can reversibly switch the di-
rection of the ordering wave vector between two in-plane
directions by tuning RTe; beyond a quasitetragonal structure
[11]. Applied pressures can shrink the pseudotetragonal lattice
to inhibit the formation of the CDW condensate [9,10,14],
while chemical intercalation provides a weak random poten-
tial to smear the two CDW transitions into crossovers via
chemical pressure, i.e., suppressing long-range CDW order
by introducing disordering [16]. The time-dependent CDW
domain walls perpendicular to the sample surface will break
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the CDW long-range order when pump laser is applied, con-
trolled experimentally by the x-ray incidence angle [12,15].
High pressure is often used as a clean method to tune the
lattice structure and electronic properties. It plays a crucial
role in the modulation of electronic properties in RTes, as
some intriguing physical phenomena may emerge such as
suppression of CDW, superconductivity, magnetic ordering,
incommensurate-to-commensurate transition, structural tran-
sition from a layered to a three-dimensional (3D) state, etc.
[17-24]. Here, we chose CeTe; as an example to study the
structural transitions and electronic transport for understand-
ing the relationship between electronic properties and crystal
structure at high pressures.

The crystal structure and electronic properties of rare-
earth tritelluride, e.g., CDW and superconductivity, have
been extensively investigated under high pressures at vari-
ous hydrostatic conditions via single-crystal x-ray diffraction
(XRD), Raman, reflectivity, and electrical resistance mea-
surements [9,14,25,26]. However, fundamental mechanisms
remain vague regarding the electron-lattice interplay. In
CeTes, the intensities of the superlattice diffraction peaks,
attributed to CDW, gradually reduced with increasing pres-
sure in the hydrostatic environments with He as the pressure
medium, and disappeared at 3 GPa according to single-crystal
x-ray diffraction [9]. The distortion of the square-planar Te
sheets was observed to be suppressed under compression up
to ~6 GPa with the reduction of the difference between the
a and ¢ axes. These results suggested a transition from an
incommensurate to commensurate lattice with suppression
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of CDW, which was further supported by low-temperature
Raman and reflectivity measurements under quasihydrostatic
or hydrostatic conditions [10,14]. When compressed up to
6 GPa, Sacchetti er al. [9] reported CeTe; maintained its
Cmcm structure without changing its structural symmetry in
the XRD and Raman measurements. However, Zocco et al.
[25] provided the evidence for two magnetic phases at high
pressures and low temperatures, and indicated a possible
structural transition of CeTes; at ~4.5 GPa in the electrical
resistivity and specific-heat measurements at quasihydrostatic
condition with solid steatite as the pressure medium, showing
the discrepancy from the results in the XRD and Raman
measurements. This suggests the pressure medium used in
the experiments may affect outcomes. Fundamental issues re-
garding pressure-induced structural transition, mechanism for
the suppression of CDW, and change of electronic properties
remain unexplored as of yet.

On the other hand, it was reported that some RTe; materi-
als, e.g., GdTes, TbTes, and DyTes, become superconductors
with a critical temperature of T, at ~1 K and ~2 GPa, follow-
ing the pressure-induced suppression of CDW [26,27]. Zocoo
et al. [27] believed that the formation of superconductivity
may be closely related to the pressure-induced modulation
of the magnetism of the R-Te layers and the CDW states.
However, the specific mechanism remains controversial. For
CeTes, the previous experiments show no signs of super-
conductivity under compression up to 16 GPa at 1.6 K
despite the suppression of the CDW state at 6 GPa [27,28].
Therefore, further studies are needed to investigate whether
superconductivity can be achieved in CeTe; at high pressure
after suppression of CDW. Additionally, the pressure-induced
structural transformation from a layered two-dimensional
(2D) to a 3D structure has been observed in other layered ma-
terials, such as in TaS; and CsV3Sbs [17,22,23], accompanied
by a reenhanced superconducting phase or domelike super-
conducting phase. However, it is unknown whether a similar
transformation occurs in CeTes. In this work, we investi-
gated the crystal structural evolution and electronic properties
at high pressures by using in sifu angle dispersive x-ray
diffraction, Raman, and electrical transport measurements at
quasihydrostatic/nonhydrostatic conditions. Interestingly, our
observations reveal two paths responsible for the suppression
of CDW at ~6 GPa and transformation from the layer to
three-dimensional structure at high pressure, accompanied by
the appearance of two superconducting states.

II. EXPERIMENTAL DETAILS

A. Synthesis method

Single crystals of CeTes; were synthesized by the binary
melt method as described previously [5]. Briefly, elemental
cerium metal (99.9%) and tellurium (Alfa Aesar, 99.99%)
were mixed with the molar ratio of 1:30 and then vacuum
sealed in quartz tubes. The mixtures were heated up to 900 °C
to form molten mixtures of Te and CeTe; and kept for 24
h. Subsequently, the molten CeTe; were slowly cooled down
to 820-870 K over a period of 5 days. The shiny brittle
crystal CeTe; with golden color was separated from lig-
uid tellurium in a centrifuge. The energy dispersive x-ray

spectrometry shows the 1:3 ratio and homogeneous distri-
bution of cerium and tellurium in the elemental mapping
(Supplemental Material Fig. 1 [29]). The crystal structure at
ambient conditions was characterized by the high-resolution
transmission electron microscopy (HRTEM), showing the
high-quality crystallinity synthesized. The HRTEM images
also show some defects may form during the sample prepa-
ration for high-pressure experiments (Supplemental Material
Fig. 2).

B. Low-temperature Raman experiments

High-pressure Raman experiments at low temperatures
were performed in backscattering geometry using a micro
spectrometer in the symmetric diamond-anvil cell [30,31].
The diamond-anvil cell (DAC) with 500 um anvil culet was
used in low-temperature Raman measurement. A stainless-
steel gasket was preindented to a thickness of 35 um and a
hole was drilled at its center to a diameter of 300 um. The
crystal samples without oxide layers for the experiments were
prepared by the tape-based mechanical exfoliation method. A
small sample piece with a typical dimensional size of about
50 x 50 x 10 um® was loaded into the sample chamber with
one ruby ball as pressure calibrant [32]. Silicone oil served as
a pressure-transmitting medium at quasihydrostatic condition.
After sample loading, the DAC was placed in a Janis ST-500
continuous flow cryostat. Before cooling, a vacuum pump was
used to obtain a vacuum environment. The sample was cooled
using a recirculating helium gas cooler, in which helium gas
passed through heat exchangers on a cryocooler and flowed
into the cryostat to cool the sample. It then returned to the
cryocooler for recooling and circulating. The temperature at
10-300 K was monitored by the silicon diode sensor. The
Raman spectra were collected in a MonoVista CRS+ system
with 532 nm laser excitation and laser power of 0.912 mW.
A grating of 2400 grooves/mm was employed throughout the
experiment with a collection time of 300 s [33].

C. High-pressure synchrotron x-ray diffraction experiments

In situ angle dispersive x-ray diffraction was performed at
the 4W2 beamline of Beijing Synchrotron Radiation Facility
and the 15U1 Station of Shanghai Synchrotron Radiation
Facility [34]. The x-ray beam of the 4W2 beamline with a
wavelength of 0.6199 A was used and focused into 35 x 10
um? spots on the sample with K-B mirrors, and the beam of
the 15U1 Station with a wavelength of 0.6199 A was focused
into 2 x 2 um? spots on the sample. The DACs with an anvil
culet of 300 um were used for the high-pressure XRD mea-
surements. The diameter of the sample chamber was ~120
um in a stainless-steel gasket that was preindented to ~30
um thickness. A piece of sample with a typical dimensional
size was loaded into the chamber together with ruby balls
serving as the pressure marker [32]. Silicone oil was used
to achieve a quasihydrostatic pressure environment (Supple-
mental Material Fig. 3). The sample kept the initial shape
and orientation during the compression process at least up
to 10 GPa, indicating a good quasihydrostatic environment
provided by the silicone oil (Supplemental Material Fig. 3). It
should be noted that CeTej has a layered structure and exhibits
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a certain degree of brittleness with anisotropic compressibility
and relatively small elastic modulus, rendering it vulnerable
and prone to distortion under even small deviatoric stress
(Supplemental Material Fig. 3). Therefore, the slight stress
may have significant influence on the structural evolution of
CeTes. Thus, the nonhydrostatic experiments were conducted
without pressure medium, in which the DACs with an anvil
culet of 100 um were employed to provide pressure close
to 1 Mbar. Rhenium was used as a gasket with a chamber
of 50 um diameter and the pressure marker [35]. Pressure
was controlled by the membrane system in both quasihydro-
static and nonhydrostatic experiments. Two-dimensional (2D)
diffraction images were collected with a PILATUS detector
with the typical exposure time of 200 s at 4W2 and 30 s
at 15U1. During experimental data collection, the DAC was
rotated with +15° along a vertical axis perpendicular to the
x-ray beam. The 2D diffraction images were integrated using
the DIOPTAS software [36]. The system was calibrated by a
CeO; standard. Full profile refinements of the XRD patterns
were conducted to obtain unit cell parameters by the General
Structures Analysis System (GSAS) package [37].

D. High-pressure electrical transport experiments

High-pressure electrical transport measurements were
carried out using the standard four-probe method in a non-
magnetic BeCu alloy DAC with a 100 um anvil culet. The
Pt foil was cut into long wires with diameter of 5 um and
used as electrodes. A nonmagnetic rhenium gasket was used
with an initial thickness of 200 um. The preindented hole was
covered by cubic boron nitride as the insulating layer with
a thickness of ~20 um. Subsequently, a hole with 60 wm
diameter was drilled by a laser drilling machine as the sample
chamber. A piece of sample with a typical dimensional size
of ~ 40 x 40 x 20 um*® was loaded into the sample cham-
ber without a pressure-transmitting medium in nonhydrostatic
experiments. A ruby ball was loaded for a pressure maker
below 50 GPa. The pressure was determined by the Raman
shift of diamond above 50 GPa [38]. The prepared DAC
was placed in a commercial physical property measurement
system (PPMS, Quantum Design and Physike) with automatic
temperature control. The electrical transport measurements
were performed in a PPMS with the lowest cooling temper-
ature down to 1.6 K and a maximum magnetic field parallel to
the b axis of the sample up to 9 T.

III. EXPERIMENTAL RESULTS AND DISCUSSION

CeTes crystallizes in an orthorhombic structure with
Cmcm space group at ambient conditions. The x-ray
diffraction shows the lattice parameters of a = 4.3576(5) A,
b=125.6721(9) A, and ¢ = 4.3798(7) A at 0.7 GPa, close to
previous reports [3] (Supplemental Material Fig. 4). It has a
layered structure consisting of alternate stacking corrugated
CeTe slabs and double square-planar Te sheets with the Te-Te
distance of ~3.1 A perpendicular to the b axis [Fig. 1(a)]. The
Te sheets are bonded weakly by van der Waals interactions
with the layered nature in CeTes. The orthorhombic structure
is modulated by the CDW, leading to a distorted square and
forming an orthorhombic net in the Te sheets. The HRTEM

image demonstrates two kinds of Te-Te bond distances with
values of ~3.08 and ~3.14 A in the distorted square Te net
[Fig. 1(b)], consistent with the previous studies [3,39-41].
Moreover, a glide plane exists between the two Te sheets
along the c-axis direction, resulting in a slight difference
between lattice a and lattice c. In order to verify the features
of the CDW, selected area electron diffraction was carried
out [Fig. I(c) and Supplemental Material Fig. 5]. The
dominant electron diffraction spots of the high-quality single
crystal correspond to the Cmcm orthorhombic structure. The
satellite-weak peaks are attributed to the CDW reflection
spots [labeled by red dashed circles in Fig. 1(c)], which
come from the modulation of the period lattice with a single
in-plane wave vector [gcpw = (2/7) c*, ¢* = 2m/c]. The
satellite-weak peaks indicate an incommensurate lattice in
CeTes at room temperature, confirming the previous report
[4] that the charge density wave modulates the layered
orthorhombic structure of CeTes;. The wave vectors of the
CDW are calculated to be ~4.27 nm~!.

Raman experiments further confirm the existence of CDW
and modulation of the orthorhombic structure, which evolves
with temperature and pressure. Figure 2 shows the Raman-
scattering spectra of CeTe; at various temperatures and
pressures. At 295 K and 0.1 GPa in Fig. 2(a), four main
peaks are observed at 69, 83, 94, and 109 cm™! (labeled by
R1, R2, R3, and R4). The factor group analysis gives the
Raman-active phonons of 4A, + 4By, + 48B3, for the undis-
torted orthorhombic structure [42]. The R1 and R3 bands are
assigned to the A, mode, corresponding to the vibration of
the Te planes; R2 is A, + Bj, mode, originating from the
vibration of the Te plane and the CeTe slab; R4 corresponds
to the Bj, mode owing to the stretching of the Te-Ce bond.
Notably, the shoulder peaks exist at around R2 and R4, and
a new peak at round 107 cm~! splits from the R4 upon
cooling. According to the previous studies [10,42,43], the
peak splitting and new peaks emerging near the R2 and R4
bands are attributed to the distorted orthorhombic structure
modulated by the CDW. Upon cooling, all the Raman bands
become sharper with the reduction of the linewidth (Supple-
mental Material Fig. 6) and the relative intensities increase as
temperature decreases, demonstrating the enhancement of the
CDW order in the layered structure of CeTe; [44].

Upon compression at quasihydrostatic condition
[Figs. 2(b)-2(d)], all the Raman bands shift to high wave
numbers, associated with the broadening and decrease of
the intensities. We note that the R2 band, related to the
CDW, splits into two peaks above 1.5 GPa. This implies
enhanced distortion of the Te sheets in the modulated
tetragonal structure at high pressure [42]. Upon further
compression up to ~6 GPa, the major Raman bands disappear
eventually, indicating a pressure-induced structural change
and suppression of CDW. This is in agreement with previous
studies [10]. Based on present and previous studies [10,41],
however, it remains unknown regarding the mechanism for
the suppression of CDW and detailed information on the
structural evolution at high pressure.

Raman measurements demonstrate the pressure-induced
suppression of CDW at ~6 GPa, which may be related
to the structural transition. In order to confirm it, we con-
ducted in situ high-pressure x-ray diffraction experiments on
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FIG. 1. (a) Crystal structure of CeTes. (b) Typical HRTEM image of the CeTe; single crystal along the [010] direction. The intensity scans
along red and blue lines show the variation of the Te-Te distances in the Te sheets. (c) Selected area electron diftraction pattern for CeTe; along
the [112] direction. The integral area is marked by the red dashed line, and the intensity integration along the red arrow indicates the satellite

peaks attributed to the CDW modulation.

CeTe; at different hydrostatic conditions. These experiments
reveal two distinct pathways in the structural evolutions in the
low-pressure range below 19 GPa, namely, structural phase
transformation to a lower symmetry structure at nonhydro-
static condition and distortion of Te sheets without structural
symmetry broken at quasihydrostatic condition. This implies
the suppression of CDW could be caused by two distinct
ways.

The comparison of the structural evolutions of CeTe; dur-
ing compression from O to 19 GPa in nonhydrostatic and
quasihydrostatic environments is shown in Fig. 3. Upon com-
pression at nonhydrostatic condition, all peaks shift to higher
angles, corresponding to the shrinkage of the lattice planes
[Figs. 3(a) and 3(c)]. The original phase is found to be stable
up to 6 GPa. Starting from 6.3 GPa, new diffraction peaks
arise at 14.7° and 14.9° [marked by arrows in Fig. 3(a)] and
persist at least up to 19 GPa, indicating a structural transition
at ~6.3 GPa and corresponding to the suppression of CDW.
It should be emphasized that the majority of the original
diffraction peaks remain without significant changes of the
relative intensities in the pressure ranges of 6—19 GPa. This
implies CeTejs still keeps the original layer structure, but with

structural symmetry broken. Based on the present XRD data,
we cannot solve the crystal structure of the new high-pressure
phase (marked as HP I). Upon compression from 0 to 19 GPa
at quasihydrostatic condition with silicone oil as the pressure
medium, in contrast, CeTe; keeps Cmcm structures without
the appearance of new diffraction peaks except for a shift of
all the diffraction peaks to higher angles. This means CeTes
adopts a different path for the structural evolution at quasihy-
drostatic condition from that at nonhydrostatic condition.
The lattice parameters and the ratio of a/c for Cmcm struc-
tures are illustrated in Figs. 3(c) and 3(d). At quasihydrostatic
condition, the lattices a, b, and ¢ exhibit different compress-
ibility under compression, indicating anisotropic compression
behavior. The ratio of a/c decreases with increasing pressure.
This implies a larger difference between a and c for the Cmcm
structure when pressure is increased. As studied in previous
work [9], the a and ¢ axes in the Cmcm structure are related
to the Te-Te bond distance in the Te sheets [Fig 1(a)]. The
difference between a and c derives from the distortion of the
Te sheets due to the modulation of the incommensurate CDW.
The larger difference at higher pressure means more distortion
of the Te sheets [9]. Additionally, an anomalous compression
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FIG. 2. (a) Raman spectra at 0.1 GPa for the CeTe; from 295 to 10 K (dashed lines show the Raman bands shifting upon cooling). (b)—(e)
The evolution of Raman spectra with increasing pressures at 295, 200, 100, and 10 K, respectively. R1-R5 are Raman symmetry modes marked
as references [10]. Pressure was determined by ruby [31].

behavior is observed at ~6 GPa in the pressure dependence of
the lattice parameters and a/c, where CDW disappears com-
pletely. Since the CDW derives from the modulated distortion
in the Te sheets along the a or ¢ axis and corresponds to the in-
commensurate lattice, the large distortion of the Te sheets may
lead to the breaking of the incommensurate lattice with the
suppression of CDW at ~6 GPa, but without structural phase
transition observed at quasihydrostatic condition. Straquadine
et al. [11] give a clue that the CDW of the Cmcm CeTes can

be regulated by changing the ratio of axes a and ¢, and be
suppressed with a/c beyond a certain range with the large
strain. It indicates the stress has an effect on the Te sheets and
can break the weak orthorhombicity structure in the Te sheets,
leading to suppression of CDW [9,11]. Obviously, the mecha-
nism of suppression of CDW in Straquadine’s work is consis-
tent with that at hydrostatic condition in the present work. The
full width at half maximum of the diffraction (111) peak for
the Cmcm structure of CeTes and azimuthally unrolled images
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FIG. 3. Structural evolution of CeTe; in x-ray diffraction measurements under high pressures up to 19 GPa at nonhydrostatic condition (a)
and quasihydrostatic condition (b). The black vertical sticks represent the index of the original Cmcm structure. (c) Lattice parameters and (d)
alc as a function of pressure. Rubies were used as pressure markers in both nonhyrostatic and quasihydrostatic environments [31].
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FIG. 4. (a) Structural evolution of CeTes in x-ray diffraction measurements from 17 to 91 GPa. (b) The bail fitting of the diffraction pattern
of CeTe; at 91 GPa with the Pmmn structure. (c) The tentative schematics of the Pmmn structure. (d) The lattice parameters and (e) volume per
formula varying with pressure in quasihydrostatic and nonhydrostatic runs. The lattice parameters of the Cmcm structures at nonhydrostatic
condition were calculated using the main diffraction peaks of the original Cmcm structures. Pressures were calculated by ruby and Re [31,34].

of the original 2D diffraction patterns further confirm the large
deviatoric stress in the nonhydrostatic environment (Supple-
mental Material Fig. 7).

Unlike the quasihydrostatic condition, the structural phase
transition is observed at ~6 GPa at nonhydrostatic condition.
From the present x-ray diffraction data, we cannot give the
crystal structure of the new phase and identify whether the
diffraction peaks, which exist in the pressure range of 6-19
GPa, belong to the original Cmcm structure or to the new
phase. The new phase should have lower symmetry, as some
weak diffraction peaks are observed. For comparison between
quasi- and nonhydrostatic conditions, we attribute the main
diffraction peaks to the original Cmcm structure and calculate
the lattice parameters a, b, and c. The different compressibility
and ratio of a/c are obtained, as shown in Fig. 3(c). The b axis
at nonhydrostatic condition is more compressible than those
of the a and ¢ axes with a slight change of a/c, while each

axis has close relative compressibility with the decrease of
alc at pressures below 6 GPa. The significant difference in
the compressibility between the b axis and the ac plane (or Te
sheet) in the nonhydrostatic environment may be responsible
for the structural distortion and phase transition. This means
the structural phase transition with suppression of CDW at
nonhydrostatic conditions comes from a different mechanism,
rather than only the distortion of the Te sheets as observed at
quasihydrostatic condition.

The structural variations of CeTe; were further investigated
at pressures over 19 GPa [Fig. 4(a)]. The primary diffraction
peaks of the initial Cmcm phase continue to exist up to 36
GPa with the shift to higher angles (Supplemental Material
Fig. 8). The appearance of new diffraction peaks (marked by
asterisks) and a decrease in the intensities of the original peaks
imply a new phase transition occurring at ~36 GPa. The main
diffraction peaks, originating from the parent Cmcm phase or
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high-pressure new HP I phase appearing at ~6 GPa, vanish
completely at ~79 GPa with a wide coexisting pressure range
of 36—79 GPa. The high-pressure phase (HP II) remains stable
up to the highest pressure of ~91 GPa in the present study. It
should be noted that the diffraction reflections for the HP II
phase are broad due to the stress effect. Upon decompression
to ambient pressure, the high-pressure phase converts back
to the initial Cmcm phase, showing the phase transition is
reversible. The phase transition at ~34 GPa was further con-
firmed at quasihydrostatic condition (Supplemental Material
Figs. 9 and 10).

Using the program DICVOL, the new diffraction peaks at 91
GPa can be indexed into an orthorhombic structure and the
space group is determined tentatively to be Pmmn according
to the reflection conditions [Fig. 4(b)]. Taking the compress-
ible behavior of the starting Cmcm orthorhombic phase into
account, two formula units (Z = 2) in the unit cell are reason-
ably assigned for the new orthorhombic phase. The diffraction
features and ratio of the lattice parameters is similar to that
of the Cu3Sb-type structure, which has structural similarity
with the original Cmcm phase [45-48]. Based on Cu3zSb-type
structure, the x-ray diffraction pattern of the high-pressure
phase of CeTe; can be well refined with the unit cell parame-
ters of a = 6.655(4) A, b =4.221(3) A, ¢ = 5.517(1) A, and
V = 154.9(8) at 91 GPa [Fig. 4(b)]. Figure 4(c) displays the
schematic crystal structure of the high-pressure Pmmn phase
[47]. It has the orthorhombic Cu3Sb-type structure consisting
of alternate layer stacking of the Te sheets and CeTe slabs,
similar to the original Cmcm structure. The CeTe slab has
a more distorted two-layer CeTe slice, compared with the
distorted NaCl-type structure slice and the Te-Ce-Te bond
angle of ~ 85° in the Cmcm structure [28]. On the other hand,
the Te-Te bond distances along the a and b axes in the Te
sheet display more discrepancy than that of the original Cmcm
structure [Fig. 1(a)], indicating more distorted Te nets in the
Te sheets for the high-pressure Pmmn phase. We note that
the Cmcm structure of rare-earth tellurium compounds can be
obtained by inserting a Te layer in the anti-Cu,Sb structure
(P4/mmn) of rare-earth telluride compounds (RTe,) [45,46].
The high-pressure Pmmn structure of CeTes; has a structural
relationship with RTe, similar to that between Cu,Sb and
Cu;Sb. Assuming the Te atom coordinates of the Cmcm struc-
ture remain constant or change slightly under compression,
the Te-Te bond distance between the Te layer sheets is esti-
mated to change from ~4.3 A at ambient pressure to ~3.8 A
at ~49 GPa (Supplemental Material Fig. 11), indicating the
gradual interaction enhancement of the adjacent Te sheets.
It conjectures reasonably that the interlayer van der Waals
force between the Te sheets evolves gradually to form the
Te-Te bond under further compression and the layered struc-
ture eventually transforms into the 3D structure, namely, a
2D-to-3D structural transformation.

The pressure-dependent lattice parameters and lattice vol-
umes for original Cmcm and high-pressure Pmmn phases
are compared in Figs. 4(d) and 4(e). Generally, the lattice
parameters for the Cmcm and HP II phases decrease with
increasing pressure with anisotropic compressibility at both
quasihydrostatic and nonhydrostatic conditions. Nevertheless,
we notice that the lattice parameter b of the Cmcm structure
exhibits anomalous compressible behavior at quasihydro-

static condition, namely, it exhibits less compressibility below
35 GPa than that at nonhydrostatic condition and decreases
rather rapidly above 35 GPa. Additionally, the lattice parame-
ter b shows a rapid decrease from ambient pressure to 6 GPa at
quasihydrostatic conditions but displays less compressibility
from 6 to 35 GPa. The same trend is observed for the lattice
volumes, where the quasihydrostatic condition exhibits less
compressibility below 35 GPa compared to the nonhydro-
static condition. The lattice volume under quasihydrostatic
condition behaves differently below and above 6 GPa. These
differences in compressible behaviors between quasihydro-
static and nonhydrostatic conditions indicate distinct paths
of the structural evolution. Furthermore, the abrupt changes
of the slopes in the pressure-lattice parameter and volume
curves at 6 GPa imply a phase transition in the electronic
structure under quasihydrostatic condition, corresponding to
the suppression of CDW.

Figures 5(a) and 5(b) display the temperature-dependent
resistance of CeTe; measured in the nonhydrostatic environ-
ment up to 95 GPa and down to ~1.6 K. Starting from 1 GPa,
the sample exhibits a metallic behavior as it was observed at
ambient pressure. A broad hump is detected down to ~75 K,
namely, the resistance decreases upon cooling with a positive
R-T slope from 300 to 150 K, slightly increases with a nega-
tive R-T coefficient from 150 to 70 K, and then decreases again
below 70 K. This behavior is attributed to the effect of the
CDW, consistent with previous reports [25,28]. Below 10 K,
an abrupt decrease in resistance is observed in the R-T curve
owing to an antiferromagnetic (AFM) phase [25]. Further
increasing the pressure from 3.3 to 7 GPa leads to the gradual
disappearance of the broad hump and AFM phase (Supple-
mental Material Fig. 12), accompanied by the suppression of
CDW. When the CDW is suppressed completely at 7 GPa,
the R-T curve shows the feature that the resistance decreases
monotonically with a small coefficient at 100-300 K under
a decrease of temperature and a large slope below 100 K,
different from that at ambient pressure and 1 GPa. Meanwhile,
the sample reaches zero resistance at ~4.2 K at 3.3 GPa when
the CDW began to be suppressed, suggesting the appearance
of a superconducting state. The superconductivity (SC I) is
confirmed by the magnetic-field suppression [49] of the su-
perconducting transition with an upper critical field of about
2.69 T at 0 K (Supplemental Material Fig. 13). In Fig. 5(c),
the superconducting transition temperature (7;) is determined
from the cross point of two straight lines above and below
the transition. Upon further compression up to 17.5 GPa, the
feature of an R-T curve exhibits the metallic behavior, similar
to that at 7 GPa with a weak pressure-dependent 7. The slope
changes in the R-T curves, as well as the appearance of the
superconductivity, indicate the occurrence of the structural
transformation to the HP I phase above 7 GPa, consistent with
the XRD measurement and Zocco et al.’s work in which a
drop of resistance was observed at 2.4-5.5 K at 7-12 GPa in
the Bridgman-cell experiment [25], which was attributed to a
possible new phase emerging.

Another phase transition of CeTe; is implied to occur at
23-30 GPa based on the temperature-dependent resistance
curves in which the slopes are different above and below the
transition pressure. Above 30 GPa, the resistance decreases
rapidly upon cooling from 300 to 50 K and then shows
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FIG. 5. (a) and (b) Temperature-dependent resistance (R-T) of CeTe; from 1.6 to 300 K at pressure up to 95 GPa. (c) Close-up of the R-T
curve in the low-temperatures region of (a) and (b). The onset temperature (7.) of superconductivity in R-T is defined as shown. (d) 7, as a
function of pressure. The inset shows the fitting result of n between 10 and 100 K in the electric scattering model for metallic phase. The n =2
means the ideal Fermi-liquid state. Both run 1 and run 2 were performed in nonhydrostatic environment and the fitting was based on the data
of run 1. Pressures were determined by ruby [31] and Raman shift of diamond [37].

slight changes between 10 and 50 K. On the other hand, the
electrical transport behavior between 10 and 100 K resembles
the Fermi-liquid behavior of the metallic phase and the
R-T curves in the temperature range are fitted by power law
R(T) = Ry + AT", where n =~ 2 means a major contribution
to conductivity from electron-electron scattering at low
temperature [50]. Here, R, represents residual resistance
at 0 K, and A is the temperature coefficient. The inset of
Fig. 5(d) plots n as a function of pressure. It is observed
that n increases with increasing pressure from 0.88 to ~2
under compression from 17.5 to 30 GPa. In the pressure
range of 35-95 GPa, however, the n index remains nearly
independent of pressure with a value close to 2. The change
of n from ~0.88 to ~2 indicates a transformation of electrical
transport from non-Fermi liquid to Fermi liquid [51,52]
and suggests a structural phase transition. The transition is
further confirmed by an anomalous change of 7, at 35-40
GPa. Above 40 GPa, T. decreases monotonically with
increasing pressure, signaling pressure-induced suppression
of T. in the HP II [Fig. 5(d)]. To further confirm the
superconductive (SC II) behavior of the new phase, the
suppression of the superconducting transition was examined.
The superconducting transition is suppressed gradually by
increasing magnetic field (Supplemental Material Fig. 13).
The external magnetic-field dependent 7, at 70 GPa follows
the Ginzburg-Landau formula, yielding an upper critical field

of ~0.18 T at 0 K. This differs from the nature of the HP I. The
phase transformation at 23—35 GPa is further confirmed by the
electrical transport measurement in the second run. It should
be noted that there is no hysteresis in the magnetoresistance
measurement, ruing out the influences of the spin ordering on
the charge transport (Supplemental Material Fig. 14).

Figure 6 displays the temperature versus pressure phase di-
agram of CeTes with all measured 7, summarized. Summarily,
it is clear that there are two paths for the structural evolution
of CeTes under compression, namely, structural phase trans-
formation to lower symmetry at nonhydrostatic condition and
anisotropic compression behavior in the Te sheets without
the breaking of the structural symmetry at quasihydrostatic
condition. Both ways can lead to the suppression of CDW. The
XRD experiments at quasihydrostatic condition confirm that
CeTe; maintains the Cmcm structure up to ~35 GPa. How-
ever, the CDW is suppressed at around 6 GPa, which could
explain the inconsistency in the previous studies [14,25].

Of particular interest are the structural evolution and
transport property of CeTe; in nonhydrostatic pressure
environment, which differ from those at quasihydrostatic
condition. At nonhydrostatic condition, AFM and CDW are
suppressed, and an unexpected superconducting phase with 7,
of 4.2 K emerges at 3.3 GPa, which corresponds to a structural
phase transition from the Cmcm to HP I with lower symmetry.
A new superconducting state, labeled by SC II, emerges at
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FIG. 6. Temperature vs pressure phase diagram of CeTes; sum-
marized from the present experimental results. The inset is the
diagram in the quasihydrostatic environment in which the boundary
of the AFM phase is from the experimental values of Zocco et al.
[25]. The purple diamond is the experimental value of the AFM
phase transition at nonhydrostatic condition.

35 GPa with an initial 7. of 5.2 K, corresponding to the struc-
tural transition from HP I to HP II. With further compression
to 40 GPa, the T, of the SC Il reaches the maximum of ~5.8 K
and then decreases with increasing pressure. The SC II state
corresponds to the three-dimensional Pmmn observed in the
XRD measurements at room temperature. It is noteworthy
that some layered structure materials, such as transition metal
dichalcogenides, undergo the 2D to 3D structural phase transi-
tion with pressure-enhanced superconductivity [17-19,23]. It
has been interpreted as the contribution of layered structure
benefiting strong electron-phonon coupling [23]. Neverthe-
less, the results of our experiments suggest that the SC II of
CeTes, which deceases with increasing pressure, may be dom-
inated by a different electron-phonon coupling mechanism.
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