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Abstract

We report the epitaxial growth of PdTe, ultrathin films on a topological insulator Bi,Se;. A
prominent moiré pattern was observed in scanning tunneling microscope measurements. The
moiré periodicity increases as film thickness decreases, indicating a lattice expansion of epitaxial
PdTe; thin films at lower thicknesses. In addition, our simulations based on a multilayer relaxation
technique reveal uniaxial lattice strains at the edge of PdTe, domains, and anisotropic strain
distributions throughout the moiré supercell with a net change in lattice strain up to ~2.9%. Our
density functional theory calculations show that this strain effect leads to a narrowing of the band
gap at I point near the Fermi level. Under a strain of ~2.8%, the band gap at I closes completely.
Further increasing the lattice strain makes the band gap reopen and the order of conduction band
and valence bands inverted in energy. The experimental and theoretical results shed light on a
method for constructing quantum grids of topological band structure under the modulation of

moiré potentials.

1. Introduction

Van der Waals (vdW) materials have aroused great
interest for their exceptional mechanical, electrical,
thermal, and optical properties [1, 2]. In vdW mater-
ials, strong covalent bonds provide in-plane stability
while weak interlayer couplings enable atomic-scale
construction of a huge variety of layered heterostruc-
tures with diverse functionalities [3—5]. It is desir-
able to use two vdW materials as components of
the heterostructure for an atomically sharp inter-
face that can reduce the interfacial disorders and
enhance proximity effects. Among a myriad of vdW
materials, Bi;Se; and PdTe, are of particular interest
for their nontrivial electronic band structure. Bi,Ses
is an archetypal topological insulator with topolo-
gically protected Dirac surface states [6—10]. PdTe,
is known to host rich electronic properties such
as intrinsic type-I superconductivity [11-15] with
anomalous type-II surface behavior [16, 17], a type-
II Dirac cone [18-21], topologically non-trivial sur-
face states [18, 22, 23]. More interestingly, it has
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been shown that PdTe, maintains its superconduct-
ing state even with thickness down to two mono-
layers (MLs), and T, = 1.42 K at 2 ML [24]. PdTe,
also holds in-plane crystal lattice parameters close to
those of Bi,Se;. Therefore, building a heterostructure
of Bi,Se; and PdTe; offers a promising platform for
exploring the interaction of superconductivity with
topological Dirac states and other unusual properties
related to the topological electronic states.

In this work, we perform the epitaxial growth
of PdTe, films on topological insulator Bi,Ses.
The electronic structure of a heterostructure is
probed by angle-resolved photoemission spectro-
scopy (ARPES). Our scanning tunneling micro-
scope (STM) measurements reveal a very strong and
dynamic moiré pattern. Moiré patterns, in general,
can arise from twisting rotations between adjacent
crystal layers [25] or the lattice mismatch at the inter-
face between two films [26, 27]. Moiré patterns and
related long-range potentials have profound effects
on the electronic and magnetic properties of het-
erostructures, such as superconductivity of twisted
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bilayer graphene [25], modulation of edge modes
[27], tunable electronic properties [27-31], and peri-
odic modulation of the local topological order in
vdW heterobilayers [32]. The moiré pattern in the
PdTe,/Bi,Se; heterostructures arises from the lattice
mismatch between the epitaxial PdTe, and Bi,Ses
substrate. A thickness dependency of the moiré pat-
tern is observed, suggesting increases in moiré period-
icity with decreasing thickness. Theoretical analysis
of the moiré system reveals inhomogeneous lattice
strains in PdTe, films, and a band inversion induced
by lattice strains.

1.1. Experimental and computational methods

The PdTe; thin films were grown on the (001) sur-
face of Bi,Se; substrates in an integrated molecular
beam epitaxy (MBE) -STM ultrahigh vacuum sys-
tem with base pressure below 2 x 107! mbar. The
Bi,Se; was prepared by in-situ cleaving the surface
and subsequent annealing to 250 °C for 1 h. Then,
high-purity Pd (99.95%) and Te (99.9999%) were
evaporated from an electron-beam evaporator and a
standard Knudsen cell, respectively, with a flux ratio
of 1:10. The deposition rate of Pd and Te atoms was
monitored by a quartz oscillator. The temperature of
substrate was kept at 210 °C during the growth.

The surface topography mapping was performed
in-situ by using the SPECS Aarhus-150 STM with
a tungsten tip at room temperature. After STM,
the film was transferred in-situ to the ARPES stage.
ARPES measurements were performed at 100 K
using a SPECS PHOIBOS-150 hemisphere analyzer
with a SPECS UVS 300 helium discharge lamp (He
Iae = 21.2 eV and He llae = 40.8 eV). The energy res-
olution is 40 meV at 100 K.

Thickness dependent lattice expansion and relax-
ation was calculated using a multilayer relaxation
technique [33], a newer methodology for stacked
thin film crystals utilizing material parameters, sheer
moduli, and generalized stacking fault energy to
calculate interactions and relaxations of layered
materials.

We also performed first-principles calculations
with density functional theory (DFT) as implemen-
ted in the Vienna ab initio Simulation Package.
We used the Perdew—Burke—Ernzerhof form for the
exchange-correlation functional with a plane-wave
cut-off energy of 300 eV. The super cell includes
PdTe, layers and a vacuum layer of about 20 A. The
PdTe, layers were allowed to relax during the geo-
metry optimization.

2. Results

PdTe, has a layered trigonal crystal structure, belongs
to the 1T-CdlI, structure type, and the P3m1 space
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group with AA stacking, meaning there is no rota-
tion between layers (figure 1(a)). The bulk in-plane
lattice parameters are a = 4.028 A for PdTe, [24]
and a = 4.14 A for Bi,Se; [34]. The STM topo-
graphy (figure 1(b)) shows single-crystalline 1T-
PdTe, films grown on the Bi;Se; (001) surface. The
apparent height profile demonstrates a PdTe, island
with domains of different thicknesses, namely, 3 ML,
4 ML, and 5 ML. A hexagonal moiré pattern is vis-
ible in PdTe, films with different thicknesses. Atomic-
resolution STM images (figures 1(c) and (d)) of the
Bi,Se; substrate and 10 ML PdTe, show the hexagonal
lattice structure with the average lattice constants of
a=4.15+0.1 Aand a =3.98 + 0.1 A for Bi,Se; and
PdTe,, respectively, consistent with literature.

2.1. ARPES analysis

ARPES measurements further confirm the high crys-
tallinity of both the substrate and epitaxial films (See
figure 2). The ARPES spectrum of Bi,Se; (figure 2(a))
shows the band gap between the conduction and
valence bands and the topologically protected sur-
face states (TSS). The ARPES result of a 10 ML PdTe,
film grown on Bi,Se; (figure 2(b)) are consistent
with that of pristine PdTe, films (figure 2(c)) and
the DFT calculation (figure 2(d)), indicating the high
structural quality of the epitaxial films. The ARPES
result from a 3—-4 ML PdTe, film grown on Bi,Se;
(figure 2(e)) shows a mixture of the ultra-thin film
PdTe, and the Bi,Se; substrate. This is due to the
island growth behavior in the early stage of MBE
growth, which is consistent with the STM character-
izations (figure 1(b)). The ARPES spectrum from a
pristine 4 ML PdTe, grown on graphene is plotted
in figure 2(f) for a comparison. The results indicate
the nonuniform structural property of PdTe; films on
Bi,Se; at low coverage.

2.2. Moiré analysis

To understand the moiré pattern observed in the
PdTe,/Bi,Se; heterostructure, we need to determine
the relation between the lattice parameters of the two
surfaces, which play an important role in the growth
mode of epitaxial layers. Lattices with close to com-
mensurate conditions likely align with minimal rota-
tions, while a slight difference in the magnitude of
lattice parameters can cause a long-range modula-
tion in the interfacial atomic alignment, leading to a
measurable, periodic pattern on the crystal surface.
In general, the atomic layers in vdW materials are
not rigid, but instead behave as deformable mem-
branes. When two layers with an interfacial defect
(i.e. lattice mismatch or twist angle) come in con-
tact, the atomic positions relax to minimize the total
energy. Naturally, the relaxation itself is strongest at
the defect interface [33, 35-37]. Therefore, thinner
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Figure 1. Crystal structure and scanning tunneling microscopy (STM) characterizations. (a) Crystal structure of PdTe, on
BizSes. (b) STM topography of PdTe; growths on Bi,Ses. Inset shows the height profile designated by the blue arrow.

(c) Atomic-resolution STM images of the Bi>Ses substrate and (d) 10 monolayer (ML) PdTe; crystal surface, both with surface
atom overlays. Periodicity was determined by a cut along the blue arrow.
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Figure 2. (a) AREPS spectrum taken from the Bi,Ses substrate. The topological surface states are marked by the white dashed
lines. (b) ARPES spectrum for 10 monolayer (ML) PdTe; on the Bi,Se; substrate along the M-I"-M direction. (c) ARPES
spectrum for 10 ML PdTe, on a graphene substrate along the M-I"-M direction. (d) Density functional theory (DFT) calculated
band structure of 10 ML PdTe; along the M-I"-K direction. (e) ARPES spectrum for 3-4 ML PdTe, on the Bi,Ses substrate along
the M-I"-M direction. (f) ARPES spectrum for 4 ML PdTe; on a graphene substrate along the M-I"-M direction. (g) DFT
calculated band structure of 4 ML PdTe; along the M-I"-K direction.

epitaxial films experience a stronger substrate effect, we can see this long-range moiré pattern form
tend to adopt a lattice constant closer to that of the from the alignment of the top Bi and Se atoms
substrate, and create a thickness-dependent moiré of the substrate and the bottom Pd and Te of
pattern. the PdTe,. This reveals three primary stacking

By taking the interfacial atoms of the PdTe,/Bi,Se;  configuration regions at the interface (figures 3
heterostructure and overlaying them (figure 3(a)), (b)—(d)).
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Figure 3. Moiré pattern of PdTe,/Bi,Se; heterostructure. (a) Overlay of PdTe, on Bi,Ses, revealing three primary interfacial
alignments, denoted as B-D. (b) AA’ stacking in area ‘B’ (c) A'B stacking in area ‘C’. (d) AB stacking in area ‘D’ (e) Calculated

stacking energy density (SED) for 3 monolayer (ML) PdTe, on Bi,Ses, revealing the hexagonal moiré pattern. (f) SED for 10 ML
PdTe; on Bi,Ses, showing the transition to a hexagonal moiré pattern with smaller periodicity.
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We can calculate the maximum moiré period-
icity by aligning the lattices with a 0° twisting
angle and finding the distance between the regions
with the same stacking order. Using this method
with the literature lattice parameter, the moiré peri-
odicity is found to be 14.49 nm. The proxim-
ity of the interfacial atoms in the different align-
ment regions will affect the stacking energy and
the local density of states (LDOS) and can lead
to variations in the transport properties along the
surface.

Using the multilayer relaxation technique [33],
the stacking energy density (SED) was calculated
across films with thickness ranging from 3 ML to 12
ML. The calculated SED of 3 ML and 10 ML PdTe,
on Bi,Ses is shown in figures 3(e) and (f). The map
of the SED exhibits a hexagonal moiré pattern with
narrow domain walls for 3 ML and a hexagonal moiré
pattern (more prominent in large-scale STM image in
figure 4) for 10 ML. The moiré periodicity is reduced
gradually as the films thickness increases.

The moiré pattern can be resolved via STM since
the moiré potential causes a change in the LDOS at
the interface. For the 10 ML sample (figure 4(a)), the
moiré pattern has the hexagonal morphology with a
periodicity of 14.255 nm, smaller than the theoret-
ical value of 14.49 nm based on the bulk lattice para-
meters. The result indicates that the in-plane lattice
parameter of the 10 ML PdTe, film is slightly smal-
ler than the bulk value, which can be attributed to
the 2D nature of thin films and substrate effects [35—
37]. In contrast, the 3-5 ML sample (figure 4(b))
demonstrates a hexagonal pattern with apparently
larger periodicity. The observed periodicity of the
moiré pattern in the 3 ML region is 20.114 nm,

significantly larger than the literature value, indicat-
ing a pronounced tensile lattice strain in 3 ML. The
moiré pattern is continuous across the edges of 4 ML
and 5 ML patches, confirming that the pattern arises
from the interfacial coupling between the Bi,Se; and
the PdTe, film.

By examining the moiré pattern along differ-
ent directions and on multiple samples, the aver-
aged moiré periodicity for the varying thicknesses of
PdTe, films was obtained. The thickness dependence
of the averaged moiré periodicity (figure 4(a)) shows
that periodicity increases monotonically as film thick-
ness decreases. For theoretical calculations, the lat-
tice constants of Bi,Ses are fixed since it is a bulk
crystal with a much more rigid structure. The calcu-
lated lattice constants of PdTe, films are plotted in
figure 4(d) which shows a thickness-dependent lat-
tice expansion as the film thickness decreases, con-
sistent with theory. The average lattice expansion
of the 3 ML PdTe, film is about 0.7%. We note
that the calculated lattice parameter is a global value
averaged over many samples and thus it shows no
information about the local variations in the lattice
expansion.

2.3. Strain analysis

Interestingly, the moiré pattern can be distorted by
the local lattice irregularities such as edges and defects
(figure 5). Near the edge of the 3 ML sample, we
observed a region with uniaxial distortion of the
moiré pattern (figure 5(a)). To calculate the SED and
relaxation for non-periodic structures, a modified
version of the multilayer relaxation code was designed
for the non-trivial strain cases. Under this method-
ology, the film was treated as a single membrane.




10P Publishing

2D Mater. 10 (2023) 035005

] Cook et al

lattice constant derived from the moiré.
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Figure 4. Moiré periodicity and thickness-dependent lattice expansion. (a) Scanning tunneling microscopy (STM) image of 10
monolayer (ML) PdTe, with periodicity analysis below. (b) STM image of 3 ML PdTe, with periodicity analysis below.
(c) Thickness dependence of the average moiré periodicity compared with theory. (d) Thickness dependence of the averaged
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Figure 5. Anisotropic moiré and strain analysis. (a) Scanning tunneling microscopy (STM) image of 3 monolayer (ML) PdTe,
with an isotropic edge distortion of moiré pattern. (b) Stacking energy density (SED) mapping of (a). Green dots designate points
held fixed during relaxation. (c) In-plane compressive/tensile strain map of the blue square region in (b), showing the moiré
directions o and . (d) Uniaxial edge strain effect, enhancing strain perpendicular to the edge. (e) STM image of 3 ML PdTe; with
an inhomogeneous moiré region. (f) SED mapping of (e). Green dots designate points held fixed during relaxation. (g) In-plane
compressive/tensile strain map of the blue square region in (f). (h) Close-up moiré supercell from (g) with denoted localized
strain magnitudes. (i)—(1) Calculated electronic structure with orbital components near Ef and I" point of 3 ML PdTe, with
compressive/tensile strain values ranging from —0.7% to 3.4%. (m) Calculated upper and lower band binding energies versus

The uniaxial distortion is in good agreement with the
SED calculated by using this theory (figure 5(b)) [38].
The SED map is obtained by minimizing the surface
energy near the edge.

The in-plane strain map for the 3 ML edge data
(figure 5(c)) reveals that the uniaxial expansion of
the PdTe, lattice increases as one moves closer to the
edge of the crystal. This can be quantified by plot-
ting the moiré periodicity as a function of the dis-
tance in both perpendicular («) and parallel () dir-
ections relative to the edge (figure 5(d)). The uniaxial
distortion of moiré pattern towards the edge is due to
the interplay of the interfacial effect and the breaking
of the translational symmetry at the edge. The moiré
periodicity has little changes parallel to the edge
because the translational symmetry is intact in the «
direction.

We also observed an irregular distortion of moiré
pattern in the central region of the 3 ML sample
(figure 5(e)). This anisotropy in the distorted moiré
pattern can be reproduced by plotting the SED over
the distorted region (figure 5(f)). From the theoret-
ical model, we extracted the compressive/tensile and
sheer strain in PdTe, lattice at both the uniform and
distorted regions, as shown in figure 6. Near the dis-
torted region, the strain in PdTe, lattice ranges from
a compression of —0.7% at the high LDOS regions
to a massive 2.2% expansion at the centers of the
hexagonal moiré supercell (figure 5(g)). This corres-
ponds to a net change of 2.9% in the lattice parameter
of PdTe, at different locations of moiré supercells. A
zoom-in image shows the local variations of lattice
strains within a single, undistorted moiré supercell
(figure 5(h)).
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Figure 6. Calculated compressive and sheer strains by using the multilayer relaxation technique. (a) Compressive strain map,
(b) sheer strain magnitude map, and (c) sheer strain vector field for the anisotropic moiré system. (d) Compressive strain map,
(e) sheer strain magnitude map, and (f) sheer strain vector field for the uniaxial moiré system.
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The large local lattice strain can have signific-
ant effects on the electronic band structure of PdTe,
films. We calculated the electronic structure with var-
ied lattice constants under the framework of DFT,
using the minimum and maximum strain values from
figure 5(h). The DFT calculations show an interesting
change in the band structure of 3 ML PdTe, near the I"
point at the Fermi level (Ef) (figures 5(i)—(1)). With a
strain of —0.7%, which corresponds to a slight lattice
compression, there is an inverted band gap between
the p, and p,, bands with a gap size of 0.125 eV
(figure 5(i)).

At the observed maximum lattice expansion of
2.2%, the band gap shrinks to 0.055 eV (figure 5(j)).
Beyond the observed strain values, DFT calculations
show the band gap closes completely at the expansion
of 2.8% (figure 5(k)). This theoretical strain accident-
ally matches with the maximum possible lattice strain
of PdTe, on Bi,Ses, at which the two in-plane lattice
constants of PdTe, on Bi,Se; are identical. Further
increasing the lattice expansion leads to reopening of
the band gap and restoring the normal order of the p,
and py, bands in energy (figure 5(1)).

This shows that under sufficient strains with a
moiré supercell, 3 ML PdTe, can undergo a topo-
logical transition from topological semimetal (with
an inverted band order) to trivial semimetal. Inter-
estingly, this topological phase transition is local-
ized and confined to each moiré supercell. In other
words, within each moiré supercell there exists a
mesh region with TSS, while the core region is
isolated and becomes topologically trivial. This is
literally equivalent to a grid of topological insu-
lator quantum domains with size of tens of nano-
meters. The separation between these quantum
domains is controlled by the moiré periodicity of
heterostructure.

3. Conclusion

We grew PdTe, thin films with thickness down to 3
ML on topological insulator Bi,Se; by using MBE. A
very prominent moiré pattern was observed in the
STM mapping. The moiré periodicity increases as
film thickness decreases, indicating a lattice expan-
sion of PdTe, epitaxial thin films. This moiré pattern
arises from the interface lattice mismatch between
the PdTe, and Bi,Se; crystals. The observed moiré
pattern shows the in-plane lattice parameter PdTe,
epitaxial films approaches that of Bi,Se; in the 2D
limit. The SED and in-plane strain maps for this het-
erostructure reveal uniaxial strain at the edge and
anisotropic strain distributions throughout the moiré
supercell with a net change in lattice strain of PdTe,
up to ~2.9%.

Our DFT calculations show that this strain effect
leads to a narrowing of the band gap at I' point
near the Fermi level. Under a strain of ~2.8%,
the maximum possible lattice strain at which PdTe,
becomes commensurate with Bi,Ses;, the band gap
closes completely. Further increasing the lattice strain
(for example, by using a substrate with a larger lattice
constant compared to Bi,Se;) will make the band
gap reopen and the order of conduction band and
valence bands inverted in energy. This means that
under enhanced strain, the band topology of PdTe,
could undergo a phase transition. Enhanced strain
can be produced by changing the substrate to one
with slightly larger lattice constants.

Furthermore, since the maximum lattice strain
is observed at the center of the moiré super-
cell, the topological phase with nontrivial band
order is localized and confined in each moiré
supercell in real space, as schematically shown in
figure 7. Though the observed lattice strain in the
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PdTe,/Bi,Se; heterostructure is insufficient to induce
the band inversion, our results shed light on a new
avenue of producing topological phase transitions in
real space and creating a nanometer-sized grid of
topological insulators for device applications [32].
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