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We report the results of transmission electron microscopy on the layered rare-earth tritellurides
RTes (R=La,Sm,Gd,Tb,Dy,Ho,Er,Tm). Through electron diffraction we have identified superlattice
reflections indicating the presence of incommensurate distortions, consistent with sinusoidal atomic
displacements in the square Te sheets. The superlattice wave vector corresponds to the maximal
Fermi-surface nesting wave vector determined from extended Hiickel tight-binding band calculations.
The charge-density wave (CDW) is stable under the volume decrease obtained by substituting the
heavier rare earths, and the distortion wave vector scales with the lattice parameters across the
rare-earth series. Our results indicate that the rare-earth tritellurides host small-amplitude Fermi
surface driven distortions. We find no evidence for substantial deviation from sinusoidal atomic
displacements, in contrast to the large commensurate distortions and ordered vacancy structures
found in other rare-earth polychalcogenide phases. Our observations establish the rare-earth poly-
chalcogenides as a family of CDW hosts in which a variety of structural distortions occur with
variation of chalcogen type and stoichiometry, despite a very simple but universal chalcogen sheet
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band structure.

I. INTRODUCTION

Recognition of the charge-density wave (CDW) as an
instability dependent on the Fermi surface has allowed
the interpretation of the structural distortions of many
families of materials. Examples include the transition-
metal di- and trichalcogenides,!'? molybdenum and tung-
sten oxides such as the low-dimensional blue and purple
bronzes,? organic charge transfer salts,* and elemental Se
and Te.® The Fermi surfaces of these materials have nest-
ing sheets that determine the wave vector of the distor-
tion, and so the period of the superlattice is fixed by the
geometry of the band structure at the Fermi level. How-
ever, different configurations of atomic displacements are
possible within the superlattice determined by the nest-
ing wave vector. The different modulated structures
reflect subtle differences in high-temperature electronic
structure and in general are not equally energetically fa-
vorable, as the energy gained in the distortion depends on
the dispersion of the bands near the Fermi surface. While
the geometry of the high-temperature Fermi surface fixes
the superlattice wave vector, more detailed microscopic
information is required to understand what makes a par-
ticular arrangement of atomic displacements most favor-
able at reduced temperature.®

Due in part to the variety of structural distortions ob-
served in different families of materials, two somewhat
different, though ultimately equivalent, approaches to the
CDW have developed. Early formulations of the CDW
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instability considered sinusoidal atomic displacements,
combined with an electron-phonon coupling, which to-
gether produce a gap at the Fermi surface.” The stabil-
ity of this spatially uniform distortion is derived from
the lowered energy of occupied states near the Fermi
level. As the gap may appear over only part of the
Fermi surface, the distorted system may still be metallic.
Temperature dependence is implicit in this description
of the CDW, as occupation of states with increased en-
ergy above the gap ultimately makes the distortion un-
favorable. Alternatively, the CDW can be described as
a Jahn-Teller distortion in which large displacements re-
duce atomic coordination.®® Here the system is described
as having local bonding between nearest neighbors, and
the distortion is energetically stabilized by the overlap of
partially filled degenerate molecular orbitals. When the
number of bonding neighbors in the distorted structure is
equal to the number of unoccupied states, only energeti-
cally lowered states are occupied. Fully occupied bonding
and unoccupied antibonding orbitals are separated by an
energy gap in the presence of the coordination-lowering
distortion, leading to insulating behavior. This gap is
equivalent to that derived from the Fermi surface driven
sinusoidal distortion discussed above, since in both cases
the distortion is stabilized by the lowering of occupied
states.? Furthermore, the presence of defects in a CDW
system can affect the distortion in a variety of ways. Or-
dering of atomic vacancies, requiring a supercell contain-
ing an integral number of vacancies, may be incompatible
with the period of the Fermi surface nesting wave vector.
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Additional well studied effects of doping include suppres-
sion of the CDW due to disorder® and tuning of the CDW
wave vector through changes in the band filling.” Much
attention has been paid to the effects of defects on CDW
stability!® and to the relationship between nonsinusoidal
character and commensurability.®'! Neither the picture
of a CDW as a Fermi surface driven instability of a metal
nor the Jahn-Teller description allows the specific atomic
displacements or consequences of defects to be predicted
entirely from the nesting condition.

Understanding how the band structure drives dis-
tortions and accommodates defects requires a tunable
system in which qualitatively different distortions are
produced by continuous changes in electronic struc-
ture. In this paper we will show that the rare-earth
polychalcogenides'? RX,, (R denotes rare earth; X de-
notes S,Se,Te; n=2,2.5,3) are ideal for such experimental
studies. Among the RX,, are members that variously
host large commensurate distortions, ordered and dis-
ordered vacancy structures, and small-amplitude Fermi
surface driven CDW’s. These materials have the lay-
ered structure shown in Fig. 1, in which corrugated cubic
rare-earth-chalcogen slabs alternate with planar chalco-
gen square lattices.!> The RX,, have a remarkably sim-
ple electronic structure, as the bands associated with the
rare earth-chalcogen slab atoms do not contribute to the
Fermi surface, which is entirely derived from the square
chalcogen sheets. Tight-binding band calculations for
square chalcogen lattices reveal a simple Fermi surface
geometry with substantial potential for nesting,'4 the es-
sential features of which are supported by our experi-
mental observations. This nesting can be tuned compo-
sitionally, as charge transfer from the rare earth deter-
mines the band filling in the chalcogen sheets. Varying
the rare-earth from La to Tm in the RX,, compounds
reduces the Te sheet lattice parameters'® by 4% without
changing the structure type or band filling.

The propensity for chalcogenides to host symmetry
lowering distortions can be demonstrated with a sim-
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FIG. 1. (a) Basic Cu2Sb component of the RX,

(n=2,2.5,3) crystal structure. Solid points are rare-earth
atoms, open points chalcogen atoms. (b) The stoichiometric
compounds RX, (n=2,2.5,3) are differentiated by the num-
ber of double chalcogen layers present per unit cell, as shown
in this view along the layer stacking direction.
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ple chemical argument. Chalcogen atoms have two un-
occupied states in degenerate p orbitals, and require
two near neighbors in order to fill their valence shells
through covalent bonding. The elemental chalcogens
are subject to distortions that reduce coordination from
sixfold, in the high-pressure phases, to twofold coordi-
nated chains or rings at ambient pressure, where elec-
trons are localized in fully occupied bonding orbitals.®
Similarly, the square chalcogen sheets of the RX,, com-
pounds may be expected to be subject to coordination-
reducing distortions.!” In fact, a rich variety of struc-
tural distortions are found in the RX, compounds for
different stoichiometries and chalcogens,'” despite a sim-
ple but universal chalcogen sheet band structure. Com-
mensurate CDW’s have been observed in several rare-
earth diselenides,'® in which atomic displacements in the
Se sheets lead to the formation of covalently bonded
dimers. Similar distortions are observed in RSe; ¢ com-
pounds, where Se dimers and ordered vacancies make up
the distorted Se sheet superstructure.l® A site occupancy
wave in partially occupied Se sheets has been proposed
for a related material with a commensurate superlattice,
RbDy3Ses.¥17 Yet another defective diselenide phase,
DySe; g4, has an incommensurate superstructure that is
close to one of the maximal Fermi surface nesting wave
vectors calculated for a fully occupied Se sheet, with no
evidence for vacancy ordering.'4

Here we present evidence for a small-amplitude in-
commensurate CDW in a family of stoichiometric rare-
earth polychalcogenides. Our previous single-crystal x-
ray studies of SmTe3 and SmyTes revealed no evidence
for CDW superstructure in the fully occupied Te sheets.2°
Electrical resistivity measurements revealed very large
electrical anisotropies for these Sm polytellurides, but
metallic behavior in both crystallographic directions for
temperatures above 1.2 K.2° However, these measure-
ments do not rule out the presence of small-amplitude
distortions that are stable above room temperature, and
that only partially gap the Fermi surface.

In this paper we report the results of transmission elec-
tron microscopy on the rare-earth tritellurides. Through
electron diffraction we have identified superlattice reflec-
tions in the Te sheets of tritellurides of La, Sm, Gd,
Tb, Dy, Ho, Er, and Tm. We present a model for a
small-amplitude periodic lattice distortion and show that
the superlattice wave vector corresponds to Fermi sur-
face nesting wave vectors determined from tight-binding
band calculations. Under the chemical pressure obtained
through rare-earth substitution the CDW remains sta-
ble, while the CDW wave vector remains close to the
calculated nesting vector. Our results establish the rare-
earth tritellurides as CDW hosts that can be described
in terms of a small Fermi-surface-driven instability, with
no evidence for substantial deviations from the sinusoidal
CDW within the RTes system.

II. EXPERIMENTAL DETAILS

Single-crystal tritellurides of La, Sm, Gd, Tb, and
Dy were prepared using a RbCI-LiCl flux method de-
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scribed previously.?’ Ho and Er tritellurides were ob-
tained using KI flux, as Rb was incorporated into the
crystal structure for the heaviest rare earths. Because
TmTez has a melting point of 553 °C, lower than that
of KI (680°C), Lil flux was used to grow the Tm tritel-
luride. Very small RTes crystals were also grown with-
out flux, using the same temperature profiles as for the
flux-grown samples. Electron microprobe analysis?! was
used to confirm the stoichiometry of crystals used for the
transmission electron microscopy (TEM) experiments.
These samples were cleaved with a razor blade, yielding
electron transparent flakes that were mounted on amor-
phous carbon film on copper grids. Selected area diffrac-
tion patterns and bright- and dark-field images were ob-
tained using a JEOL 2000FX transmission electron mi-
croscope equipped with a liquid-nitrogen stage, operating
at 200 kV. Lattice constants were calibrated against those
of a single-crystal Si TEM sample. Calculated diffraction
patterns were obtained using the CERIUS? program.??
The EHMACC software?3® was used for band-structure cal-
culations.

III. EXPERIMENTAL RESULTS

Selected area diffraction patterns were obtained nor-
mal to the [010] zone axis in order to search for super-
lattice reflections corresponding to distortions from four-
fold symmetry within the Te sheets. Figure 2(a) shows
an experimental diffraction pattern for SmTes at room
temperature. The (hO!) reciprocal lattice shown corre-
sponds to the layer plane, with the beam parallel to the
layer stacking direction (l_; axis), perpendicular to the foil-
like sample. Intense diffraction spots are found for points
with h and [ even, appropriate to the space group Cmcm
previously assigned to the RTes subcell.»32° These reflec-
tions are reproduced by a simulated diffraction pattern
of the previously reported!® SmTes unit cell, as shown in
Fig. 2(b). However, three additional groups of reflections
are observed in the experimental patterns. While system-
atic extinctions are expected for (h0l) points with h or [
odd, we observe strong reflections where both h and ! are
odd, as well as weaker reflections for points with only one
of h and I odd. In addition, pairs of satellite reflections,
labeled +4" in Fig. 2(a), are observed around reciprocal-
lattice points. The intensities of these forbidden reflec-
tions are sample dependent, as Figs. 2(a), 2(c), and 2(d)
illustrate. We will discuss each group of additional reflec-
tions separately. Ring patterns are also observed in some
of the diffraction patterns. These rings indicate interpla-
nar spacings corresponding to the structure of trigonal
Te, and are most likely due to thin fine-grained poly-
crystalline films of unreacted Te on the surfaces of the
samples.

We first consider the forbidden reflections on the re-
ciprocal lattice. We find a strong correlation between
defected sample morphology and the presence of the for-
bidden reflections. Stacking disorder was reported in
the early x-ray studies of rare-earth polychalcogenide
phases.?* While stacking disorder along the b axis is not
visible in our transmitted images of the a@-¢ plane, it will
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cause the reciprocal-lattice points to be elongated into
rods in the [010] (5*) direction. Since the b lattice pa-
rameter is very large, the close proximity of the zero-
and first-order Laue zones in the [010] direction causes
the reciprocal-lattice rods from the first-order zone to
project into the zero layer, yielding the forbidden reflec-
tions where both h and ! are odd. The intensities of
these reflections are increased when the sample is tilted,
as illustrated by the convergent beam diffraction patterns
shown in Fig. 3, taken in the (h0!) plane for SmTes. In
Fig. 3(a) the beam is converged on a spot a few nm in
diameter and aligned along the [010] axis. Near the cen-
ter of the pattern, the well-defined, intense disks satisfy
h and ! even. Out toward the higher-order Laue zone
(HOLZ) ring, located near the edge of the pattern, disks
from both zero- and first-order zones have comparable in-
tensities, since here the reciprocal-lattice rods from both
Laue zones intersect the Ewald sphere. Figure 3(b) shows
that both zones are intercepted closer to the main beam
if the sample is tilted away from the [010] axis. If the se-
lected area patterns in Fig. 2 cover regions of the samples
that are tilted relative to each other, intensities may then
be expected for all points where h +1 is even. Such sam-
ple bending is evident in the transmitted images of the
samples, as shown in Fig. 4. In this bright-field image of
an LaTes crystal, aligned close to the [010] axis, promi-
nent bend contours are observed, both in highly defected
and more uniform regions. We ascribe the appearance of
reflections for reciprocal-lattice points with both A and
l odd to the combined effects of stacking disorder and
sample bending.

Reciprocal-lattice points with h + [ odd are extinct
for all Laue zones in the subcell structure, but observed
with weak intensity in our diffraction patterns, for sam-
ples grown with and without flux. Dark-field imaging in
these points, shown in Fig. 5 for an SmTej crystal aligned
near [010], reveals small bright regions, suggesting that
the weak reflections are due to small regions of material
with a structure different from the reported RTez sub-
cell. Tilting the sample causes different small regions
to be illuminated, indicating that small amounts of this
second phase are distributed throughout the sample. R-
Te phases reported in the literature!® either have lattice
parameters different from those of the RTe; sublattice,
or are members of the RX,, family that share the ex-
tinction condition for A + ! odd. This suggests that the
“second phase” may simply be regions of the RTes crys-
tal where the stacking is so corrupted as to eliminate the
symmetry producing the systematic extinctions. Diffrac-
tion patterns taken on very uniform crystals, such as the
region outlined with the rectangle in Fig. 4, yield much
weaker reflections on forbidden reciprocal-lattice points,
as demonstrated by the selected area diffraction pattern
in Fig. 6. Here reciprocal-lattice points with A+ odd are
extremely weak, sometimes completely extinct. Points
with both h and [ odd, attributed to sample bending, are
also very weak, while the satellites +¢ are quite intense.
In summary, we find that the combination of stacking
disorder and bent samples yields intensity on reciprocal-
lattice points with both A and ! odd, while forbidden
reflections with one of h and ! odd are produced by small
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isolated patches in highly defected samples.

The satellite reflections +¢ have a different origin.
Such satellites are present in LaTes as well as in all ex-
isting tritellurides from Sm to Tm, and in samples grown
with and without flux. The presence of the satellites indi-
cates that an additional periodicity of wavelength 27 /|7
is superimposed upon the undistorted cell, parallel to the
a or ¢ axes of the RTes subcell. The satellite reflections
appear with the strongest intensities around reciprocal-
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lattice points where h+1 is odd. In nearly all samples the
satellites appear in both the @* and ¢* directions, most of-
ten with two pairs of perpendicular satellites around the
same point, as in Fig. 2(a). A few samples have satellites
primarily in only one of the @* or &* directions, such as
those in Fig. 2(c) and Fig. 6. The magnitude of |7|/|¢*|
is plotted in Fig. 7 for all rare-earth tritellurides stud-
ied. For SmTes |7'|/|¢*| is close to (2/7), with no depen-
dence on temperature detected between 90 and 273 K.

202 200 202
[ [ ] [ ]
002 002
202 200 202
[ ] [ ] [ ]
- - . -

FIG. 2. Selected area diffraction patterns of rare-earth tritellurides in the (h0l) plane. The central rings indicate the presence
of disordered elemental Te, most likely due to thin polycrystalline films of unreacted Te on the crystal surfaces. (a) SmTes
crystal grown with RbCl/LiCl flux, at 273 K. The subcell reciprocal-lattice points are indexed, with satellite reflections labeled
+4. (b) Simulated pattern for undistorted SmTes unit cell, with systematic extinctions for h or I odd. (c) TmTes at 90 K.
Sample grown with Lil lux. The appearance of ring patterns around peaks other than (000) is due to double diffraction. (d)
SmTes; sample showing boxlike pattern of satellites, with vertical and horizontal satellites appearing in alternating rows.
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The variation of |¢'| with rare earth will be addressed
further below.

We ascribe the superlattice reflections to a periodic
lattice distortion in the Te sheets. Since the form fac-
tor for high-order satellites falls off rapidly for small-
amplitude structural distortions,”?> the lack of higher-
order satellites in our experiment implies that the atoms
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FIG. 3. (a) Convergent beam electron diffraction (CBED)
pattern in (hOl) plane for SmTes. Near the center of the
pattern, disks satisfy h and ! even, the expected subcell con-
ditions. Points from the k = 1 Laue zone having h and ! odd
are intercepted for larger A and I. The inset illustrates the
elongated diffraction rods in the h-k plane. The curved line
(Ewald sphere construction) shows which reciprocal-lattice
points are intercepted for beam aligned normal to the h-l
plane. (b) CBED pattern on the sample in (a) tilted ~ 20°
away from the zone axis, as indicated in the inset. Near (000),
disks from both k = 0 and k£ = 1 Laue zones have comparable
intensities.

DiMASI, ARONSON, MANSFIELD, FORAN, AND LEE

FIG. 4. Bright-field image of an LaTes crystal, aligned near
the [010] axis. Prominent bend contours are visible, both
in the highly defected region on the left of the sample, and
in the more uniform region on the right. The selected area
diffraction pattern of Fig. 6 was taken in the area bounded
by the rectangle at the lower right.

are only slightly displaced from the square-lattice posi-
tions. Our model, having a distortion within a 1 x 7 su-
percell, is shown in Fig. 8. Crosses in the figure indicate
the square positions, while the circles show the new atom
positions in the distorted phase. Here the displacements
dx and 0z in the @ and ¢ directions are proportional to
sin(|q’|z), where z is the coordinate of the atom’s undis-
torted position in the ¢ direction in the supercell. This
model yields the simulated diffraction pattern shown in
Fig. 9(a) for a displacement amplitude of 3%|¢|. Second-
order satellites, not observed experimentally, become vis-
ible in our simulations for distortion amplitudes exceed-
ing 6%. Our observation that the satellites appear only

FIG. 5. Dark-field image of an SmTe; crystal taken in a
forbidden reflection with A + ! odd. The sample is aligned
near the [010] axis. The intensity comes from small patches
on the sample, with different patches illuminated when the
sample is tilted, suggesting that small regions have sufficient
defects to reduce the crystal symmetry.
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FIG. 6. Diffraction pattern in (h0l) plane taken in the re-
gion bounded by the rectangle in Fig. 4. Here the extinction
conditions for h or | odd are nearly satisfied, while the sub-
cell peaks (200-type) and satellites ¢ have strong intensities.
Double diffraction through the wave vector § = +(¢*+¢’) pro-
duces an additional set of spots, labeled +D in the figure.

around reciprocal-lattice points with kA + [ odd requires
that two phase angles be chosen relating the z and =z
displacements. In the model, d= and §z are 90° out of
phase for each atom, so that all atoms are equidistant
from their undistorted positions while their polar angles
change continuously across the supercell. To reproduce
the observation that the satellites appear predominantly
around points with A + [ odd, the displacements of the
atoms labeled 1 and 2, in the corner and center of the
supercell, are 180° out of phase with each other. When
this phase angle is intermediate between 90° and 180°,
weak satellites appear around points where h + [ is even,
an effect occasionally observed experimentally.

The model described above reproduces satellite reflec-
tions that appear in only one of the @* or &* directions.
Two pairs of perpendicular satellites at each point can be
produced either by perpendicularly oriented superlattice

0300 K
90 K

0.33 ¢ x Cale.
032

0.31E

(4/13)
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FIG. 8. Model Te sheet supercell with periodic lattice dis-
tortion. Square sheet positions are indicated by crosses, dis-
placed atom positions by circles, as described in text. Atoms
at the corner (1) and center (2) of the supercell are con-
strained to move in opposite directions, so that the displace-
ments of atoms in the two rows are 180° out of phase with
each other.

domains, or by alternating Te layers with distortion wave
vector in the @* and ¢* directions. A simulated diffraction
pattern corresponding to the latter situation is shown in
Fig. 9(b). We ascribe the sample dependence of satel-
lite orientations to different arrangements of distorted Te
sheets relative to each other in the crystal. There remain
several features observed occasionally in our diffraction
patterns that we have not explained. We have not found
an arrangement of distorted layers that can reproduce the
intriguing boxlike pattern of satellites in Fig. 2(d). Mod-
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FIG. 7. Magnitudes of distortion wave vector observed in
RTes compounds. Open circles are room-temperature exper-
iments; closed circles are measurements at 90 K. Crosses are
calculated maximal Fermi surface nesting vectors as described
in text.

FIG. 9. Simulated (hO0l) diffraction patterns. (a) Te su-
percell with model distortion shown in Fig. 5. (b) Supercell
formed from a stack of two 7 x 7 layers with perpendicularly
oriented distortions.
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FIG. 10. Selected area diffraction pattern in (h0l) plane for
sample from an SmTes batch in which the primary satellites
at (2/7)c* are accompanied by a more complicated pattern of
satellites.

els incorporating stacked Te sheets that were rotated by
180° around either the a or b axis failed to yield satellites
appearing around alternating rows of reciprocal-lattice
points as observed in experiment. In the diffraction pat-
tern of Fig. 6, additional spots +D are produced by dou-
ble diffraction of the main (200-type) and satellite (+q)
spots, through the wave vector § = & + ¢. For this
double diffraction route, |D| = |¢*| — 2|¢|, and with ||
close to (2/7)|c*|, this yields |D| = (3/7)|c*|, raising the
question of whether the spots at +D may instead be
higher-order superlattice peaks. However, we find that
for samples where |¢'|/|¢*| deviates from (2/7), such as
ErTes, ¢ and D are not commensurate within experi-
mental error. In a few other samples, the satellites at
(2/7)¢* are accompanied by a more complex pattern of
satellites, shown in Fig. 10. Further work will be required
to address these more complicated satellite patterns. In
subsequent discussion we will only consider the primary
satellites at (2/7)c*. Finally, we emphasize that the pe-
riodic lattice distortions discussed above are too small to
lift the reciprocal-lattice extinctions, as demonstrated by
our simulations, where systematic extinctions are main-
tained even in the presence of relatively intense satellites.

IV. DISCUSSION

We have identified structural distortions in the Te
sheets of the rare-earth tritellurides. The superlattice
wave vectors observed correspond very well to maxi-
mal Fermi surface nesting vectors determined from tight-
binding band calculations. Figure 11 shows the quasi-
two-dimensional Fermi surface calculated for a square
Te sheet with lattice parameter corresponding to that
of SmTez. The extended Hiickel method?® with conven-
tional Te parameters was employed.?” Band filling was
determined by taking into account charge transfer from
the rare earth, which previous magnetic susceptibility
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FIG. 11. Calculated Fermi surface for Te sheet with band
filling appropriate to SmTes. Dashed and solid lines are Fermi
surfaces for two separate bands, and the shaded region shows
filled states. The observed distortion wave vector matches the
calculated maximal nesting vector for the long parallel sheets
of the Fermi surface. The size of the arrowheads indicates ex-
perimental and calculated error, shown as error bars in Fig. 7.
Since the nesting sheets have some curvature, the calculated
nesting vector was averaged over the region 0.10-0.25a*.

measurements found to be trivalent.2® We assume that
the rare-earth atom provides two electrons for bonding
within the rare-earth-chalcogen slab, while the third elec-
tron is contributed to the sheet Te bands. Since there are
two sheet Te atoms per rare earth, this leads to a band
filling of 6.5 electrons per Te in the square sheet. Filled
states are indicated by the shaded region, while solid
and dashed lines show where two bands cross the Fermi
level. This Fermi surface has long parallel sheets along
the (@*+c*) directions, which are nested by a wave vector
that is the same as that observed experimentally within
the errors of both experiment and calculation. This cor-
respondence argues that the periodic lattice distortion in
the Te sheets is driven by Fermi surface energetics, with
a remarkably simple band structure dominated by sheet
Te bands.

As Fig. 7 illustrates, CDW satellites are observed in the
tritellurides across the rare-earth series, and we now con-
sider the stability of the distortion. In the RTes; family,
lattice constants decrease by 4% from LaTes to TmTes,
the rare-earth tritelluride with the smallest lattice con-
stant. Calculated maximal nesting vectors for Te sheets
with lattice constants appropriate to each rare earth are
indicated with crosses on Fig. 7. The correspondence
between the observed and calculated wave vector is re-
tained across the series, with |§|/|¢*| taking values be-
tween 0.27 and 0.31. Despite the proximity of |§|/|c*|
to (2/7), which allows the distortion to be modeled in a
1 x 7 supercell, the CDW’s of the RTe3z when considered
together are best described as incommensurate.

Since a Fermi surface driven CDW relies on having the
energies of a large density of states at the Fermi level,
N(er), lowered by the distortion,*57 the CDW is ex-
pected to be sensitive to experimental variation of N(ep).
In a simple metallic system, a decrease in cell volume
is expected to broaden the bands and reduce N(ep),*
and so we would predict the CDW to be destabilized as
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cell volume is reduced. This expectation is borne out
by naive energy calculations. Figure 12(a) shows the re-
sults of second moment scaled?® Hiickel calculations for
distorted Te supercells with varying CDW amplitudes.
Here the band energies for the distorted structures have
been calculated for each lattice constant, and referenced
to the energy of a square lattice of the same cell size.
For each CDW amplitude, the distortion is increasingly
stable at larger cell volume. The calculations also pre-
dict that larger-amplitude distortions are more quickly
destabilized with pressure, as illustrated in Fig. 12(b),
which shows the critical lattice constant for CDW desta-
bilization as a function of distortion amplitude. As we
observed CDW satellites in TmTes, we can estimate
from the energy calculations that the CDW amplitude
in the rare-earth tritellurides is less than 6%|c|, consis-
tent with the absence of higher-order satellite reflections.
We caution that this technique only provides an upper
bound on the CDW amplitude, as the second-moment
scaled Hiickel method is known to underestimate the en-
ergetic cost of increased CDW amplitudes for rare-earth
polyselenides.'?

It is instructive to compare the incommensurate Fermi
surface nesting CDW’s of the RTe; with the large com-
mensurate distortion of LaSez, which has previously been
approached from the point of view of a Jahn-Teller
instability.!” In the Se sheets of LaSe;, the bonding or-
bitals of covalent Se dimers are exactly filled by the num-
ber of electrons available in the system. While a local-
ized Jahn-Teller description would consequently be ade-
quate for LaSe,, it would be problematic for the metallic
RTes. Here, the rare-earth contributes an odd number
of electrons per unit cell to the Te sheets. Since each
chalcogen atom or chain requires two electrons to fill its
empty s/p states, the electronic requirements of cova-
lently bonded chalcogen chains cannot be satisfied in the
tritellurides. This makes the RTes distortions impossible
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FIG. 12. (a) Calculated band energies for distorted Te su-
percells referenced to the energy of the undistorted square
lattice, as a function of lattice constant. The different curves
correspond to CDW'’s of different amplitudes, and show that
larger distortions are increasingly stable for larger cell vol-
ume. (b) Critical lattice constant for CDW destabilization as
a function of distortion amplitude. In both figures, dashed
lines show extremal RTe; lattice parameters, and solid lines
are guides for the eye.
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to interpret in a literal Jahn-Teller picture, and empha-
sizes the need for a more general CDW description that
encompasses the entire family of distortions observed in
chalcogen square lattices.

The similarity between the LaSe; and RTes systems
is apparent, however, from a comparison of their calcu-
lated Fermi surfaces. The primary difference between
the Fermi surfaces of the di- and trichalcogenides is due
to their respective band filling, as illustrated in Fig. 13.
The RX, stoichiometry has one rare-earth per sheet
chalcogen atom, leading to a band filling of 7e/chalcogen,
larger than the 6.5e¢/chalc. of the RX3 compounds. Fig-
ure 13(a) shows the calculated Fermi surface of the Se
sheet of LaSe;. The wave vector ¢ = (1/2)@*, corre-
sponding to the experimentally observed cell doubling,'®
nests sheets of the Fermi surface near the edge of the
Brillouin zone. The calculated Fermi surface of a square
Te lattice with the same band filling, shown in Fig. 13(b),
corresponds to LaTe; and is nearly identical to the LaSe,
Fermi surface. As band filling in the Te sheet is re-
duced towards that of the RTes compounds (6.5¢/Te),
as shown in Figs. 13(c) and 13(d), the nesting sheets
near the zone edge are continuously degraded. Near the
RTes band filling nesting across the sheets forming in the
(a* £ ¢*) directions becomes more favorable. These cal-
culations emphasize the equivalent origins of the distor-
tions in dimerized diselenides and metallic tritellurides.
Finally, we observe that the rare-earth polytellurides are
an especially appropriate experimental family for further
study of CDW’s in chalcogen square lattices. While the
rare-earth dichalcogenides are obtainable for both Se and
Te, the lower band filling of the stoichiometries Ry X5
and RX3 are found only for polytellurides. A further

a. 7.0 e7/Se b. 7.0 e7/Te

Y

c. 6.8 e7/Te

d. 6.6 e7/Te

FIG. 13. (a) Calculated Fermi surface for Se sheet with
band filling of 7.0 electrons/sheet Se atom, appropriate for
LaSez. The nesting vector § = @*/2 corresponds to the ex-
perimentally observed cell doubling of this compound. (b)
The Fermi surface of a square Te sheet with the same band
filling (7.0e/Te) is virtually identical to the LaSe:; surface.
Reducing the band filling towards the 6.5¢/Te of the RTes
compounds, (c) and (d), degrades the nesting near the zone
edge in favor of that across the parallel sheets in the (8" £c")
directions.
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advantage of the tritellurides is the simplicity of their
fully occupied double Te sheets. Previous single-crystal
x-ray studies2%:?° found that the single Te layers of SmTe,
and Sm,Tes have vacancies, which would be expected to
complicate the energetics of the CDW. Our observations
establish the rare-earth polychalcogenides as CDW hosts
in which a variety of structural distortions result from a
very simple band structure, which can be tuned experi-
mentally and compositionally within the RX,, family.

V. SUMMARY

The layered rare-earth polychalcogenides are a charge-
density wave (CDW) family hosting a variety of struc-
tural distortions in their quasi-two-dimensional square
chalcogen sheets. Through transmission electron mi-
croscopy we have studied the structure and morphology
of the rare-earth tritellurides. From electron diffraction
we identified superlattice reflections indicating the pres-
ence of incommensurate distortions in the layer plane,
which we model with sinusoidal atomic displacements
in the square Te sheets of these compounds. The ob-
served superlattice wave vector corresponds to the max-
imal Fermi surface nesting wave vector determined from
extended Hiickel tight-binding band calculations. The
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CDW is stable under the volume decrease obtained by
substituting the heavier rare earths, while energy calcu-
lations suggest that large-amplitude distortions are sup-
pressed under this chemical pressure. Our results indi-
cate that the rare-earth tritellurides host small-amplitude
Fermi surface driven distortions. The experimental ob-
servations are compatible with sinusoidal atomic dis-
placements, in contrast to the large commensurate dis-
tortions and ordered vacancy structures found in other
rare earth polychalcogenide phases. Our observations
establish the rare-earth polychalcogenides as a model
CDW family, in which incommensurate small-amplitude
CDW's, large Jahn-Teller-like distortions, and ordered
vacancy structures all result from a very simple but uni-
versal chalcogen sheet band structure.
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FIG. 10. Selected area diffraction pattern in (h0l) plane for
sample from an SmTes batch in which the primary satellites
at (2/7)¢" are accompanied by a more complicated pattern of
satellites.
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FIG. 2. Selected area diffraction patterns of rare-earth tritellurides in the (h0l) plane. The central rings indicate the presence
of disordered elemental Te, most likely due to thin polycrystalline films of unreacted Te on the crystal surfaces. (a) SmTes
crystal grown with RbCl/LiCl flux, at 273 K. The subcell reciprocal-lattice points are indexed, with satellite reflections labeled
+4. (b) Simulated pattern for undistorted SmTes unit cell, with systematic extinctions for h or [ odd. (c¢) TmTes at 90 K.
Sample grown with Lil flux. The appearance of ring patterns around peaks other than (000) is due to double diffraction. (d)
SmTes sample showing boxlike pattern of satellites, with vertical and horizontal satellites appearing in alternating rows.



FIG. 3. (a) Convergent beam electron diffraction (CBED)
pattern in (hOl) plane for SmTes. Near the center of the
pattern, disks satisfy h and [ even, the expected subcell con-
ditions. Points from the k = 1 Laue zone having h and [ odd
are intercepted for larger h and I. The inset illustrates the
elongated diffraction rods in the h-k plane. The curved line
(Ewald sphere construction) shows which reciprocal-lattice
points are intercepted for beam aligned normal to the h-I
plane. (b) CBED pattern on the sample in (a) tilted ~ 20°
away from the zone axis, as indicated in the inset. Near (000),
disks from both k = 0 and k = 1 Laue zones have comparable
intensities.



FIG. 4. Bright-field image of an LaTes crystal, aligned near
the [010] axis. Prominent bend contours are visible, both
in the highly defected region on the left of the sample, and
in the more uniform region on the right. The selected area
diffraction pattern of Fig. 6 was taken in the area bounded
by the rectangle at the lower right.



FIG. 5. Dark-field image of an SmTes crystal taken in a
forbidden reflection with h + [ odd. The sample is aligned
near the [010] axis. The intensity comes from small patches
on the sample, with different patches illuminated when the
sample is tilted, suggesting that small regions have sufficient
defects to reduce the crystal symmetry.



FIG. 6. Diffraction pattern in (hOl) plane taken in the re-
gion bounded by the rectangle in Fig. 4. Here the extinction
conditions for h or ! odd are nearly satisfied, while the sub-
cell peaks (200-type) and satellites +4 have strong intensities.
Double diffraction through the wave vector § = +(¢"+¢') pro-
duces an additional set of spots, labeled +D in the figure.



