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Pressure-induced quenching of the charge-density-wave state in rare-earth tritellurides
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We report an x-ray diffraction study on the charge-density-wave (CDW) LaTe; and CeTe; compounds as a
function of pressure. We extract the lattice constants and the CDW modulation wave vector. We observe that
the intensity of the CDW satellite peaks tend to zero with increasing pressure, thus providing direct evidence
for a pressure-induced quenching of the CDW phase. Our findings further support the equivalence between
chemical and applied pressures in RTe;, put forward by our previous optical investigations, but reveal some
subtle differences. We offer a possible explanation for these differences.
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Low dimensionality plays an important role in condensed-
matter physics owing to the observation of intriguing phe-
nomena such as the formation of spin- and charge-density
waves (CDWs), as well as non-Fermi-liquid behavior of the
electronic properties in a variety of materials."> A revival of
interest in low-dimensional interacting electron gas systems,
and in their wealth of astonishing properties, has taken place
since the discovery of high-temperature superconductivity in
the layered two-dimensional (2D) copper oxides. This fur-
thermore led to the quest for prototype layered systems, al-
lowing a systematic study of these phenomena. In this con-
text, the rare-earth tritellurides (RTe;, with R=La-Sm and
Gd-Tm) were recently revisited and recognized as a para-
mount example of easily tunable 2D materials. Their crystal
structure is weakly orthorhombic (pseudotetragonal)®=> and
is composed of corrugated R,Te, slabs alternating with pairs
of Te layers, stacked along the (long) b axis. The formation
of the CDW condensate, hosted within Te layers, is to a large
extent driven by the nesting of the Fermi surface (FS),%’
which is thus gapped over a sizeable portion. Systematic
x-ray diffraction (XRD) studies of the RTe; series revealed
that the modulation vector g=(2/7)c* (¢* is the reciprocal
lattice vector of the ¢ axis) is almost the same for every
member of this family® and that the CDW state is progres-
sively suppressed as the lattice is chemically compressed
(i.e., going from R=La to R=Tm).° The transition tempera-
ture Tepw 18 250 K for TmTes, increases gradually up to 410
K in SmTes,” and is larger than 450 K in the tritellurides
with lighter rare-earth elements (R=La-Nd).® A correspond-
ing strong reduction in the CDW gap with chemical pressure
was then established on the basis of optical-spectroscopy
experiments.'” Subsequent light-scattering experiments on
the same series of compounds showed that the CDW gap
reduction is accompanied by a progressive disappearance of
the signal from the Raman-active phonon modes.!! The same
effects have been observed in the light rare-earth tritellurides
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under external hydrostatic pressure: infrared reflectivity ex-
periments on CeTe; at high pressures'? as well as on the
related LaTe, compound'® revealed a pressure-induced re-
duction in the CDW gap, while the Raman-active phonons in
LaTe, and CeTe; disappeared.!!

In this Rapid Communication we present a high-pressure
XRD diffraction study on LaTe; and CeTes, with the goal of
monitoring the evolution of the CDW distortion with pres-
sure. We establish a pressure-induced quenching of the CDW
state and show that, while there is general equivalence be-
tween physical and chemical pressure, there are also impor-
tant subtle distinctions. We speculate that this is due to dif-
ferences in the effective dimensionality, that derive from the
chemical and physical lattice compression, and in the role
played by fluctuation effects.

The LaTe; and CeTes single crystals were grown as de-
scribed in Ref. 14. Small (=20X20X 10 wm?®) samples
were placed inside the hole (initial diameter 250 wm) of a
stainless steel gasket of a membrane driven diamond-anvil
cell (DAC) (culet size 600 um) together with He as pressure
transmitting medium and a ~5 wm diameter ruby sphere for
pressure calibration.!> Diffraction images were collected at
the IDO9A beamline of the ESRF with a monochromatic
beam (A=0.413 A) focused to 20X20 um? using a
MAR345 image plate detector. During exposure the pressure
cells were rotated around the ¢ axis. Here at ¢=0 the inci-
dent x-rays are along the b axis and ¢ rotates the b axis
about the incoming beam direction. Total rotation ranges
were 40° with standard 1.5-mm-high diamond anvils and 60°
with cells modified for Boehler-Almax anvils.'® For the low-
temperature measurements the DAC was placed inside a He
flow cryostat with the rotation range limited to *=5°. These
latter measurements were performed on coarse polycrystal-
line samples.

XRD patterns were collected at room temperature as a
function of pressure for LaTe; and CeTe; single crystal and
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FIG. 1. (Color online) Selected XRD patterns on single-crystals
of LaTes at 300 K and at (a) 0.3 GPa and (b) 5.1 GPa, and of CeTes
at 300 K and at (c) 0.7 GPa and (d) 3.0 GPa, and finally on poly-
crystalline LaTes at 270 K and (e) 6.2 GPa, and at 30 K and (f) 5.9
GPa. Circles highlight the CDW satellite peaks. The modulation
vector ¢ is also shown in (a).

as a function of temperature for a LaTe; polycrystal at
6.0+ 0.2 GPa. Representative areas of the diffraction pat-
terns at selected pressures and temperatures are shown in
Fig. 1. From a technical point of view, it is worth emphasiz-
ing that the intensity of the satellites varies by a large amount
from one fundamental reflection to the other.” Therefore, not
all of them were observed in our 2D images. Furthermore, at
high pressures cracks of the sample are unavoidable. Since
each image is a result of a continuous rotation of the sample
around the ¢ axis, we will also catch Bragg peaks from the
pieces of the crystals which are slightly misaligned. More-
over, stacking faults may lead to weak scattering intensity at
forbidden peaks, as first suggested by DiMasi and
co-workers.!”

At low pressure and at 300 K, several Bragg peaks in both
LaTe; and CeTes display pairs of satellites, which are due to
the modulated CDW lattice distortion.” Upon increasing
pressure, the intensity of these satellite peaks is progressively
reduced and they eventually disappear at high enough pres-
sure (3 and 5 GPa in CeTe; and LaTes, respectively) as
shown in Figs. 1(a)-1(d). At 6.0+0.2 GPa the satellite
peaks in LaTe; are recovered by cooling the polycrystalline
specimen well below 300 K [see Figs. 1(e) and 1(f)]. This
shows that at this pressure the CDW transition occurs at a
lower critical temperature Tpw (i.e., <300 K).

From the positions of selected Bragg peaks we obtained
the lattice parameters and thus the unit-cell volume. The cor-
responding results for CeTe; under pressure at 300 K and for
LaTe; as a function of temperature at 6.0+ 0.2 GPa are
shown in Fig. 2. The pressure experiment on LaTe; at room
temperature provides similar results (not shown) as for
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FIG. 2. (Color online) Lattice parameters (left panels) and unit-
cell volume (right panels) for CeTes at 300 K [(a) and (b)] as a
function of pressure and for LaTe; polycrystal at 6.0 =0.2 GPa [(c)
and (d)] as a function of temperature. The solid line in (b) is the
Birch-Murnaghan fit to the data (Ref. 18). Vertical dashed lines
indicate the pressure and temperature where the CDW satellite
peaks (Fig. 1) disappear.

CeTes;. At ambient pressure the slight orthorhombic distor-
tion of the unit-cell results in a small difference between the
in-plane lattice parameters a and c¢.’> Upon increasing pres-
sure this difference between the a and ¢ axes decreases, and
both lattice parameters become nearly indistinguishable
above 3 GPa in CeTe; [Fig. 2(a)]. A similar effect is ob-
served in LaTe; at 5 GPa and was previously reported for
RTe; with R=Sm-Tm on crossing Tcpw at ambient
pressure.” The unit-cell volume [Fig. 2(b)] decreases
smoothly with pressure and follows the Birch-Murnaghan
equation of state'® with the bulk modulus By=59 GPa and
its pressure derivative B'=5.6. The fitted B, value is in rea-
sonable agreement with a previous estimate'? from specific-
heat data,'” while B’ lies within the typical range of 4-8.2° A
change in the temperature dependence of the ¢ and a lattice
constants is also observed when lowering the temperature
below 180 K in LaTey at 6 GPa [Fig. 2(c)]. While the scatter
in the data is more pronounced than in the experiment as a
function of pressure at fixed temperature, the tendency for a
and c to diverge below 180 K is evident, such as the weak
discontinuity in the unit-cell volume [Fig. 2(d)]. The overall
temperature dependence of the lattice parameters is very
similar to that observed at ambient pressure in the heavy
rare-earth tritellurides,” suggesting an analogous impact of
both chemical and applied pressures on the structural prop-
erties of RTe;.

The most compelling result of our investigations is the
observation that the integrated intensities of the CDW satel-
lite peaks gradually decrease with increasing pressure at 300
K and vanish at 5 and 2.8 GPa in LaTe; and CeTes, respec-
tively [Figs. 3(a) and 3(b)]. The resolution of our experiment
does not allow us to distinguish small effects in the diffrac-
tion peak intensity. Nonetheless, our finding shows that the
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FIG. 3. (Color online) Intensity of selected CDW satellite peaks
normalized to a nearby Bragg-peak for (a) LaTe; and (b) CeTe; at
300 K as a function of pressure and for LaTes at 6.0 =0.2 GPa as
a function of temperature, with the prediction from the BCS theory
(c). (d) Ratio b/a (see text) as a function of the average lattice
constant @. Thin lines in panel (d) are linear interpolations to the
data, as guide to the eyes.

CDW state, observed at ambient pressure and 300 K in these
compounds, is quenched by a moderate lattice compression
of about 5% of the volume. This is moreover consistent with
the previously reported pressure-induced reduction in the
CDW gap'? and of the integrated intensities of the Raman-
active phonon modes.!" The temperature dependence of the
intensities of the CDW satellite peaks of LaTe; at 6 GPa
[Fig. 3(c)] is also similar to that of the heavy rare-earth tri-
tellurides at ambient pressure,’ supporting again a qualitative
equivalence between chemical and applied pressure in order
to achieve the lattice compression. We note that the satellite
intensities are consistent with the BCS behavior’! with
Tcpw=180 K, bearing a striking similarity with results on
prototype one-dimensional (1D) systems.!

To further test the extent of equivalence between chemical
and applied pressure, we first define the average in-plane
lattice parameter a=(a+c)/2, which is related to the Te-Te
distance within the Te layers. a can be considered as a com-
mon variable for several quantities measured upon compress-
ing the lattice. We then plot in Fig. 3(d) the quantity b/a,
which is representative of the anisotropy ratio between the
interplane and intraplane Te-Te distances, for the RTes
series*® and for LaTe; and CeTe; under applied pressure
using the data from Fig. 2(a). Despite some scatter in the
data there is a clear trend, showing a significantly more pro-
nounced decrease of b/a in the chemical series than in the
applied pressure experiment. The a dependence of the CDW
modulation wave vector |g|, extracted from the positions of
the satellite peaks (Fig. 1), for the RTe; series at 300 K (Ref.
8) and for LaTe; as a function of pressure is shown in Fig.
4(a). The magnitude of |g| monotonously increases with in-
creasing pressure. The similarity of |g| with chemical and
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FIG. 4. (Color online) (a) Magnitude of the CDW wave vector ¢
and (b) of the CDW gap 2A at 300 K for the RTe; series and for
LaTe; and CeTe; under applied pressure as a function of the aver-
age lattice constant @ (see text), respectively. Chemical-pressure
data in (a) are from Ref. 8 and the 2A values in (b) are from Refs.
10 and 12 for RTe; and CeTes, respectively. (c) CDW-transition
temperature Tcpyw as a function of @ for the RTey series®? and for
LaTe; and CeTes at high pressures. The solid and dashed lines in
(c) are linear fits to the data.

applied pressures is suggestive of an equivalent modification
of the FS and thus of its nesting properties,”'® upon com-
pressing the lattice. The @ dependence of the CDW gap 2A
(averaged over the FS) for the RTe; series at 300 K (Ref. 10)
and for CeTe; under pressure!? is shown in Fig. 4(b). The
comparison here is much better than that reported in Ref. 12,
which was based on a crude estimation of a(P). The two data
sets follow the same trend and within the experimental error
the 2A values for both experiments are almost identical.
From our data we can furthermore exclude that the CDW gap
in the chemical RTe; series is larger than in CeTe; under
pressure. Below we conjecture as to the cause of the pressure
dependence of the critical temperature 7cpw. From our iso-
thermal experiments at 300 K on LaTe; and CeTe; we obtain
two points in the a@-T phase diagram and an additional data
point is extracted from the isobaric experiment at
6.0=0.2 GPa on LaTe; [i.e., converting the pressure at
which the satellite peaks disappear into a corresponding lat-
tice constant (Fig. 2)]. These data are then compared in Fig.
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4(c) with Tepw of the RTe; series measured at ambient
pressure.” For R=La, Ce, and Nd only the lower limits of
Tcpw are known.®

While these findings confirm the overall qualitative
equivalence between chemical and applied pressure, they
show that a subtle difference exists between the two types of
lattice compression. In contrast to our observations for 2A
[Fig. 4(b)], we note that Tcpyy is systematically larger for the
chemical pressure than for applied pressure. This is unex-
pected. We speculate that such a behavior is due to a differ-
ence in the effective dimensionality of the system when com-
pressing the lattice chemically compared with applied
pressure: specifically, the effective dimensionality is larger
(more three dimensional) for chemical pressure. This intrigu-
ing possibility is consistent with the observation that the rela-
tive change of b/a between LaTe; and DyTe; at ambient
pressure is roughly a factor 2 larger than, for instance, in
LaTe; between 0 GPa (Ref. 9) and 5.5 GPa, for which a is
the same as in DyTe; at ambient pressure [Fig. 3(d)]. The
lower effective dimensionality achieved by applied pressure
implies stronger fluctuations and therefore a reduced transi-
tion temperature. Based on Fig. 3(d), this predicts that at
ambient pressure fluctuation effects (e.g., the diffuse scatter-
ing above the transition temperature) should be more impor-
tant and prominent for the lighter rare earths (larger b/a)
than for the heavier rare earths. Our speculative scenario,
accounting for the subtle differences between the two types
of lattice compressions, merits further investigations, includ-
ing a detailed structural study of the internal atomic coordi-
nates in the unit cell as a function of applied pressure. None-
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theless, a crude linear extrapolation of the T-pw data with
chemical pressure and with applied pressure on LaTe; [Fig.
4(c)] leads to an intersection at a~4.43 A, which compares
nicely with the zero-pressure value for LaTes.*

In summary, we have reported a high-pressure XRD study
on the CDW LaTe; and CeTe; compounds. The pressure
dependence of the in-plane lattice parameters is consistent
with a pressure-induced reduction in the pseudotetragonal
phase, i.e., of the lattice distortion accompanying the forma-
tion of the CDW condensate. This is similar to what has been
observed upon cooling across the CDW transition in LaTe;
at high pressure (present work), as well as at ambient pres-
sure in the heavy rare-earth tritellurides.® More striking evi-
dence of the pressure-induced quenching of the CDW phase
is provided by the vanishing intensities of the CDW satellite
peaks with increasing pressure. Such observations supply a
compelling support to ideas based on the equivalence be-
tween chemical and applied pressures in RTes, put forward
in our previous work.!%-12
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