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Abstract

Some single-layer transition metal dichalcogenides (TMDs) have been found to superconduct at critical
temperatures below 10 K.! Vertically stacked heterostructures consisting of alternating TMD (MX:) and rock
salt (MX) layers offer a way to synthesize clean TMD layers at large length scales and tune additional
parameters to enhance the superconductivity of the TMD layers. These misfit compounds can be generally
described with the chemical formula (RX)1+s(MX2). where R is a heavy cation, M is a transition metal, and X
is a chalcogen. 0 is the misfit parameter, a result of the differing symmetries of the layers causing the in-plane
lattice vectors of the two layers to be incommensurate. Here, scanning transmission electron microscopy
(STEM) was used to probe the structural disorder of three misfit compounds, (GdS)i+s(NbS2),
(BiSe)1+s(NbSez), and (LaSe)1+s(NbSez)2, at the atomic scale. In particular, a computational framework for the
identification and quantification of in- and out-of-plane distortions was developed. Meso-scale, coherent out-
of-plane distortions were found in all three misfit compounds.

Introduction

Some single-layer transition metal dichalcogenides
(TMDs), such as NbS», have been found to superconduct at
critical temperatures below 10 K.! Vertically stacked
heterostructures consisting of alternating TMD (MX3) and
rock salt (RX) layers offer a way to synthesize clean TMD
layers at large length scales and tune additional parameters
to enhance the superconductivity of the TMD layers.

These misfit compounds can be generally described by the
chemical formula (RX)1+3(MX2), where R is a heavy cation

such as Bi, La, or Gd, M is a transition metal such as Nb,
and X is a chalcogen. § is the misfit parameter, a result of
the differing symmetries of the layers causing the in-plane
lattice vectors of the two layers to be incommensurate.2
This incommensurability has made the study and modeling
of these compounds difficult.34

Scanning transmission electron microscopy (STEM) is a
powerful tool for probing the structure of materials at the
atomic scale. By investigating the structure of the misfit
compounds through STEM, we can better inform
computational models for these compounds and gain
insight into their exotic properties, such as
superconductivity. In this project, the primary research
objective was to understand and quantify the differing
structural responses of the misfit compounds and the
distinct manner in which each compound accommodates
the misfit in lattice parameters between the two layers.

Methods

Three misfit compounds, (GdS)i+;(NbS2), (BiSe)i+s

(NbSe»), and (LaSe)1+5(NbSez)2, were imaged on a Thermo

Fisher Scientific Spectra 300 X-CFEG STEM operating at
300 kV in the high-angle annular dark-field (HAADF)
collection geometry. By scanning a focused beam of

electrons across the sample and collecting scattered
electrons in the HAADF detector at each scan position, an
atomic resolution image of the misfit compounds can be
obtained. Because heavier nuclei scatter electrons to higher
angles, using a HAADF collection geometry ensures that
intensity in the HAADF-STEM images scales with atomic
number.

To investigate the structural responses of the misfit
compounds, an analytical framework was developed to
characterize the out-of-plane and in-plane distortions of
these compounds using the acquired images. As shown in
Figure 1, in-plane distortions are contractions and
expansions of atomic spacings along atomic rows, and out-
of-plane distortions are displacements of atoms from the
atomic rows.
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Figure 1: Visualization of out-of-plane and in-plane distortions.

In order to quantify these distortions, first, the positions of
real atomic columns were identified in the HAADF-STEM
images. Using these positions, horizontal atomic planes
were identified, and a line of best fit through each plane
was calculated. This line defined the reference plane from
which out-of-plane atomic distortions can be mapped (see
Fig. 1a). Next, line profiles were taken along each line of
best fit, and a sinusoid was fitted to these line profiles. The
x positions of the peaks in the sinusoid were projected onto
the line of best fit corresponding to the line profile to which
the sinusoid was fitted. The x and y positions generated by
this fitting of a sinusoid to line profiles along atomic rows



comprise an ideal lattice of atoms where the atoms are
equally spaced along straight lines.

Vectors can be drawn between the real and idealized atoms,
in which the x-component corresponds to the in-plane
distortions and the y-component corresponds to the out-of-
plane distortions. Thus, these vectors, as well as their x and
y components, can be plotted to visualize the out-of-plane
and in-plane distortions of the misfit compounds.

Results and Discussion

Shown below is a HAADF-STEM image of the
(GdS)1+s(NbS2) compound as well as a map of vectors
between the real and ideal atom positions.
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Figure 2:
HAADF-STEM

image (top left) and vector map of
displacement (top right). A magnified
section (bottom left) shows a
transition region between two
directions of out-of-plane distortions.

Because it is difficult to discern patterns in the distortions
from the vector map, the two components are plotted
separately in Figure 3, along with coarse-grained and
blurred versions of the plots to better visualize large scale
patterns in the distortions.

Figure 3: Plot of in-plane distortions (left) and out-of-plane distortions
(right).

The above figure shows the meso-scale, coherent out-of-
plane distortions observed in the GdS compound. Although
the constituent layers of the misfit compounds are held
together by relatively weak van der Waals forces, they are
observed to distort coherently and over long length scales
(tens of nm) in the out-of-plane direction.

Similar large-scale, coherent out-of-plane distortions were
found in the (BiSe)1+5(NbSez2), and (LaSe)i+s(NbSez):
compounds. The patterns of in-plane distortions appear to

be less consistent when comparing the compounds, and
seem to occur at smaller length scales.
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Figure 3: Out-of-plane distortions in (GdS)i+s(NbS2) (left),
(BiSe) 1+5(NbSez) (middle), (LaSe)+3(NbSe2)> (right).

Conclusions and Future Work

During this project, a framework was developed to analyze
in-plane and out-of-plane distortions in misfit layered
compounds. Preliminary analysis of the misfit compounds
using this framework revealed meso-scale, coherent, out-
of-plane distortions in the three misfit compounds
investigated. Continued analysis of the structural disorder
of the misfit compounds may inform computational models
of the compounds and shed light on their
superconductivity.

Further work on this project will include refinement and
validation to the approach for quantifying in-plane
distortions. Analysis of additional data using the developed
framework is also required to identify patterns and
differences in the out-of-plane and in-plane distortions in
the compounds, as well as to probe the length scales of in-
phase out-of-plane distortions. Finally, the framework
could be further developed to examine additional structural
characteristics of the misfit compounds beyond in-plane
and out-of-plane distortions.
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