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ABSTRACT: Square-net tellurides host an array of electronic ground
states and commonly exhibit charge-density-wave ordering. Here, we
report the epitaxy of DyTe2−δ on atomically flat MgO (001) using
molecular beam epitaxy. The films are single phase and highly oriented,
as evidenced by transmission electron microscopy and X-ray diffraction
measurements. Epitaxial strain is evident in films and is relieved as the
thickness increases up to a value of approximately 20 quintuple layers.
Diffraction features associated with a supercell in the films are resolved,
which is coupled with Te-deficiency. First principles calculations
attribute the formation of this defect lattice to nesting conditions in
the Fermi surface, which produce a periodic occupancy of the
conducting Te square-net and open a band gap at the chemical
potential. This work establishes the groundwork for exploring the role of
strain in tuning the electronic and structural phases of epitaxial square-net tellurides and related compounds.

■ INTRODUCTION
Layered compounds sharing the square-net structural motif
support a myriad of electronic phases including super-
conductivity,1 topologically protected modes,2 magnetism,3,4

and charge density waves (CDWs).5−7 Among this class of
materials, rare-earth tellurides (LnTex, where Ln is a member
of the lanthanide series and x = 2, 3 most commonly) have
attracted attention due to the interplay between itinerant
carriers8 and magnetism,7 superconductivity, and CDW-order.9

Sandwiched between corrugated quasi-ionic Ln-Te layers, the
electronic structure of the covalently bonded two-dimensional
square Te sheet can be conceptualized by a partially filled p-
orbital manifold which obtains extra charge from an imbalance
in valence states within the corrugated layer.10,11 Modifying Ln
acts to exert chemical pressure and influences the electronic
properties of the material. For example, in the case of the rare-
earth tritellurides, chemical pressure acts to modify the CDW
wavevector q, critical temperature, and the orthorhombicity of
the crystal, ultimately revealing two orthogonal CDW with
dissimilar ordering temperatures.5,9

The related LnTe2 display similar behaviors to the
tritellurides but differ in key ways due to their electron filling
of 7e-/Te in the square planar layers.10,12 In contrast to the
tritellurides, which form stoichiometric crystals, the ditellurides
have a substantial width of formation and tend to form Te-
deficient crystal structures with a range of stoichiometries and
resulting superstructure modulations.6,13−15 These modula-
tions are often commensurate with the parent structure and
have been shown in structurally refined crystal structure
solutions15−17 to result from an ordering of Te vacancies

within the Te sheet. However, incommensurate modulations
have also been observed in LaTe2−δ

16 and CeTe2−δ.
6 Electrical

transport ranging from metallic18 to semiconducting19,20 for
similar nominal compositions and photoemission studies
reporting both pseudogap6,21 and fully gapped22 Fermi surface
structures further demonstrate the complexity of the ditelluride
system. Superconductivity has also been reported in CeTe2 at
0.2 GPa23 and in Sb-doped LaTe2 at approximately 3 GPa.24

The subtle dependence on defect stoichiometry and applied
pressure motivates an investigation into how their lattice and
electronic structure evolve when crystals are synthesized in the
thin-film form. Molecular beam epitaxy is a well-established
method with which to fabricate ultrathin materials and probe
the effects of substrate-induced strain. In this study, we use this
technique to grow high-quality epitaxial rare-earth ditelluride
thin films.
Here, we report the epitaxial growth of the rare-earth

ditelluride DyTe2−δ on MgO (001) substrates. While little is
known about DyTe2−δ in the bulk, the closely related
structures of LaTe2−δ and CeTe2−δ

6 are reported to either
have tetragonal or orthorhombic25 symmetry belonging to the
P4/nmm and Pnma space groups, respectively. We have found
in all experiments that the ditelluride phase is stabilized
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preferentially over the tritelluride phase despite the synthesis
being performed in Te-rich conditions. We attribute this to the
weak van der Waals interactions between stacked Te-sheets on
the surface of samples during layer-by-layer growth. While
growth of the tritelluride phase has been reported in the
ultrathin limit26 [<1 unit cell (u.c.)], this appears to not persist
into multilayer films, even as thin as three quintuple layers
(QLs).
Our results identify that epitaxial strain is evident in films

and is dependent on the number of QL deposited, being
progressively relieved as the films are made thicker. In the case
of the P4/nmm structure adopted by DyTe2, a QL corresponds
to a single unit cell. As will be discussed, because this unit cell
is observed to distort such that the c-axis is doubled, we will
henceforth describe the film thickness in numbers of QL to
prevent ambiguity. The films are tetragonal within the
detection limit of the X-ray diffraction apparatus. We
additionally have resolved a commensurate superlattice in a
subset of films with wave vectors = * + *q a b1

2
5

1
5

,

= * + *q a b2
1
5

2
5

, and = *q c3
1
2

where a*, b*, and c* are
the reciprocal lattice vectors of the undistorted structure. In
real space, this distortion can be thought of as ×( 5 5 )
R26.6° × 2 superlattice. In the case of ref 15, the distortion was
associated with a reduction in symmetry of the compound
from the P4/nmm to P4/n space group. The superlattice
emerges due to a periodic Te-defect lattice, which also acts to
open a gap in the electronic spectrum and induce semi-
conducting transport behavior. First principles calculations
point toward nesting conditions of the Fermi surface at a q-
vector that corresponds to the ×5 5 condition, suggesting
that the formation of the defect lattice results from a similar
driving force to the conventional picture of CDW formation
where sections of the Fermi surface are gapped out by the
formation of supercells with periodicity corresponding to the
nesting condition.27 The formation of off-stoichiometric
crystals is, therefore, a thermodynamically favored process
rather than an outcome of imperfect growth conditions. The
calculations further reveal that a number of competing atomic
arrangements may be present and dependent on the degree of
strain in the crystal.

■ EXPERIMENTAL METHODS
Substrates are prepared by annealing in ultrahigh vacuum (base
pressure ≈10−10 Torr) using a home-built CO2 laser heating
apparatus, inspired by ref 28. We used MgO (001) (Crystec)
substrates for growth without the back coating of an absorbing layer
or additional cleaning steps. The combination of MgO (a = 0.421
nm) and DyTe2 (a = 0.429 nm) was selected due to the relatively
good epitaxial relationship at approximately −1.9% mismatch, as
shown in Figure 1a,b where we highlight the DyTe2 unit cell and its
constituent atoms; sheet tellurium (Tes), the corrugated layer
tellurium (Tec), and the rare-earth ion. Being hygroscopic, the
MgO surface without annealing is of poor quality, but upon heating to
1140 °C we can generate step-terraced structures with an annealing
time of 10 min28 The substrate is then transferred to a dedicated
telluride substrate holder in a glovebox and then reloaded into the
vacuum cluster and transferred to the molecular beam epitaxy growth
chamber. The reflected high energy electron diffraction (RHEED)
signal from the surface remains qualitatively identical upon arrival into
the growth chamber. Substrate heating in the growth chamber is
provided by a conventional resistive SiC coil, and the temperature
reported is read from a thermocouple between the substrate and the
heating coil. Te was supplied using a thermal cracker cell with tank

temperatures of approximately 450 °C and a cracking zone
temperature of 1000 °C. Dysprosium was evaporated from a
conventional effusion cell at a temperature of 1075 °C. We have
found that both thermal cracking of Te and thermal preparation of
substrates play a role in improving sample quality. Due to the air
sensitivity of the films, we cap each film before extracting them from
the vacuum chamber with either amorphous Ge or partially crystalline
Te. This is performed in situ at T ≈ 90 K using a liquid nitrogen
cooling stage. X-ray diffraction data were obtained using a Rigaku
Smartlab diffractometer using a 2-bounce Ge(220) monochromator.
High-resolution diffraction employed copper Kα1 radiation. Grazing
incidence diffraction of the (hk0) plane was accessed using an in-
plane diffraction arm with an incidence angle of ω ≈ 0.35°. A 0.5°
parallel slit collimator and 0.5° parallel slit analyzer were used to
reduce in-plane beam divergence.

The cross-sectional scanning transmission electron microscopy
(STEM) samples are prepared using a standard lift-out process on a
Helios G4 UX DualBeam focused ion beam system. We utilize the
Spectra 300 X-CFEG operating at 200 kV with a semiconvergence
angle of 30 mrad and a high-angle annular dark-field (HAADF)
detector with an angular range of 60−200 mrad to collect HAADF−
STEM images. The HAADF−STEM images are acquired as a series
of 25 images (250 ns per frame) and subsequently averaged to
produce images with a high signal-to-noise ratio. STEM-energy-
dispersive X-ray (EDX) spectroscopy data are acquired using a
steradian Dual-X EDX detector, and the resulting spectrum is
denoised through the application of the principal component analysis.
We use an electron microscope pixel array detector to collect
convergent beam electron diffraction (CBED) patterns at a
convergence angle of 1.2 mrad and a dwell time of 1 ms. For the
CBED simulation, we use the Py4DSTEM package based on the
Bloch wave method.29

Calculation Methods. The density functional theory calculations
are performed using the Vienna ab intio simulation package30,31 with

Figure 1. Crystal structure of DyTe2 on MgO plotted along the (a) a-
and (b) c-axis directions. (c) Schematic of the film growth recipe
indicating substrate temperature as a function of time. Color bars at
the top of the panel indicate when the Dy and Te effusion cells are
open. (d) RHEED oscillations from the specular reflection of films as
a function of growth time. (e) AFM image of a Tg = 330 °C film of 20
QL RHEED of the (f) thermally prepared substrate, (g) after buffer
layer deposition, and (h) at the conclusion of growth, all recorded
along the [001] direction of the MgO substrate.
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the projector augmented wave method.32,33 The Dy−4f states are
treated as core. All structures are optimized using the PBEsol
exchange correlation functional,34 and the Bloch states are
wannierized35,36 with the modified Becke-Johnson potential37,38

which provides accurate band gaps, effective masses, and Frontier-
band ordering. The Fermi surfaces and nesting functions (Supporting
Information) are obtained using the tetrahedron method with the
Wannier Hamiltonian.

■ RESULTS AND DISCUSSION
The growth procedure is illustrated in Figure 1c. We begin with a low
temperature (T = 200 °C) buffer layer on the annealed MgO surface.
By observing intensity oscillations of the RHEED pattern, precise
thickness control can be realized, allowing for the buffer layer growth
to be stopped after a single QL. Attempts to grow films without a
buffer layer resulted in poorly crystalline films, as observed by weak,
diffuse features in RHEED. Growth of the remainder of the film takes
place after annealing the buffer under Te flux to a final growth
temperature. Growth rate is set by the flux of Dy atoms and was set at
1.2 Å/min for all growths under Te over pressure. The Te/Dy flux
ratios were typically in the range of 10 to 20, corresponding to beam
flux pressures of 7 × 10−9 mbar for Dy and 1.4 × 10−7 mbar for Te.
We deposited films within a range of growth temperatures (Tg), as
shown in Figure 1c. For films deposited at low temperature (Tg < 300
°C), rough island growth appears, whereas those grown at elevated
(Tg > 350 °C) overall suffer from poor crystallinity and rough
surfaces, likely due to the low sticking coefficient of Te. RHEED
oscillations during growth for moderate growth temperatures (Tg =
315 °C, Figure 1d) indicate that the film grows layer-by-layer with
oscillations corresponding to the growth of a single unit cell. These
oscillations were observed to decay after approximately 10 oscillations
and were completely damped by the completion of a 20 QL thick film.
To estimate the growth rate, we observed RHEED oscillations for the
first several layers. The substrates are subsequently rotated at 5 RPM
to enhance the sample uniformity. Figure 1e shows an atomic force
microscopy image of the final surface of a 20 QL film, showing surface
roughness on the order of 2−3 QL. RHEED images are shown of the
pristine substrate (Figure 1f), after buffer layer (g) and postgrowth
(h), the latter of which shows sharp, streaky patterns with prominent
Kikuchi bands.

Transmission electron microscopy analysis is presented in Figure 2
and shows stacked layers of planar Te sheets and corrugated Dy−Te
interlayers. The stacking sequence confirms the presence of the
DyTe2 phase and not DyTe3. We attribute this to the low sticking
coefficient of the Te-sheets, which evidently cannot be stacked in
pairs (as is the case in the tritellurides), even with a Te/Dy flux ratio
as high as 40. The film is phase pure with a sharp interface formed
between the MgO and Te-square net sheet (Figure 2b). The square-
net tellurium sheet forms the first wet layer on the substrate. Rotated
domains are evident in some areas of the film but are suppressed after
a few monolayers of growth. The HAADF imaging (Figure 2a,b) and
energy-dispersive X-ray spectroscopy elemental map (Figure 2c−e)
show nominal (P4/nmm) DyTe2 structure. The Dy/Te ratio with
absorption and ionization cross-section corrections for the foil with a
thickness of 30 nm is 0.497. This ratio, at its best, has a 10−20% error
because of strong channeling.39,40 When the beam is along the zone
axis, the intensity of the X-ray spectra is not a linear contribution of
each element. The experimental CBED pattern (see the Supporting
Information) matches the simulated CBED pattern of the (P4/nmm)
space group when recorded along the [010] direction. The high-
resolution images also capture dissimilar intensities of Te sites along a
line profile in the DyTe2 [001] direction, as plotted in Figure 2f. The
intensities of the Te columns at the Te sheet (Tes) and the Te
columns at the corrugated layer (Tec) are different. We attribute this
to the phase space for vibrations of the atoms in the square sheet
versus those in the ionic Dy−Te layer; the higher thermal vibration in
the Te sheets is an indication that the atoms are loosely bound. This
observation is in agreement with our experience of being unable to

stabilize the tritelluride phase as a thin-film due to the poor sticking
coefficient of Te atoms in the square net layer.

The structural properties of the grown films were further
investigated using X-ray diffraction. Figure 3a shows a θ−2θ scan,
plotted in reciprocal lattice units (referenced to the P4/nmm DyTe2
structure), showing highly c-axis oriented films with intense layer
peaks accompanied by prominent Laue fringes indicating a high-
quality film with a sharp interface with the underlying substrate.41 An
ω rocking curve analysis of the DyTe2 (003) peak produces a full-
width at half-maximum (fwhm) of 0.03°, indicating low out-of-plane
mosaicity. ϕ scan data (Figure S3) and reciprocal space mapping of
the (hk0) plane (Figure 4a and Figure S4) taken in grazing incidence
geometry after aligning to the [100] zone axis of the MgO substrate
reveal the four-fold symmetry of the layer and further confirm the
[100]DyTed2

∥[100]MgO epitaxial relationship observed with RHEED.
These data also reveal a weak diffraction spot from a domain oriented
30° relative to the [100] directions, indexed by a square in Figure 4a.

One goal of this work is to investigate the presence of epitaxial
strain and its dependence on film thickness and growth parameters.
To this end, we employ high-resolution reciprocal space mapping in
the Qx−Qz plane for films with thicknesses between 3 and 35 QL. A
characteristic data set for a 5 QL film is plotted in Figure 3c, showing
the MgO (204) and DyTe2−δ (208) diffraction spots. For the 3 QL
cell film, the intensity in the Qx−Qz plane was too weak to fit a peak.
In this case, measurements of the Qx−Qy RSM were performed about
(hh0) for odd h layer diffraction peaks in grazing incidence geometry.
These reflections were chosen to ensure that the MgO substrate
would not contribute to the measurement. The c-axis lattice constants
were determined from θ−2θ measurements. In Figure 3d,e, we plot
the evolution of the measured a and c lattice constants for films grown
under a Te/Dy flux ratio of 20 and a growth temperature Tg = 310
°C. There is a continuous evolution of in-plane compressive strain
from −1.1 to −0.5% relative to reported bulk values for DyTe1.8. As
will be described in the subsequent section, the presence of the
observed superlattice implies that the stoichiometry is closest to
DyTe1.8, and the epitaxial strain estimates were referenced to these
values.15 The relaxed value of the in-plane lattice constant was found
to be 4.26 Å. As expected for films showing in-plane compressive
strain, the c-axis lattice constant was observed to evolve from +1.1% at
the lowest thickness to +0.2% by 20 QL. Films grown at higher

Figure 2. HAADF imaging of the film from a wide angle (a) and at
the interface with MgO (b). (c, d) EDX mapping of the film showing
occupancy of Dy and Te. (f) Intensity of atoms in a vertical line cut of
the HAADF data indicated as the red bar in panel (b), showing the
oscillatory intensity as a function of distance. The Dy, Tes and Tec
sites are noted.
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temperatures (Tg > 330°) showed no evolution of strain with
thickness.

It is known that in the case of La and Ce, the ditelluride structure is
stable over a range of stoichiometries in the bulk, typically within the
range of x = 1.8−2.0. The effects of such off-stoichiometries in the
case of LaTe1.8 lead to a gap opening at the chemical potential.16,17

The off-stoichiometries are known to produce a variety of structural
modulations depending on Te deficiency.6 The most commonly
observed modulation for the heavier rare earths (Gd, Tb, and Dy),15

for a Te deficiency of 20%, was a ( × ×5 5 2) superlattice of the

LnTe2 aristotype. The [100] axis of the ordered defect supercell is
oriented parallel to the [210] direction of the higher symmetry parent
structure. Such a defect modulation is reminiscent of that observed in
the insulating phase of Fe-deficient FeSe42 and in certain oxygen-
deficient surface reconstructions of SrTiO3.

43

Using grazing incidence X-ray diffraction, we are able to analyze the
structural modulations present in DyTe2−δ thin films, as shown in
Figure 4a where we plot diffraction of a 20 QL film in the (hk0) plane.
The enhanced intensity in grazing incidence geometry for thin films
enables us to resolve the presence of the ×5 5 modulation of the
a−b plane, indexed by the diffraction spots identified by triangles in
the figure, which are absent in the undistorted structure. In addition
to these superlattice reflections, a reflection arising from rotation of
the epilayer with respect to the substrate was also identified and is
labeled in the figure with a square. A full phi scan of this (200)
reflection is given in the Supporting Information along with TEM
images of observed misoriented domains. Diffraction indices given by
triangles are with respect to the full P4/n supercell [ICSD-130088
(ICSD release 2023.1)],15 whereas those identified by circles are
referenced to the undistorted P4/nmm parent structure [ICSD-
630332 (ICSD release 2023.1)].44 We refer to these as “superlattice”
and “fundamental” reflections. The position of the (220) superlattice
reflection relative to the (200) fundamental reflection indicates the
presence of a rotated superlattice domain with modulation wavevector

= * + *q a b1
1
5

2
5

, = * *q a b2
2
5

1
5

, and = *q c3
1
2

. Such a domain
structure is expected due to the presence of mirror planes parallel to
the a and b axes in the P4/nmm DyTe2 parent structure. Domains
form with [100] supercell axes aligning parallel to the [210] and
[21̅0] directions of the parent structure, which, in the notation used in
this paper, respectively, correspond to the ( ×5 5 ) R26.6° × 2
and ( ×5 5 ) R63.4° × 2 supercells. A similar arrangement of
spots can be seen in the lower half of this quadrant of the (hk0) plane
(Figure S4), consistent with the proposed domain structure. In the
Supporting Information, we provide a table of indexed peaks and
other relevant crystallographic information used in identifying the
superlattice. θ−2θ diffraction measurements revealed additional
features at 0.5 reciprocal lattice units, which correspond to a doubling
of the unit cell along the c-axis. Additionally in RHEED, we are able to
resolve weak streaks associated with an in-plane modulation (see
Figure S2). Taken all together, these diffraction features provide
strong evidence for the ×( 5 5 ) R26.6° × 2 reconstruction being
stabilized in the films. By comparing to the known modulations
published for off-stoichiometric, bulk single-crystal DyTe2−δ,

15 the
presence of the defect lattice would imply an off-stoichiometry in the
range of 10−20%, which is consistent with the EDX-obtained
chemical ratios within the uncertainty of the measurement. All films
with thicknesses greater than 10QL showed features consistent with
the two-fold modulation of the c-axis. However, the comparably
weaker diffracted intensity from films in the thin-limit combined with
the intrinsically weak intensity from superlattice diffraction spots
prevented the observation of the in-plane superlattice below 20 QL
with our laboratory-based diffractometer.

To further understand the underlying origin of the experimentally
observed supercell, we performed first principles calculations with and
without Te deficiencies. Questions of interest include whether nesting
within the Fermi surface promotes the formation of the supercell, the
atomic arrangement within the supercell, and the resulting band
structure of the extended compound. Figure 5 presents the main
results of our calculations, and an extended set of data is available in
the Supporting Information. The Fermi surface of the unmodulated
pristine DyTe2−δ structure at the chemical potential corresponding to
δ = 0.2 Te deficiency is presented in Figure 5a, showing the Tes p-
and the Dy d-derived bands in blue and orange, respectively. The
planar shapes of the Tes-derived Fermi surface confirm their 2D
nature. The presence of bands at the Fermi energy would be expected
to produce metallic transport in films. However, we observe
semiconducting transport with an activation gap on the order of
300 meV in a film of 20 QL (see the Supporting Information). Owing
to the air sensitivity of the material, a reliable and systematic study of

Figure 3. (a) Out-of-plane θ−2θ X-ray diffraction of a 20 QL
DyTe2−δ film on MgO (001), plotted in reciprocal lattice units of
DyTe2−δ. Peaks corresponding to the substrate are indicated by a star,
with fundamental peaks of the film labeled by a circle and superlattice
peaks by a triangle. (b) Rocking curve analysis of the DyTe2−δ (003)
diffraction peak. (c) Out-of-plane asymmetric scan of the film with
diffraction from the MgO (204) and DyTe2−δ (208) planes plotted as
a function of momentum transfer in the Qx−Qz plane. (d) In-plane a
and (e) out-of-plane c lattice constants of films as a function of
thickness compared with the values of ref 15. Dashed lines are
intended as guides for the eye.

Figure 4. (a) In-plane (hk0) diffraction of a 20 QL film showing
diffraction peaks identified as fundamental (circle) and superlattice
(triangle). (b) Schematic of the Te square net layer showing the
original square u.c. (upper square) and the distorted ×5 5
R26.6° superlattice (lower rotated square) of partially occupied Te-
sites, indicated by half-transparent atoms.
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the activation gap with thickness as well as true measurements of the
band gap could be obtained through in situ electrical and optical
probes. While the gapping of the Fermi surface can be achieved
through a number of means, in other square net compounds where
CDW ground states have been identified,5,25 a specific nesting vector
q in momentum space may induce a maximal overlap of the 2D-like
Fermi surfaces, which allows energy gain from the band gap opening
near the Fermi level, though this picture has been debated.45

However, the interpretation of CDW using the nesting mechanism
can also be applied to defect formation. In sharp contrast to randomly
distributed defects, the defect lattice induces cell modulation where
the energy gain is derived from a gapping of the Fermi surface at a
specific q-vector which gives maximal Fermi surface overlap. The
calculated nesting function, N(q) (see the Supporting Information),
of the Fermi surface in Figure 5a is displayed in Figure 5b, where red
colors indicate wavevectors with a strong nesting condition at the
Fermi energy. The yellow dots correspond to the q-vector which
would produce a ×5 5 modulation, and they are seen to closely
coincide with the nesting conditions of the Fermi surface. Therefore,
we hypothesize that the ×5 5 modulation is promoted in the
structure to minimize energy. However, in contrast to the purely
electronic CDW-order, it appears likely that the crystal preferentially
forms a defect lattice. Removal of a Te from the square net sheet
effectively contributes extra charge to the layer, in turn localized on
the periodic defect site, as there are no states from the DyTe slab at
the Fermi level. Interestingly, the nesting function at the Fermi level
of the pristine structure (Figure S5d) exhibits its peaks at q-vectors
shorter than that of ×5 5 modulation. This implies that the
formation of a defect lattice is a consequence of the mutual effects of
the charge doping and the nesting function at the altered chemical
potential. The question remains what the defect lattice looks like
locally and how it influences the formation energy and the band
structure. Consequently, we have carried out calculations of the

×5 5 supercell with Tes mono- and divacancies corresponding to
δ = 0.1 and 0.2. We find that the A−C divacancy configuration,
consisting of Tes dimers and trimers, as shown in Figure 5c, has the
lowest formation energy among the five considered structures and is
in agreement with previous X-ray diffraction measurements on
SmTe1.8.

46 This configuration is favored in the calculations when the
a-axis lattice parameter is compressed, which is a trend that is resolved

in diffraction in Figure 3d and could explain why the relaxed lattice
constants of grown film are smaller than their bulk counterparts.15

The band structure of the A−C configuration along symmetry
directions, as shown in Figure 5d, demonstrates the emergence of a
band gap (indirect gap of 143 meV and direct gap of 326 meV), which
is of the same order of magnitude as the activation gap measured in
transport. We also find a band gap for the monovacancy and A−B
divacancy configurations, while the A−D divacancy configuration with
a higher formation energy is metallic (see the Supporting Information
for the calculated band structures and the band gaps.) Therefore, we
speculate that these vacancy configurations, especially A−C, are
stabilized and are responsible for the semiconducting transport
behavior. Additional structure modulation along the c-direction is also
reproduced under the assumption of the dominant δ = 0.2 A−C
configuration. The calculated total energies of the × ×5 5 2
structure (Supporting Information Table S1) show that the A−C
divacancy appears at a laterally displaced position (0.5 and 0.5),
relative to the divacancy on the adjacent Te square net layer. This
lateral displacement lowers the total energy by approximately 10
meV/Dy compared to the × ×5 5 1 structure, where the A−C
dimers align as a column.

■ CONCLUSIONS
In summary, we have grown epitaxial DyTe2−δ on atomically
flat MgO surfaces, which induces compressive strain in the
films. The in-plane lattice constant of the films increases as the
thickness is increased, indicating a relieving of strain. The high
structural quality of films enables detection of a × ×5 5 2
R26.6° superlattice in diffraction. While an electronically
driven CDW does not appear to be relevant to understanding
the properties of this system, first principles calculations point
toward nesting in the Fermi surface as a possible mechanism
for promoting the supercell modulation, which in turn
produces a band gap and semiconducting transport. This
work sets the stage for studying the role epitaxial strain has on
the broader class of LnTe2−δ and related square net compound,
and ultimately their heterointerfaces.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00755.

Off-axis RHEED image with saturated brightness
showing weak additional streaks which we tentatively
associated with the ×5 5 modulation; RHEED
images taken at the end of growths performed in the
indicated temperature windows; ϕ scan around the
(200) diffraction condition; STEM images of rotated
domains; RSM of the lower half of the first quadrant of
the (hk0) plane; temperature-dependent transport of a
20 QL film showing semiconducting transport; CBED
pattern and simulated CBED pattern of the (P4/nmm)
point group; electronic structure of pristine DyTe2;
calculated total energies for the × ×5 5 2 supercell
structures with A−C divacancy configuration; calculated
band structures along the high symmetry directions for
the ×5 5 supercell with several vacancy config-
urations; observed (hk0) reflections with comparison to
bulk crystal report; and calculated total energies for the

× ×5 5 2 supercell structures with A−C divacancy
configuration (PDF)

Figure 5. Density functional theory calculations of DyTe2−δ: (a)
Fermi surface of pristine DyTe2 at a chemical potential corresponding
to δ = 0.2 Te deficiency, where q is the nesting vector. (b) In-plane
nesting function, Nγ(qx, qy) (see the Supporting Information), in the
first Brillouin zone (solid lines), where the eight yellow dots denote
the nesting vector q, corresponding to the ×5 5 cell modulation.
(c) Te bonding network for δ = 0.2 where the Te dimers are colored
as orange. (d) Band structure along the symmetry directions of the

×5 5 cell shown in (c) revealing the emergence of the band gap.
The orbital characters of the Dy-d, Tec-p, and Tes-p-derived states in
parts a and (d) are denoted by orange, yellow, and blue, respectively.
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