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Interplay of charge density wave states and strain at the surface of CeTe2
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We use scanning tunneling microscopy (STM) to study charge density wave (CDW) states in the rare-earth
ditelluride, CeTe2. Our STM measurements surprisingly detect a unidirectional CDW with q ∼ 0.28 a∗, which
differs from previous experimental and first-principles studies of the rare-earth ditellurides, and which is
very close to what is found in experimental measurements of the related rare-earth tritellurides. Furthermore,
in the vicinity of an extended subsurface defect, we find spatially-separated as well as spatially-coexisting
unidirectional CDWs at the surface of CeTe2. We quantify the nanoscale strain and its variations induced by
this defect, and establish a correlation between local lattice strain and the locally-established CDW states; this
suggests that lattice strain plays an important role in determining the specific characteristics of the established
CDW state. Our measurements probe the fundamental properties of a weakly-bound two-dimensional Te sheet,
which experimental and theoretical work has previously established as the fundamental component driving much
of the essential physics in both the rare-earth di- and tritelluride compounds.
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I. INTRODUCTION

Charge density wave (CDW) states are found in numer-
ous low-dimensional material systems where they coexist
with other quantum orders such as superconductivity and
magnetism. The interplay between elastic energy costs and
electronic energy gains drives the details of a CDW state, char-
acterized by charge localization, a periodic lattice distortion,
and an energy gap in a material. Despite considerable progress
in detailing these properties in a wide range of systems,
fundamental questions persist. These questions range from
determining the specifics of the driving mechanism for the
CDW state within a given compound, to understanding the
sensitivity of CDW states to parameters including elemental
doping, external pressure, and strain.

Here we present our studies on CeTe2, a member of the
rare-earth ditelluride compounds (RTe2 where R = rare-earth
element). The RTe2 compounds form in a Cu2Sb-type tetrag-
onal structure (space group P4/nmm) and comprise single
Te square-planar sheets separated by rare-earth block layers
[Fig. 1(a)]. The partially-filled in-plane 5px and 5py orbitals
of the Te sheets allow for charge conduction within the a-b
plane [1]. Separating each Te sheet is an insulating rare-earth
block layer leading to a large out-of-plane resistivity and ul-
timately the quasi-two-dimensional nature of these materials.
In CeTe2, at room temperature, the CDW state is already well
established, and the resistivity along the c-axis is ∼40 to 100
times that along the in-plane resistivity [2,3].

*Corresponding author: mboyer@clarku.edu

First-principle calculations well approximate the Fermi
surface of the RTe2 compounds mapped by angle-resolved
photoemission spectroscopy measurements [1,2,4–7], indi-
cating the primary contributions of the 5p in-plane orbitals
of the single Te square-planar sheets to the Fermi surface,
and further illustrating the two-dimensional nature of these
compounds. The parallel components of the Fermi surface
indicate that the Fermi surface topology may be conducive to
a Fermi-surface nesting-driven CDW occurring in the RTe2

materials. Indeed, initial transmission electron microscopy
(TEM) measurements [4] detected a superlattice structure
with qCDW ∼ 1

2 a∗ in the LaTe2 compound in agreement with
the initially calculated Fermi-surface nesting vector [1,4].
However, subsequent x-ray measurements [8] find variations
in the measured qCDW including qCDW ∼ 1

2 a∗ + 1
2 b∗ in LaTe2,

and TEM measurements [2] suggest a more complicated
series of CDW wave vectors in LaTe2 and the closely-related
CeTe2. Thus, the physics contained within these compounds
is more-complex and less well understood than initially be-
lieved. Further, Lindhard susceptibility calculations evince a
range of possible wave vectors which could nest the RTe2

Fermi surface [2]. Hence, the specific CDW nesting wave
vector established within an RTe2 material may be affected
by a number of factors, including the choice of rare-earth
ion, lattice strain, and elemental vacancies (e.g., Te vacancies)
which can both affect band filling as well as introduce local
lattice strain. Furthermore, while Fermi-surface nesting has
been identified as the primary candidate for the origin of
the CDWs found in the RTe2 compounds, we note that in
the closely-related, and more intensely-studied RTe3 com-
pounds, the CDW-driving mechanism, initially suspected to
be due to Fermi-surface nesting, is now of debate. Both
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FIG. 1. Ions in gold color are Te ions. Ions in blue are rare-earth
ions. (a) Crystal structure for RTe2 compounds. (b) Crystal structure
for RTe3 compounds. Crystal cleave planes (dotted black lines) are
between neighboring square-planar Te sheets. Cleaving the crystal
exposes a square-planar Te sheet surface layer. (c) Two possible
cleave planes (dotted black lines) for RTe2. The top cleave plane
would results in a surface rare-earth block layer. The bottom cleave
plane would result in a surface Te sheet. Note the slightly different
coordinate-axis conventions used for the RTe2 and RTe3 compounds.
The crystal structures were constructed using VESTA software [29].

Fermi-surface nesting and electron-phonon coupling mech-
anisms, or a combination of the two, have been identified
as possible candidates [9–15]. Given that considerably less
attention has been given to the RTe2 compounds, it is possible
that the CDW-driving mechanism in these materials is not
as clearly established as initially believed. Indeed, a strong
electron-phonon coupling mechanism for the CDW in LaTe2

compound has recently been suggested. [16]
To our knowledge, there have been no previous scanning

tunneling microscopy (STM) measurements made on any
member of the RTe2 compounds. In this paper, we present
our STM measurements on near-stoichiometric CeTe2 single
crystals. One goal of our studies is to image, in real space,
the CDW state hosted by CeTe2, and to compare our extracted
qCDW to those previously found in the RTe2 compounds as
well as to that found in the related RTe3 compounds. Given
the expected sensitivity of RTe2 compounds to external factors
such as strain [2,17], and given the demonstrated sensitivity
of CDW states in RTe3 to local [18,19] and global strain
[15,20,21], a second goal is to provide a nanoscale view of
the interplay of local lattice strain and the locally established
CDW state(s) in CeTe2.

II. EXPERIMENTAL METHODS

Single-crystal CeTe2 samples were grown using a self-
flux technique described in detail elsewhere [2]. The growth

technique used effectively minimizes Te vacancies in the Te
plane leading to near-stoichiometric samples. Unlike the RTe3

compounds which easily cleave between the van der Waals
bonded neighboring double-Te planes [Fig. 1(b)], the RTe2

compounds cleave between the more tightly bound single Te
plane and the neighboring block layer as seen in Fig. 1(c). An
additional, but minor, consideration is that during the crystal
growth process, a very thin surface layer of CeTe3 grows on
top of the CeTe2 bulk crystal. To ensure removal of the CeTe3

surface layer, we first cleave our CeTe2 samples in ambient
conditions using a razor blade or by mechanically striking a
cleave post glued to the surface using silver epoxy. Subse-
quently, samples are inspected to ensure that the sample cleave
occurred deep within the original sample before the sample
is inserted into the vacuum chamber. Our scanning tunneling
microscopy measurements were conducted at ∼300 K, a
temperature at which CeTe2 is already deep within the CDW
state [2], and in ultrahigh vacuum (∼10−9 Torr) using an RHK
PanScan STM using a chemically etched tungsten tip. After
chemical etching, the tungsten tip was annealed in situ, then
sharpened through electron bombardment.

III. RESULTS AND DISCUSSION

A. Surface topography

Given that the crystal structure of CeTe2 comprises repeat-
ing an alternating pattern of single Te layers and rare-earth
block layers, it is expected that there is an equal possibility
of exposing either as the surface layer upon cleaving. Unlike
our previous work on the related TbTe3 compound, we found
it considerably more difficult to find large-scale, atomically
flat regions on the exposed surfaces of CeTe2. Often, our
topographic images show a surface layer with small-scale step
edges with hints of short-range atomic structure [Fig. 2(a)]
rather than large-scale atomically flat regions with extended
atomic structure which could be linked to the bulk crystal
structure. The proliferation of step edges is likely due to the
stronger bonding between neighboring layers within the RTe2

compounds making cleaving more difficult; whereas RTe3

compounds can easily be cleaved using tape, effective cleav-
ing of CeTe2 necessitates using a razor blade or mechanically
hitting a cleave bar which is firmly fixed to the sample.

However, through large-scale scanning, we are indeed able
to locate extensive, atomically flat regions for imaging and
study. Figure 2(b) shows a typical topography acquired across
an atomically flat region. Evident in the image are atomic
periodicities over which a striped CDW pattern is superim-
posed. Figure 2(c) shows the fast Fourier transform (FFT)
of such a typical topography, which evinces peaks which we
can associate with the crystal lattice and established CDW
state. We identify four peaks (circled in blue) associated with
a square lattice and with a periodicity consistent with the
CeTe2 bulk lattice parameter of a = 4.47 Å reported by x-
ray measurements [22]. Additionally, we identify four peaks
(circled in orange) associated with a square lattice rotated 45◦
with respect to this first lattice, and with periodicity of a√

2
.

Following our previous work on the related TbTe3 compound,
where a near-identical FFT lattice peak layout is observed, we
identify the peaks circled in orange as originating from the
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FIG. 2. (a) 100-Å×60-Å topographic image showing step edges as well as hints of atomic structure. The image was acquired with
Vsample = +500 mV and I = 200 pA. (b) Typical topography in a flat region of the sample surface. The unidirectional CDW is seen in stripes
superimposed on an atomic structure. The image was acquired with Vsample = +200 mV and I = 400 pA. (c) FFT of a typical topography.
Orange circles enclose peaks originating from the surface square-planar Te sheet. Blue circles enclose peaks originating from the subsurface
rare-earth block layer (Ce ions). Yellow ovals enclose four peaks associated with the unidirectional CDW and those originating from mixing
between the CDW wave vector and the block-layer atomic wave vectors. (d) Linecut through the FFT in (c) beginning at the origin, in the
direction of the CDW, and extending just past the atomic signal originating from the block layer (qatom).

Te layer, and the peaks circled in blue as originating from the
rare-earth block layer. In short, when scanning these regions
in CeTe2, as with the RTe3 compounds, the tunneling current
comprises contributions originating from both the Te and the
rare-earth block layers. Previous STM work on the related
CeTe3 suggests that the signal from the rare-earth block layer
is dominated by the Ce ion [23].

Furthermore, we identify four peaks (circled in yellow)
associated with the striped CDW pattern. Figure 2(d) shows a
linecut taken through the FFT starting at the origin, through
these four CDW-associated peaks and extending past the
block-layer peak. To extract the peak locations, we fit Gaus-
sians to the peaks in Fig. 2(d), determining the four peak
locations as 0.276 a∗, 0.434 a∗, 0.566 a∗, and 0.720 a∗,
respectively, with estimated uncertainties extracted from the
variance-covariance matrix of 0.006 a∗, 0.002 a∗, 0.002 a∗,
and 0.002 a∗. These CDW-associated wave vectors are very
close to those determined by STM measurements on the
related RTe3 compounds. Consequently, we label the peaks
in Fig. 2(d) as “2,” “3,” “4,” and “5,” given that their
wave-vector values are close to the ∼2/7,∼3/7,∼4/7, and
∼5/7qatom CDW-associated wave vectors reported for STM
measurements of the RTe3 compounds [18,23,24]. Further,
and following our previous work on TbTe3, we identify peak
2 as the CDW wave vector, qCDW , and peak 4 as the first

harmonic, 2qcdw. Peaks 3 and 5 occur at qatom − 2qCDW and
qatom − qCDW , respectively, and we identify these peaks as
resulting from wave-vector mixing, the nature of which is
discussed in detail elsewhere [18,23,24]. As such, the origin
of these four peaks is consistent with an incommensurate,
unidirectional CDW established on the surface of CeTe2.

Our identification of a unidirectional CDW in CeTe2 is
initially surprising. Previous TEM experiments report a con-
siderably more complex CDW state in the bulk of CeTe2

characterized by five wave vectors [2]. Even in the case of
the related LaTe2 where a unidirectional CDW was detected
[4], the wave vector of qCDW ∼ 0.50 a∗ noticeably differs
from any of the four CDW-associated wave vectors we report.
Rather, the origin of the four wave vectors can be understood
in terms of the structural relation CeTe2 has to the RTe3

compounds and the fundamental physics contained within a
single Te sheet. Cleaving an RTe3 compound occurs between
neighboring Te planes [Fig. 1(b)]; the exposed surface is a
single Te plane which is directly above a rare-earth block
layer. In contrast, cleaving an RTe2 compound occurs between
a single Te plane and a rare-earth block layer; this gives a 50%
chance that the exposed surface is a single Te plane which is
directly above a rare-earth block layer. In short, in the case that
the RTe2 compound cleaves such that the exposed surface is a
Te plane, the STM tip probes a surface configuration which
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is identical to that of the RTe3 compounds. Our previous
work on TbTe3 illustrates that the surface Te layer is only
weakly bound to the bulk below and, as such, can host CDW
states which differ from that observed in the bulk [18]. As a
consequence, when the surface terminal layer is a Te plane,
STM measurements probe the fundamental physics contained
within a single Te plane, but the plane is subjected to outside
influences such as local strain fields. Interestingly, while a
weakly bound surface Te layer atop a block layer may appear
physically similar for both the RTe2 and RTe3 compounds,
one might still expect slightly different band fillings between
the two [2] which would lead to differing Fermi surfaces.
Given that the CDW wave vectors we detect in CeTe2 are
very close to those detected by STM in the RTe3 compounds,
differences in band filling do not appear to significantly affect
the detected CDW wave vectors. This may indicate that the
observed CDW wave vectors are principally selected via
a strongly momentum-dependent electron-phonon coupling
rather than Fermi-surface nesting, connecting to other recent
work [13,25].

Given that there is only a 50% chance of exposing a Te
plane when cleaving an RTe2 compound, it is equally likely
that a block layer will be exposed. If a block layer is exposed
and if it is well coupled to the bulk below, then it is possible
that probing the block layer with STM may give insight into
the bulk CDW. However, the block layer is insulating since
rare-earth ions in the block layer donate electrons to fill the p
orbitals in the Te plane [1]. As a consequence, it is likely dif-
ficult to image this layer. Indeed, we have acquired numerous
images of the CeTe2 surface where neither large-scale (100s of
nanometers) nor atomic-scale features are able to be resolved;
this may be attributed to scanning a surface insulating block
layer. When nanoscale features and atomic resolution are
obtained, we detect a unidirectional CDW consistent with a
surface Te layer. In none of our images, which include just
under 5000 topographic images taken on multiple CeTe2 crys-
tals (as well as multiple cleaves), do we observe CDW wave
vectors reflecting those previously reported in bulk studies of
RTe2 compounds. Finally, while there is a propensity for Te
vacancies to be introduced into the Te plane during the crystal
growth process of RTe2 compounds [2], we do not typically
observe atomic vacancies in our topographies. This appears to
confirm the near-stoichiometric quality of our crystals.

B. Surface strain and CDW states

Properties of CDW states can be manipulated by straining
a material. The application of external pressure or chem-
ical pressure can strain a material’s crystal lattice leading
to changes in bulk-CDW transition temperatures as well as
the emergence of other orders, including coexisting CDW
states [20,21]. STM measurements are particularly useful in
obtaining a local view of CDW states which, in turn, can be
related to local lattice strain fields. For example, in NbSe2,
STM measurements have allowed for the identification of at
least four different CDW orders which have been attributed
to differing local lattice strain conditions [26,27]. In 1T -
TiSe2, STM measurements show that Cu intercalation leads
to the formation of striped CDW order instead of the typical
2 × 2 CDW order observed without intercalation; strain was

suggested as a possible mechanism [28]. Our recent work on
TbTe3 [18] demonstrates that the material surface can host
at least two distinct CDW states. In TbTe3, these states can
exist separately or coexist with one another. Furthermore, we
suggested that the specific local CDW order may be tied to
the local strain field induced onto the crystal surface when the
sample is cleaved.

The topographic image in Fig. 3(a) was acquired over a
316-Å × 395-Å region of CeTe2. Evident in the region, by
eye, is a dominant unidirectional CDW state along the a2

crystal axis in the lower left corner of the image, a dominant
unidirectional CDW state along the a1 axis in the upper
right corner, and an apparent crossover region in between.
While the in-plane axes of bulk CeTe2 crystal structure are
equivalent, here we label the axes as a1 and a2 so as to provide
clarity in our analysis of the CDW states contained within this
topographic region. Also prominent in this region, and possi-
bly driving the observed CDW evolution across the region, is
an extended subsurface defect of unknown origin leading to
a hill-like feature with an apparent height of ∼3 nm, where
the top right part of the surface of the image is higher than
that in the flat region in the lower left corner. In the vicinity
of this defect, it is important to emphasize that the surface
layer is continuous throughout the imaged region; there are no
breaks or step edges, leading to the conclusion that the defect
is subsurface. As such, there is an evolution and coexistence
of more than one CDW state within the imaged surface layer.

Fourier transforms of subregions denoted in red and blue in
Fig. 3(b) confirm the multiple CDW states contained within
the larger topographic region. The FFT of the red subregion
[Fig. 3(c)], a region which extends across the hill-like defect
and slightly beyond, shows evidence for CDWs established
along both a1 and a2 crystal axes. The FFT of the blue subre-
gion [Fig. 3(d)], a region which is primarily in an atomically
flat region and extends only minimally onto the defect, shows
a CDW predominately along the a2 axis within the region. In
particular, the FFT in Fig. 3(d) strongly resembles that seen
for a typical topography in Fig. 2(c). In both FFTs, peaks can
be contributed to Te ions, Ce ions from the rare-earth layer,
and to a unidirectional CDW; this is consistent with probing
a Te layer on top of a block layer in the regions imaged in
Fig. 3. Given the obvious spatial variation in the CDW states
hosted in this topographic region, we are led to the following
questions: (1) How does the lattice evolve across the region?
(2) How do the CDW states evolve across the region? (3)
Is there a correlation between the lattice evolution and the
locally established CDWs?

To address these questions, we subdivide the large topo-
graphic image into twenty 79-Å×79-Å square regions [white
squares in Fig. 3(b)] and analyze each. Taking Fourier trans-
forms of each allows for the determination of the associated
local average lattice parameters and CDW wave vectors.
Whereas in our previous work we used the surface Te ion loca-
tions to determine the lattice parameters in the Te surface layer
of TbTe3, here we use the slightly more prominent subsurface-
originating Ce (block-layer) peaks in the FFTs so as to ex-
tract the local lattice parameters. The lattice parameters were
extracted by fitting Gaussians to the two Ce ion-associated
peaks in each region’s FFT to determine their associated wave
vectors. As shown previously, due to the STM tip condition
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FIG. 3. (a) 316-Å×395-Å topographic image showing two unidirectional CDWs, a crossover region where the two CDWs coexist, and
an extended subsurface defect. The image was acquired with Vsample = +150 mV and I = 500 pA. (b) The topographic image in (a) is split
into twenty 79-Å × 79-Å subregions (white squares). Analysis of each of these subregions allows for a more-local understanding of the CDW
states, local lattice parameters, and possible correlations between the two. (c) FFT of region of (b) enclosed by the red-dotted square. This
region extends over much of the subsurface defect and shows evidence for CDW states along both the a1 and a2 axes, in addition to atomic
periodicities associated with both the Te layer and rare-earth block layer. (d) FFT of region of (b) enclosed by the blue-dotted square. This
region is primarily in the atomically flat region of the topographic image but its corner extends into the defect-affected area. Here only a
unidirectional CDW state along the a2 axis is obvious by eye. This FFT resembles the FFT in Fig. 2(c) for that of a typical surface region on
CeTe2.

and/or variations in the coupling of the top Te layer to the
block layer below, the intensity of the block-layer (Ce) peaks
in the FFT can be greater than those of the Te layer, even
if the Te layer is closest to the STM tip [18]. Furthermore,
the ∼1% smaller average lattice parameter in the Te layer
[compared to the bulk lattice parameter found in TbTe3 [18]]
is insignificant as compared to the extreme lattice parameter
variations found in this region of CeTe2. Consequently, the
use of the subsurface Ce ions to determine the local lattice
parameter is a good reflection of the lattice parameters and
their variations, for the directly imaged surface Te layer.

Plots in Figs. 4(a) and 4(b) show the average a1 and a2

lattice parameters for each of the 20 square subregions and
provide a visualization of the spatial variation for each and a
connection to local strain. Both plots show localized regions
with average lattice parameters which differ from that in the
bulk, but the a1 lattice parameter has a much stronger spatial
variation, ranging from a minimum of 3.90 Å (13% compres-
sive strain) to a maximum of 5.41 Å (21% tensile strain), than
that of a2, ranging from a minimum of 4.45 Å (∼bulk value)
to a maximum of 4.88 Å (9% tensile strain). Further, there
is a clear spatial evolution to the lattice parameters where,
on average, both a1 and a2 lattice parameters are smaller in
the flat lower left of the region of Fig. 3(a) compared to the
defect region in the upper right. Importantly, we note that we
have acquired multiple images (over 120) spanning several
days directly in, and in close proximity to, the area shown
in Fig. 3(a). Analysis of these images gives results consistent
with those presented in this paper, thereby allowing us to
eliminate piezohysteresis and temperature drift as possible
causes of the strain variations detected. The subsurface defect
introduces significant lattice strain, leading to an expansion of
both lattice parameters in the defect-affected region. In short,
the topographic region in Fig. 3(a) provides an opportunity
in which to study the nanoscale interplay of compressive

and tensile strain and the locally established CDW states
in CeTe2.

Figure 4(c) shows the ratio of the a1 to the a2 lattice
parameter for each of the 20 subregions. Superimposed on
top of this plot are two black dotted lines separating three
distinct CDW regions. In the lower left region, where a1/a2

is always less than 1, only CDW peaks along the a∗
2 axis are

observed in FFTs of the subregions (no CDW peaks along the
a∗

1 axis are observed above the noise level); this region has
a unidirectional CDW established along the a2 axis. In the
upper right region, where a1/a2 is always greater than 1, only
CDW peaks along the a∗

1 direction are detected; this region
has a unidirectional CDW established along the a1 axis. In the
middle region, where neither a1 nor a2 is consistently larger
throughout, CDW peaks are observed along both the a∗

1 and
a∗

2 directions; this region is a crossover region where both
unidirectional CDWs coexist.

The local evolution of the CDW states across these three re-
gions correlates with the spatial evolution of the lattice strain.
In the lower left region, there is compressive strain along
the a1 axis whereas the a2 lattice parameter is close to that
of the bulk. Throughout this region the a1 lattice parameter
is smaller than that of the a2 lattice parameter, and a CDW
state purely along the a2 axis is established. In the upper right
region, there is tensile strain along both the a1 and a2 axes;
however, the tensile strain along the a1 axis is larger, leading
to a1 lattice parameters which are larger than a2 throughout
the region. Within this region, only a unidirectional CDW
along the a1 axis is established. Finally, the middle region is
a crossover region where both CDWs coexist, and neither the
a1 lattice parameter nor the a2 lattice parameter is consistently
larger. A clear correlation appears between strain along the a1

and a2 axes and the established CDW states.
Next, we examine the local wave vectors, qCDW 1 and

qCDW 2, associated with the CDW states established along the
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FIG. 4. (a) Plot of the a1 lattice parameter for each of the 20
subregions of Fig. 3(b). There is a strong spatial variation in the a1

lattice parameter across the full region. In the atomically flat region,
the lattice parameter is lower than that in the bulk, indicating com-
pressive strain. In the defect-affected region, the a1 lattice parameter
becomes significantly larger than that of bulk, indicating tensile
strain. b) Plot of the a2 lattice parameter for each of the 20 subregions
of Fig. 3(b). The a2 lattice parameter shows less variation across the
topographic region than does the a1 lattice parameter. However, in the
defect-affected area, the a2 lattice parameter becomes larger than that
for the bulk, indicating tensile strain. (c) Plot of the ratio of the two
lattice parameters (a1/a2) for each of the 20 subregions. Dotted lines
are superimposed on the plot to indicate three regions. The lower left
corner, where a1/a2 is always less than 1, hosts only a unidirectional
CDW along the a2 axis. The upper right corner, where a1/a2 is always
greater than 1, is a region where there is only a unidirectional CDW
along the a1 axis. The region in between is a crossover region where
both unidirectional CDWs coexist, and neither the a1 nor a2 local
lattice parameter is consistently larger throughout this region.

a1 and a2 axes, respectively, for each of the 20 subregions
[Figs. 5(a) and 5(b)]. The regions in gray indicate the absence
of the CDW along that direction; any CDW-associated peak in
the FFT is within the noise level. In Fig. 5, qCDW 1 and qCDW 2

FIG. 5. (a) Plot of the wave vector for the unidirectional CDW
along the a1 axis (qCDW 1) for each of the 20 subregions. The gray
region of the plot indicates a region where any signal associated
with the a1 axis CDW is absent (within the noise level). qCDW 1

and qCDW 2 (b) are expressed in terms of the locally associated a∗
1

and a∗
2 for an individual subregion. (b) Plot of the wave vector for

the unidirectional CDW along a2 axis (qCDW 2) for each of the 20
subregions. The CDW along the a2 axis is absent in the gray region.

are expressed in terms of the locally associated a∗
1 and a∗

2 for
an individual subregion. In the region in Fig. 2(b), away from
any obvious defects, qCDW = 0.28 a∗. Note that if the local
CDW wave vectors within a given subregion were pinned
to the average local lattice parameter, the plots in Figs. 5(a)
and 5(b) would show a single white color throughout, indi-
cating that the CDW wave vectors directly mimic changes

FIG. 6. (a) Angular rotation of the a1 lattice parameter for each
of the 20 subregions relative to its orientation in the subregion in
the lower left corner of the plot. “+” represents a counterclockwise
rotation and “–” represents a clockwise rotation. (b) Angular rotation
of a2 lattice parameter as compared to its orientation in the subregion
in the lower left corner of the plot.
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FIG. 7. (a) Plot of the total angle between the a1 and a2 lattice
parameters for each of the 20 subregions. (b) Shown in blue is the
unit cell for the blue-dotted region in (a). Here a1 < a2, and there is
a CDW only along the a2 axis. In red, the unit cell for the red-dotted
region in (a) is drawn preserving the scale and orientation relative
to the blue unit cell. In this subregion, a1 > a2 there is a CDW only
along the a1 axis.

to the average lattice parameter from one region to the next.
Instead, we find variations for each. Throughout the region,
qCDW2 shows relatively small variations (∼0.27 − 0.29 a∗

2) as
compared to qCDW1. qCDW 1 ranges from 0.28 − 0.29 a∗

1 in the
upper right region in which there is only a CDW along the a1

axis. Within the crossover region, qCDW 1 varies significantly
with a minimum of 0.26 a∗

1 in the top leftmost corner and a
maximum of 0.40 a∗

1 near center. In general, in regions where
there is only a single unidirectional state present, qCDW 1,2, is
close to the 0.28 a∗ found in regions away from defects. In
the crossover region, there are stronger variations in qCDW 1,2,
although the CDW states remain collinear with the a1 and a2

axes across the entire topographic region.
As is evident in the top left of Fig. 3(a), the two unidi-

rectional CDW states established in the region do not appear
perpendicular to one another throughout, and appear, at some
locations, to be rotated relative to crystal axes drawn as a
guide on the figure. However, these drawn crystal axes are
slightly misleading as the lattice unit cell changes throughout
the region; the local a1 and a2 axes not only expand/contract,
but also slightly rotate from one region to the next, as seen
in Figs. 6(a) and 6(b). Figure 7(a) shows the relative angle
between the a1 and a2 axes for each subregion. For each
subregion the relative angle between the a1 and a2 axes
is smaller than 90◦, ranging from a minimum of 73◦ to a
maximum of 85◦. Together, this indicates that in addition to
compressive and tensile strain throughout the region, there is
also lattice shear strain. This lattice shear strain affects the
local CDW state by causing a rotation of the CDW wave
vectors; the CDW remains collinear with the average local a1

and a2 axes for each of the subregions.
Figure 7(b) provides a visual illustration of the average unit

cells for the two subregions of Fig. 7(a) enclosed by dotted

squares, and helps to highlight some of the longitudinal and
rotational changes to the a1 and a2 axes as well as the unit
cell which occur in the region. The first subregion [dotted
dark-blue square of Fig. 7(a)] is in a region where there is
purely a unidirectional CDW along the local a2 axis; here the
lattice parameters are such that a2 > a1. The second subregion
[dotted red square in Fig. 7(a)] is in a region where there is
only a unidirectional CDW along the a1 axis; here a1 > a2.
The unit cells are drawn so as to preserve their relative scale
and are oriented with respect to the x- and y-image scan
directions. The rotation of the local a1 and a2 axes (e.g., unit
cell) is clear, as is the ∼3

◦
relative angular change between the

axes in the two regions.

IV. CONCLUSIONS

We have acquired STM measurements on CeTe2, a member
of the RTe2 compounds. In contrast to bulk measurements, we
observe a unidirectional CDW with a wave vector very similar
to that found in the RTe3 compounds. This correspondence
can be understood in terms of STM measurements directly
probing a Te surface layer which is weakly bound to the
rare-earth block layer below for each compound. Much of
the essential physics within the R-Te compounds can be
captured using a model of a single square Te plane [4,11,12].
As a consequence, our STM measurements probe the es-
sential physics contained within this plane which is subject
to weak coupling to the block layer and to lattice strain
induced by defects. Our measurements suggest that the CDW
wave vectors we observe in CeTe2 may be determined by a
strongly momentum-dependent electron-phonon coupling. In
NbSe2, where the CDW states are similarly believed driven
by an electron-phonon coupling mechanism, previous work
combining STM measurements with tight-binding modeling
indicates that lattice strain (1) modifies phonon dispersions
(affecting soft modes) and (2) modifies the strength of the
electron-hopping parameters [27]. Similar considerations may
be at play in CeTe2. By studying changes in the lattice
parameters and CDW states in the vicinity of an extended
defect, we find a correlation between nanoscale lattice strain
and locally-established CDW states.
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