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The rare-earth tritellurides have a rich phase diagram that includes charge density waves (CDWs), supercon-
ductivity, and magnetic order, offering a platform to study the interplay between these phases on a square-net
system. Prior studies have shown that defects can affect the CDW characteristics in these materials, yet coupling
between the CDW order and the underlying microstructure has not been studied at the nanoscale. Here we use
scanning transmission electron microscopy at cryogenic temperatures to directly visualize the effects of defects
on the CDW order and provide a spatially resolved microscopic correlation between the CDW transition and
structural defects. We show that in the presence of extended defects, such as dislocations and stacking faults,
the weak orthorhombicity of the rare-earth tritellurides is lost and the material becomes pseudotetragonal. Since
the orthorhombicity acts as a symmetry breaking field for the CDW transitions in rare-earth tritellurides, the
presence of these extended defects modulates the energetics of the CDWs and suppresses the ground-state CDW
phase at low temperature.

DOI: 10.1103/PhysRevB.110.014111

I. INTRODUCTION

Crystal defects like dislocations and stacking faults are
imperfections that disrupt periodic order in crystalline solids.
Their presence shapes many mechanical and electronic prop-
erties of materials [1–4]. In charge density wave (CDW)
systems, the perturbation potential from these defects can
affect the critical parameters and properties of CDWs and lead
to the formation of CDW pinning sites, emergence of incom-
mensurate domains, and suppression of the CDW amplitude
[5–10]. Since electron-phonon coupling is strong in CDW
systems [11,12], lattice distortions from defects will influence
the CDW phases, necessitating detailed microscopic studies
to link the CDW behavior with the underlying structural de-
fects. However, techniques that allow a direct characterization
of defect-CDW interactions are limited. Scanning tunneling
microscopy is commonly used for atomic-scale characteriza-
tion, but it is strictly surface sensitive with a limited field
of view, and thus often unable to access complete defect
structures, especially for extended defects like dislocations.
Other techniques like x-ray or neutron diffraction and optical
measurements are either indirect probes or lack sufficient spa-
tial resolution. In contrast, transmission electron microscopy
(TEM) provides a nanoscale spatial resolution and thickness-
averaged structural information, as evidenced by prior CDW
studies [13–15]. Further, in situ cryogenic scanning TEM

(cryo-STEM) can access and control relevant temperatures
and length scales, enabling direct correlation of microstruc-
tural features with local CDW order in real space. In this work,
we study the defect-CDW coupling in rare-earth tritellurides
(RTe3; R = La, Gd, and Er) using in situ cryo-STEM.

RTe3 materials are layered, quasi-two-dimensional (2D)
compounds with multiple CDW orders [11,16–18], including
at least one unconventional CDW phase exhibiting an axial
Higgs mode [19]. Due to lanthanide contraction, the size of
the rare-earth elements decreases along the Periodic Table and
results in tunable CDW behavior as a function of R. RTe3’s
with larger rare-earth elements (La-Gd) have a unidirectional,
incommensurate CDW (CDW1), while RTe3’s with smaller
rare-earth elements (Tb-Tm) have an additional incommen-
surate CDW (CDW2) at a lower temperature, orthogonal to
CDW1, creating a bidirectional CDW state [17,20]. RTe3’s
belong to the orthorhombic space group Cmcm with the pres-
ence of a c glide (glide plane perpendicular to the b axis
and glide direction along the c axis) [Fig. 1(a)]. The unit cell
consists of two layers of RTe3, where each layer comprises
a corrugated R-Te block sandwiched between square nets of
Te. The two in-plane lattice parameters differ slightly with
|a| < |c| by ∼0.2 pm [21]. This weak anisotropy between
the a and c axes couples with the CDWs in these materi-
als, and the high-temperature CDW1 preferentially orients
along the c axis in the Te square net. Straquadine et al.

2469-9950/2024/110(1)/014111(10) 014111-1 ©2024 American Physical Society

https://orcid.org/0000-0003-0300-1087
https://orcid.org/0000-0002-2960-6925
https://orcid.org/0000-0002-9607-8042
https://orcid.org/0000-0002-3155-2137
https://orcid.org/0000-0002-3736-3281
https://orcid.org/0000-0002-2571-8954
https://orcid.org/0000-0002-9301-457X
https://orcid.org/0000-0002-1042-1146
https://orcid.org/0000-0002-1638-7217
https://orcid.org/0000-0003-3459-4241
https://orcid.org/0000-0001-5880-0260
https://orcid.org/0000-0002-6346-2814
https://ror.org/05bnh6r87
https://ror.org/05bnh6r87
https://ror.org/00hx57361
https://ror.org/0022nd079
https://ror.org/02ex6cf31
https://ror.org/05bnh6r87
https://ror.org/05bnh6r87
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.014111&domain=pdf&date_stamp=2024-07-25
https://doi.org/10.1103/PhysRevB.110.014111


SAIF SIDDIQUE et al. PHYSICAL REVIEW B 110, 014111 (2024)

FIG. 1. Stacking defects in RTe3. (a) Schematic of RTe3 crystal structure as viewed in the c axis (top panel) and a axis (bottom panel).
Notice the c glide in the bc plane projection, i.e., [100] zone axis [dotted line in (a), bottom schematic]. Solid line in the top schematic in
(a) represents mirror plane. Cross-section HAADF-STEM images of exfoliated (b) LaTe3 (c) GdTe3, and (d) ErTe3. The insets in (b–d) show
electron diffraction from (0 k 1) planes; smearing of the spots implies disordered stacking (Supplemental Fig. S2 [26] shows the regions of the
samples from which the SAED patterns were taken as well as the full SAED patterns). Scale bars are 1 nm.

[22] studied this lattice-CDW coupling by applying in-plane
strain to bulk ErTe3 crystal. Unstrained ErTe3 undergoes two
successive CDW phase transitions, with TCDW1 ≈ 260 K and
TCDW2 ≈ 160 K. When ErTe3 is strained to make |a| = |c|,
the two critical temperatures become equal and the system
directly enters the bidirectional CDW state [22]. The CDWs
can also be affected by defects. For example, when point
defects were introduced by intercalating Pd in ErTe3, a pro-
nounced effect on the CDWs was observed, and at high defect
concentrations, CDWs were suppressed and a Bragg glass
phase was observed [23–25].

While prior studies demonstrate the effects of strain and
point defects on the CDWs in RTe3, a spatially resolved
microscopic study is needed to directly link the CDW orders
to local microstructure. We image the local microstructures
of exfoliated flakes of RTe3 (R = La, Gd, and Er) and probe
their effects on the CDW phases, while also performing
ab initio density-functional theory (DFT) calculations of
stacking fault energies, of preferred planar sliding directions,
and of the impact of stacking faults on the crystal symmetry. In
perfect harmony with our ab initio findings, atomic-resolution
STEM imaging reveals basal dislocations in RTe3 that change
the layer stacking order, reducing the in-plane anisotropy
in the crystal, making it pseudotetragonal. Using electron
diffraction and four-dimensional STEM (4D STEM) at cryo-
genic temperature, we correlate the microstructural features
of RTe3 flakes with their CDW behavior and find that in the
presence of dislocations: (1) the high-temperature CDW1 is
stabilized along both in-plane axes instead of only along the c
axis and (2) the low-temperature CDW2 is suppressed in the
bidirectional CDW system. We also show dislocations in the

CDW lattice, which appear uncorrelated with the crystal de-
fects. We observe that RTe3’s with smaller rare-earth elements
are more susceptible to developing stacking defects. This
work provides microscopic information on the defect-CDW
interaction, which is essential in understanding the static and
dynamic properties of CDW states and provides a possibility
to engineer CDWs for device applications.

II. RESULTS AND DISCUSSION

A. Stacking defects in RTe3

Figure 1(a) shows the RTe3 crystal structure in the [001]
and [100] zone axes (ab and bc planes, respectively). The
unit cell consists of two RTe3 layers where the layers are
symmetric under a translation by c/2 followed by reflection
across the plane perpendicular to the b axis. Thus a glide plane
perpendicular to the b axis exists, with the glide direction
only along the c axis and not the a axis (c glide). To ob-
serve this anisotropic glide symmetry, cross-section samples
of exfoliated flakes were prepared using a focused ion beam
and imaged using an aberration-corrected scanning transmis-
sion electron microscope and a high-angle annular dark field
(HAADF) detector (details in Supplemental Note 1 in the
Supplemental Material [26]; also see Refs. [27–38]). These
cross-sectional HAADF-STEM images of LaTe3, GdTe3,
and ErTe3 flakes show the layer stacking in the samples
[Figs. 1(b)–1(d)]. Surprisingly, we observe stacking defects in
GdTe3 and ErTe3, where the stacking changes are highlighted
in pink and green. For LaTe3 and GdTe3 with no or just a
few stacking defects [Figs. 1(b) and 1(c)], our measurements
clearly show the expected projection along the [100] zone axis
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(a axis). For GdTe3, the local unit cell at the defect plane
resembles the [001] projection of the unit cell while the re-
mainder of the sample retains the [100] projection. In the case
of ErTe3, many stacking defects are present [Fig. 1(d)]; thus
it is not clear if the sample was imaged in the [100] or [001]
zone axis. Therefore, in the presence of stacking defects, the
anisotropic presence of the c glide is lost and the two in-plane
axes cannot be unambiguously determined. Cross-sectional
HAADF-STEM images from the same flakes but viewed in
the [001] zone axis (c axis) are shown in Supplemental Fig.
S1 [26], where the stacking defects again increase when going
from LaTe3 to ErTe3.

Since HAADF-STEM images represent a small field of
view, selected area electron diffraction (SAED) patterns were
acquired from several micron-wide regions, as shown in the
insets of Figs. 1(b)–1(d) and Supplemental Figs. S1(a)–S1(c)
[26] (Supplemental Fig. S2 shows the cross-section regions
from which the SAED patterns were taken). Since stacking
changes disrupt the interlayer periodicity, the stacking defects
in RTe3 result in the smearing of the (0 k l) and (h k 0) diffrac-
tion spots in the [100] and [001] zone axes, respectively. Here
h and l are odd integers. The stacking disorder increases with
smaller rare-earth elements as evidenced by more pronounced
smearing of the diffraction peaks going from LaTe3 to ErTe3.
While far rarer than in GdTe3 and ErTe3, we note that stacking
defects are still observed in LaTe3 flakes.

B. DFT calculations of stacking defects

To corroborate the observed stacking faults in RTe3 and
to estimate the likelihood of generating such defects, DFT
calculations were carried out on a LaTe3 supercell (see
Supplemental Note 1 [26]). We constructed two periodic su-
percells containing four LaTe3 layers, one without a stacking
fault (A, B, A, B) and one with a stacking fault (A, B, A,
B′), as shown in Fig. 2(a). Here B denotes a shift of (a/2,
0, 0) from the A layer so that the Te square nets between
adjacent LaTe3 layers do not lie atop each other. The bulk
stacking in RTe3 corresponds to (A, B) stacking [Fig. 2(a)].
B′ indicates an in-plane rotation of 90 ° to the B layer or
alternatively a shift of (0, 0, a/2) from the A layer. This corre-
sponds to a stacking fault density of 0.25 per LaTe3 formula
unit.

In the absence of stacking faults, after structural re-
laxation, we find a = 4.395 54 Å, c = 4.395 93 Å, and
b = 13.3194 Å, indicating a very slight breaking of the square
lattice symmetry as expected. While this ∼0.0085% (∼0.04
pm) difference between a and c is smaller than the reported
values [21], it is persistent and roughly constant across a wide
range of wave-function plane-wave energy cutoffs of 15–40
hartrees (electron-density cutoffs of 75–280 hartrees). With
the inclusion of a stacking fault, however, the square lattice
symmetry is retained within our convergence tolerance with
a = 4.395 75 Å, c = 4.395 77 Å, and b = 13.3193 Å. In other
words, the inclusion of a stacking fault converts LaTe3 from
a weakly orthorhombic lattice to a tetragonal lattice. We note
that the calculated change in the lattice parameters |a| and |c|
due to stacking faults could not be confirmed experimentally
using atomic imaging or electron diffraction due to experi-
mental limitations.

To estimate the energy cost per unit area of including a
stacking fault, we compute the energy difference between the
above two calculations, which represents the stacking fault
energy. While the stacking faulty energy is at the resolu-
tion limit of our calculation and, as such, does not smoothly
converge with respect to plane-wave cutoff, we do find the
stacking fault energy to be consistently positive, with a value
we estimate to lie somewhere around, and no more than,
0.035−0.117 mJ/m2.

To create a stacking fault, interlayer sliding between two
neighboring LaTe3 layers is necessary, so that defect forma-
tion depends on the energy landscape as layers slide relative to
each other. Figure 2(b) shows the stacking energy relative to
the ground-state “bulk” configuration as a function of relative
displacement for 20 stacking configurations along the high-
symmetry directions, revealing the kinetic barrier that must
be crossed to generate the defect via interlayer sliding. As
expected, bulk stacking, where the Te square net of one LaTe3

layer sits atop the holes of the Te square net of another layer
[labeled “Te/Center” in Fig. 2(b)], has the lowest stacking
energy. We also find that direct stacking of the Te square
nets [“Te/Te” in Fig. 2(b)] is the least favorable (stacking
energy of 89.5 mJ/m2 relative to bulk), so that sliding in
the [100] or [001] directions is energetically unfavorable. In
contrast, sliding in the [101] direction has the smallest energy
barrier (53.8 mJ/m2), so that we expect stacking defects with
interlayer sliding components in the [101] direction to be the
most likely to form. We note that the energies associated with
interlayer sliding are two orders of magnitude larger than our
computed stacking fault energy and are well resolvable with
our pseudopotentials.

C. Dislocations and stacking defects

Interlayer sliding required to create stacking defects can
occur in the presence of dislocations. Figure 2(c) shows
a cross-section image of LaTe3 in the [001] zone axis,
which shows a dislocation with a projected Burgers vector
Bproj = 1

2 [100]. A Burgers circuit is drawn with white dotted
lines, enclosing the dislocation core. The observed dislocation
core cannot be in the R-Te corrugated block since that would
exhibit a Burgers component along the b axis, which we do
not observe. Further, a dislocation core in the R-Te block is
energetically unfavorable as the R and Te sites need to ex-
change their positions, creating rows of antisite defects. Thus,
we believe the dislocation core lies in the Te square net. Based
on the DFT calculations that suggest that interlayer sliding
along [101] is most energetically favorable, we infer that the
true Burgers vector B must be 1

2 [101].
In Fig. 2(c), the layer stacking to the left of the dislocation

core resembles that of the [100] projection [see Fig. 1(a)],
but to the right of the core, it resembles the [001] projection.
Thus the a and c axes are effectively swapped across the
dislocation, changing the layer stacking locally. Figure 2(d)
shows the simulated HAADF-STEM image of LaTe3 in cross
section, having our proposed dislocation structure with B =
1
2 [101], which captures the experimentally observed smearing
of atoms around the dislocation core and the stacking change
from the [100] projection to the [001] projection across
the dislocation core in full agreement with the experiment.
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FIG. 2. Relation between stacking defects and dislocation in RTe3. (a) LaTe3 supercells used for DFT calculations. (b) Interlayer stacking
energy of a LaTe3 bilayer relative to the bulk stacking energy. The horizontal axis denotes the high-symmetry path between high-symmetry
stacking, with the labels denoting the relative positions of the adjacent Te square nets relative to the two LaTe3 layers. The inlays show the
Te square nets of the three stacking arrangements. Shifting in the [101] direction by (a/2, 0, a/2) from Te/center to Te/edge and then back to
Te/center has the smallest energy barrier due to Te/edge being a saddle point in the interlayer stacking energy. (c) Cross-sectional view of LaTe3

showing a dislocation (a Burgers circuit is shown by the white dotted line, and the component of the Burgers vector in the viewing direction is
shown by the red arrow). The layer stacking changes across the dislocation core. Scale bar = 1 nm (d) Multislice HAADF-STEM simulation
of LaTe3 in cross section containing a 1

2 [101] dislocation, which matches the experimental HAADF-STEM image in (c). (e) Schematic of the
same dislocation in (d), viewed in the [010] projection. Across the dislocation, the in-plane a and c axes swap and hence the glide direction
realigns. (f) Virtual DF-STEM image of GdTe3 reconstructed for the forbidden (031) reflections in the [100] zone axis. The white streaks
correspond to the stacking changes where the local zone axis is [001] and (130) reflections [counterpart to (031) reflections in the [001] zone
axis] are allowed. Scale bar = 0.5 µm.
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The presence of a dislocation with B = 1
2 [101] therefore re-

sults in a stacking change. The swapping of a and c axes
locally can also be thought of as realignment of the glide
direction from the c axis to the a axis. This is schematically
illustrated in Fig. 2(e) viewed along the b axis (normal to basal
planes).

The swapping of local a and c axes due to dislocations
is imaged over a larger field of view using 4D STEM. In
4D STEM, a nanoscale electron beam is rastered across the
sample and 2D diffraction patterns are collected at each probe
position [39]. Figure 2(f) shows a virtual dark-field (DF)
STEM image of a cross-section sample of bulk GdTe3 crystal
in the [100] zone axis, reconstructed from the forbidden (031)
Bragg reflection. Since its counterpart (130) is allowed in
[001], wherever the stacking matches that of [001] projection,
the region appears brighter in the virtual DF image. In other
words, the white streaks in the image correspond to stacking
defects, where the in-plane axes have flipped. Additionally,
we see that these stacking defects are bound by features that
have darker contrast. The contrast change is a result of local
deviation from the regular crystal lattice and is typical of
dislocations [40]. This again shows that dislocations change
the stacking order in RTe3.

In summary, the DFT calculations show that an inclusion
of a stacking fault leads to a square net of Te, converting
the crystal from a weak orthorhombic lattice to a tetragonal
lattice, and the estimated energy for stacking defects is small
with the preferred sliding direction of [101]. This agrees with
the experiment where a dislocation with B = 1

2 [101] locally
swaps the two in-plane axes, which leads to the loss of the
anisotropic presence of the c glide and orthorhombicity. If
the dislocation density is low, then the crystal would retain
its orthorhombic nature overall, and we would expect pre-
viously observed bulk behaviors with CDW1 aligned along
the c axis. In contrast, if the dislocation density is high, the
exfoliated crystals will eventually become pseudotetragonal
at high enough dislocation densities and a change in the CDW
behavior is expected.

D. Effects of pseudotetragonality on the CDW

To study the effects of dislocation on the CDW behavior,
we imaged exfoliated flakes of LaTe3, GdTe3, and ErTe3

at 100 K using bright-field TEM (BF TEM) and SAED in
the [010] zone axis (plan view). An extensive network of
basal dislocations is observed in these exfoliated flakes, which
appear as dark lines in BF-TEM images [Figs. 3(b), 3(c),
and 3(f)], similar to what is observed in other layered ma-
terials [40]. Figure 3(a) shows schematics of the expected
SAED patterns for pristine RTe3 with no CDW, unidirectional
CDW, and bidirectional CDW in the absence of any defects.
The circles represent the Bragg peaks from the lattice, and
the upright and upside-down triangles represent the satellite
peaks from CDW1 and CDW2, respectively. In regions of the
LaTe3 and GdTe3 flakes that contain few defects, the SAED
patterns show the expected CDW behavior with the CDW1

satellite peaks appearing only along one of the in-plane axes
[Figs. 3(b) and 3(c), area 1], presumably along the c∗ direc-
tion (asterisk (*) here denotes a reciprocal lattice vector). In
contrast and surprisingly, the regions of the LaTe3 and GdTe3

flakes that contain many dislocation lines show SAED pat-
terns with CDW satellite peaks present along both the a∗ and
c∗ directions [Figs. 3(b) and 3(c), area 2]. This behavior has
not been observed in LaTe3 and GdTe3 bulk crystals, which
are unidirectional CDW systems. Similar observations were
reported for TbTe3 using STM, but the finding was attributed
to surface effects [41]. We observe CDW1 peaks along both
the a∗ and c∗ axes up to room temperature (Supplemental
Fig. S3 [26]). Thus we show that pseudotetragonality due to
dislocations lifts the directional preference of CDW1.

The low-temperature CDW2 is also impacted by the pres-
ence of dislocations and the resulting loss of orthorhombicity.
This is probed in an exfoliated ErTe3 flake, which should
exhibit a bidirectional CDW state (coexisting CDW1 along
c∗ and CDW2 along a∗) below ∼160 K. From bulk stud-
ies, the magnitudes of the CDW wave vectors for ErTe3 are
qCDW1 = 0.300c∗ and qCDW2 = 0.313a∗ [21]. The SAED pat-
tern at 100 K from a defect-free region shows this expected
behavior with different magnitudes for the two wave vectors
[|q2| > |q1|, Figs. 3(d) and 3(e)], but from a region that has a
high defect density, the SAED pattern shows that the two wave
vectors have comparable magnitudes [|q2| ≈ |q1|, Figs. 3(f)
and 3(g)]. Figures 3(h) and 3(i) show the magnitude of the
two orthogonal q vectors as a function of temperature. For
an ErTe3 flake that is defect free, the two q vectors start to
have different magnitudes at temperatures <200 K, indicating
the low-temperature CDW2 emerges below 200 K [Fig. 3(h)].
Surprisingly, for the highly defective flake, the two q vectors
remain ∼0.300a∗

i (i = 1 or 2) at all temperatures [Fig. 3(i)].
This implies that, when the local orthorhombicity is lost due
to defects, CDW1 is populated along both in-plane axes, and
the lower-temperature CDW2 is suppressed. This behavior
also suggests that the two CDW orders compete with each
other, in agreement with the recent pump-probe study [42].
Supplemental Fig. S4 [26] shows the variation of the two q
-vectors for another defect-free ErTe3 flake from 16 to 240 K.

E. Correlation of CDW domains with defects by 4D STEM

From the SAED patterns, we establish that the presence
of dislocations leads to the emergence of CDW1 along both
in-plane axes and suppression of CDW2. Because SAED aver-
ages over micron-wide regions, it is unclear if the two CDW1

orders, aligned orthogonally along both axes, spatially coexist
or are separated into domains. To characterize the spatial
distribution of the CDW order at the nanoscale, we acquired
4D-STEM data from ErTe3 at temperatures ranging from 120
to 300 K.

Figure 4(a) shows a reconstructed DF-STEM image of an
ErTe3 flake (see Supplemental Note 2 [26] for details on
the 4D-STEM analysis). Similar to the flakes in Fig. 3, the
straight lines observed in the flake indicate dislocations. Note
that ErTe3 at 120 K should be in a bidirectional state with
coexisting CDW1 and CDW2. Diffraction data from two probe
positions [Fig. 4(a)] show that at the probe position P1, the
CDW satellite peaks are stronger along a∗, while at probe
position P2, the peaks are stronger along c∗ (The a vs c axes
are inferred from the analysis shown in Figs. 4(f) and 4(g).
Hence, the CDW order is not spatially uniform in the flake
and may be correlated with the flake’s microstructure.
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FIG. 3. Effects of defects on the CDW behavior. (a) Schematic diffraction patterns in the [010] zone axis when RTe3 are in the high-
temperature phase (no CDW) showing only Bragg peaks (circles). In the unidirectional CDW state satellite peaks emerge along one of the
crystallographic directions (upright triangles). In the bidirectional CDW state, another set of satellite peaks emerges (upside-down triangles)
and these peaks are orthogonal to the first CDW. Plan-view BF-TEM images of exfoliated flakes of (b) LaTe3 and (c) GdTe3 showing diffraction
contrast from dislocations and stacking defects. Corresponding SAED patterns collected from encircled regions are shown adjacent to the
BF-TEM images. The satellite peaks are encircled. (d) ErTe3 flake with low defect density. Inset shows the diffraction pattern. (e) Measuring
the two CDW wave vectors gives the expected bulk values. (f) ErTe3 with higher defect density, and (g) shows that the two wave vectors are
equal in magnitude. (h,i) Temperature evolution of the wave vectors in two ErTe3 flakes. (h) is characterized by a low defect density, while (i)
is from a flake with a high defect density. Horizontal dotted lines in (e,g–i) correspond to the bulk q-vector magnitudes. Since we do not know
the crystal axes, we use the notations a1 and a2 for the lattice vectors, and q1 and q2 for the CDW wave vectors in two orthogonal directions.
Scale bars are 0.25 µm.

CDW mapping images are generated by applying virtual
apertures to the CDW peaks along a∗ or c∗ in the 4D-STEM
data at each probe position [43] (see Supplemental Note 2
and Supplemental Fig. S5 for the analysis details [26]). Fig-
ures 4(b) and 4(c) show these images at 120 K. Intensity
in these CDW mapping images represents the CDW peak
intensity and, hence, the spatial distribution of the CDW along
a or c (Note: a ‖ a∗; c ‖ c∗). From Fig. 4(b), CDW along a is
found in most of the flake, although in the rectangular region
separated by the defects (marked by dotted lines), this CDW
order is weak, indicating two different domains. As an alterna-
tive method to visualize the CDW domains, we also count the
number of CDW peaks along a∗ at each probe position. This
reveals fewer satellite peaks along a∗ in the small rectangular
domain [Fig. 4(d)], in agreement with weaker CDW in this
domain [Fig. 4(b)] (see Supplemental Note 2 [26] for details
in CDW peak counting). From Figs. 4(c) and 4(e), CDW
aligned along c is more uniformly distributed, with slightly
higher intensity in the rectangular region where CDW along

a is weaker. Thus, although the CDWs along both a∗ and c∗
are present in the flake, CDW peaks along a∗ are stronger in
the larger domain, while the CDW peaks along c∗ are much
stronger than the peaks along a∗ in the rectangular domain.

Bulk ErTe3 shows a bidirectional CDW with wave vectors
qCDW1 = 0.300c∗ and qCDW2 = 0.313a∗ at 120 K [21]. To dis-
tinguish whether the observed CDWs are bidirectional similar
to bulk, or unidirectional CDW1 along both in-plane axes,
we measure the CDW wave-vector magnitude for q1(‖ a∗)
and q1(‖ c∗) from the 4D-STEM data, which are shown in
Figs. 4(f) and 4(g). In the rectangular domain (marked by
dotted lines), we obtain average wave-vector magnitudes of
0.306 99(33)|a∗| and 0.291 76(23)|c∗|. While both wave vec-
tors are less than the expected bulk values, the magnitude of
q1 is greater than q2, indicating that the defect density is lower
in this region and the sample retains its orthorhombicity, at
least locally. In the rest of the flake, we obtain 0.299 15(5)|a∗|
and 0.293 20(9)|c∗|, which indicates that this CDW is the
high-temperature unidirectional CDW1, populated along both
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FIG. 4. Real-space distribution of CDWs in ErTe3. (a) Reconstructed real-space image from 4D STEM showing an ErTe3 flake at 120 K.
Diffraction patterns from two pixel locations are shown; notice the CDW order is different. Overlaid on these diffraction patterns are virtual
apertures (white circles) selecting CDW reflections only along one of the reciprocal lattice vectors. (b,c) CDW intensity maps reconstructed
from the two virtual apertures in (a). The dashed lines separate two domains with different CDW behavior. (d,e) CDW peak count maps, plotting
the number of CDW peaks detected along a∗ and c∗. (f,g) Maps plotting the magnitude of the CDW wave vectors at 120 K (r.l.u. = reciprocal
lattice units). Scale bars are 0.25 µm.

in-plane axes. Thus most of the flake is pseudotetragonal,
which can occur in the presence of dislocations that locally
realign the glide direction (Fig. 2).

Supplemental Videos S1 and S2 [26] show the CDW map-
ping images as temperature is varied between 120 and 300
K. CDW2 in the small rectangular domain melts away when
T > 200 K. CDW1 peaks disappear at ∼260 K, similar to the
bulk behavior. Supplemental Videos S3 and S4 [26] show the
CDW wave-vector maps of the ErTe3 flake as a function of
temperature from 120 to 200 K, again showing the melting of
CDW2 in the bidirectional domain. The overall intensity of the
CDW maps (in Supplemental Videos S1 and S2 [26]) gradu-
ally increases due to the increased thermal diffuse scattering

in diffraction patterns at higher temperatures. Supplemental
Video S5 [26] shows this effect prominently with increas-
ing background intensity of the Kikuchi bands in averaged
diffraction patterns from the pseudotetragonal domain of the
flake in Fig. 4(a) at different temperatures.

We also performed in situ cryo-4D-STEM on exfoliated
flakes of LaTe3 and observed similar spatially separated do-
mains: an orthorhombic domain that contains a unidirectional
CDW (bulk behavior) and a pseudotetragonal domain that
contains CDWs along two in-plane directions (Supplemental
Fig. S6 [26]). Unsupervised machine learning was employed
as an alternative, less time-consuming analysis, requiring min-
imal user input, to extract the microstructural details of the
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FIG. 5. Dislocations in the CDW of LaTe3. (a) Atomic-resolution BF-STEM image of LaTe3, with a dislocation (also see Supplemental
Fig. S8 [26]). (b) An enlarged view of the image in (a); the smearing of atoms due to dislocation is similar to Fig. 2(e). (c) Fourier-filtered
image showing the local periodicity of the CDW (plot of the real part of the inverse FFT). CDW dislocations are encircled. The CDW peak used
to filter is shown in the inset and Supplemental Fig. S7 [26]. (d) Extracted phase from the Fourier-filtered image. At the CDW dislocations,
the phase winds by 2π . The arrows show the phase winding is reversed for each dislocation in a pair. The contours on the image show a phase
change of π /4. Scale bars are 2 nm.

CDW by clustering 4D-STEM datasets (Supplemental Note 3
[26]).

F. Discussion

Our analysis of SAED patterns showed that CDW1 is
present along both in-plane directions in regions with high
defect density, and from 4D STEM we found that these two
CDW1’s coexist in real space when averaging through the
thickness of the sample along the b axis. An outstanding
question remains: whether the two CDW1 orders spatially
overlap and coexist within the same Te square net or if each
Te net hosts a single CDW1 order along the local glide di-
rection. While this is challenging to determine using (S)TEM
due to the thickness-averaged information it provides, we
hypothesize that the two CDW1 orders coexist within the same
Te net. Previous STM measurements on TbTe3 support this
hypothesis by demonstrating that the surface Te net can host
the two unidirectional CDW states [41]. Moreover, if each
Te net can host only one CDW1 order parallel to the local
c axis, CDW2 does not need to be suppressed as CDW1 is
aligned along only one axis, locally. Thus thickness-averaged
diffraction of ErTe3 will have both CDW1 and CDW2 peaks
along two in-plane axes. Since the magnitudes of qCDW1 and
qCDW2 are different, we would expect to see two distinct peaks
along both a∗ and c∗. However, experimental observations
contradict this anticipated outcome.

We now address the possible origin of the dislocations that
change the stacking. The most likely origin is mechanical
exfoliation, which introduces shear stresses in the flakes dur-
ing exfoliation. It is inferred from the virtual dark-field (DF)
image of our bulk GdTe3 crystal [Fig. 2(f)], where the stack-
ing defects (appearing as white streaks) are concentrated near
the surface of the crystal and gradually disappear going into
the crystal away from the top surface. Given that exfoliation-
related stresses would be the highest at the surface where

flakes separate from the bulk crystal, the observed defect
distribution supports our hypothesis of exfoliation-induced
stacking faults. The very low stacking fault energies found
in our DFT studies further support this conclusion. We note,
however, that intrinsic materials properties may also be at play
as we recently observed in other 2D materials [44]. Relevant
in this case may be the size of the rare-earth element in RTe3,
which influences the formation of dislocations and, conse-
quently, stacking defects as we observe an increasing stacking
defect density from LaTe3 to ErTe3.

G. Dislocations in the CDW

A CDW is an electronic crystal and, like any other crystal,
can exhibit dislocations [45]. To visualize CDW dislocations
in real space, we imaged LaTe3 in the [010] zone axis us-
ing atomic-resolution bright-field (BF) STEM [Fig. 5(a)]. A
fast-Fourier transform (FFT) of this image shows its recipro-
cal space structure, reflecting both the lattice periodicity and
CDW modulation. As the Te atoms in the square net are in
the same atomic column as the La atoms in this zone axis,
atomic displacements in the Te atoms from the CDW are not
discernible in the image. To visualize the CDW modulation
in real space, we create a Fourier-filtered image by masking
everything except the CDW peaks at qCDW1,LaTe3 = ±0.288c∗
in the FFT (inset of Fig. 5(c) and Supplemental Fig. S7
[26]) and then performing an inverse FFT [Fig. 5(c)]. In the
Fourier-filtered image, we observe discontinuities in the CDW
periodicity, which have the appearance of extra half planes
[encircled in Fig. 5(c)]. Next we extract the geometric phase
information from the Fourier-filtered image as described in
Ref. [46], which shows the CDW phase winds by 2π around
the discontinuities [Fig. 5(d)]. Hence, these discontinuities are
identified as dislocations in the CDW lattice [4]. We note
that we always find dislocations-antidislocation pairs (two
dislocations that have opposite phase winding) in the CDW
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lattice (Figs. 5(c) and 5(d) and Supplemental Fig. S8 [26]).
We note that that these CDW dislocations are not related to
the structural dislocations which were discussed under Dislo-
cations and stacking defects (Sec. II C).

Figure 5(a) also shows a structural dislocation running
vertically in the center of the BF-STEM image of LaTe3

(Fig. 5(b) and Supplemental Fig. S8 [26] shows a larger
field of view). Because of atomic displacements, the disloca-
tion line appears as smearing of atomic columns [Fig. 5(b)].
BF-STEM images were simulated using different dislocation
models to replicate Fig. 5(b) and are shown in Supplemental
Fig. S9 [26]. Comparing the positions of the structural dis-
location [Fig. 5(a)] to the CDW dislocations [Figs. 5(c) and
5(d)], the CDW dislocation pairs appear spatially independent
from the visible structural dislocation. This is surprising be-
cause a correlation between CDW dislocation and structural
dislocations was anticipated based on the previously reported
response of RTe3 to disorder potentials [23,24]. The disorder
is highest in the vicinity of a structural dislocation core. Thus,
while the presence of structural dislocations controls the layer
stacking order and orthorhombicity, which influences the na-
ture of CDW, the direct, real-space interaction of structural
dislocations with CDW dislocations appears minimal.

III. CONCLUSION

In conclusion, we employed in situ cryo-STEM and 4D
STEM to study microscopically the effects of structural de-
fects on the CDW phases of RTe3’s. We find that dislocations
are present in exfoliated flakes, likely created during the
mechanical exfoliation, with the basal dislocations creating
stacking defects that swap the direction of the glide planes.
This finding is also supported by ab initio DFT calculations
revealing extremely low stacking fault energies, showing a
preference for sliding along the [101] direction. When the
stacking fault density is high, both experiments and theory
show the orthorhombicity is lost and the crystal becomes
pseudotetragonal, which ultimately leads to the population
of the high-temperature, unidirectional CDW along both in-
plane directions and the suppression of the low-temperature

CDW (in systems with bidirectional CDW). We observe that
dislocations spatially separate the pseudotetragonal domains
from the orthorhombic domains, where the latter shows CDW
characteristics close to bulk behavior owing to a lower defect
density. Finally, we visualize dislocations in the CDW at the
atomic scale, finding dislocation-antidislocation pairs. The
presence of these dislocation pairs will influence the elec-
tronic properties of RTe3’s, by affecting the phase coherence
of the CDWs, changing the dynamics of CDW sliding [47,48],
and stabilizing competing orders like superconductivity at the
dislocation cores [49]. This work highlights the importance
of atomic-scale defects and their influence on systems with
macroscopic quantum states.
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