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ABSTRACT: The properties of two-dimensional (2D) materials such as graphene and monolayer transition metal
dichalcogenides are strongly influenced by domain boundaries. Ultrathin transition metal carbides are a class of newly emerging
2D materials that are superconducting and have many potential applications such as in electrochemical energy storage, catalysis,
and thermoelectric energy conversion. However, little is known about their domain structure and the influence of domain
boundaries on their properties. Here we use atomic-resolution scanning transmission electron microscopy combined with large-
scale diffraction-filtered imaging to study the microstructure of chemical vapor deposited high-quality 2D a-Mo,C
superconducting crystals of different regular shapes including triangles, rectangles, hexagons, octagons, nonagons, and
dodecagons. The Mo atom sublattice in all these crystals has a uniform hexagonal closely packed arrangement without any
boundaries. However, except for rectangular and octagonal crystals, the C atom sublattices are composed of three or six domains
with rotational-symmetry and well-defined line-shaped domain boundaries because of the presence of three equivalent off-center
directions of interstitial carbon atoms in Mo octahedra. We found that there is very small lattice shear strain across the domain
boundary. In contrast to the single sharp transition observed in single-domain crystals, transport studies across domain
boundaries show a broad resistive superconducting transition with two distinct transition processes due to the formation of
localized phase slip events within the boundaries, indicating a significant influence of the boundary on 2D superconductivity.
These findings provide new understandings on not only the microstructure of 2D transition metal carbides but also the intrinsic
influence of domain boundaries on 2D superconductivity.
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wo-dimensional (2D) materials, such as graphene and mobility, electrical conductivity, mechanical strength, thermal
monolayer hexagonal boron nitride and transition metal conductivity, and photoluminescence.”™”
dichalcogenides, have attracted increasing interest because of Two-dimensional superconductivity has been one of the
their many unique physical and chemical properties that are most active topics in condensed matter physics for decades.
different from their bulk counterparts.l_4 Chemical vapor Similar to other 2D materials, a domain boundary might have a
deposition (CVD) has been widely used to grow high-quality significant effect on the 2D superconductivity. However, most
2D materials over a large area,” "' which show promising of the 2D superconductors studied so far are either unstable or
applications in electronics and optoelectronics. However, recent
studies have shown that CVD-grown large-area 2D materials Received: March 24, 2016
are composed of many domains,”~” and the domain boundaries Revised:  June 4, 2016
have an unusual influence on properties such as carrier Published: June 21, 2016
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Figure 1. Crystalline structure of 2D a-Mo,C crystals. (A) Atomic model of an unit cell of a-Mo,C crystal. (B) Atomic model of an @-Mo,C crystal
projected in the [100] direction. The purple arrows show the off-center directions of carbon atoms in Mo octahedra. Yellow and blue lines show the
zigzag configuration of carbon atoms in each layer. (C,D) Atomic-resolution HAADF-STEM image (C) and BF-STEM image (D) of an ultrathin 2D
a-Mo,C crystal with superimposed atomic models shown in the top-right insets (blue solid circles represent Mo atoms, and red solid circles
represent carbon atoms). (E,F) Large-area HAADF-HRSTEM image (E) and the corresponding FFT pattern (F) of a 2D a-Mo,C crystal.
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disordered in addition to containing domain boundaries. 3

Ultrathin transition metal carbides (TMCs) are a class of newly
emerging 2D materials that are superconducting and have many
intriguing applications.'*~"” Recently, a series of large-size high-
quality 2D TMC crystals (@-Mo,C, WC, and TaC) have been
fabricated by CVD at a temperature above the melting point of
Cu, using a bilayer of Cu foil sitting on top of another transition
metal foil as the growth substrate, and the ultrathin a-Mo,C
crystals produced have been confirmed to be a stable clean 2D
superconductor.'” Such materials open up the possibility of
revealing the intrinsic influence of domain boundaries on the
2D superconductivity; however, their domain structure is not
clear.

Here we used atomic-resolution scanning transmission
electron microscopy (STEM) combined with large-scale
diffraction-filtered imaging to investigate the microstructure of
CVD-grown high-quality 2D a-Mo,C superconducting crystals.
The crystals were prepared as reported previously'* and have
different regular shapes including triangles, rectangles,
hexagons, octagons, nonagons, and dodecagons (Supplemen-
tary Figure S1). The Mo atom sublattice in all these shaped
crystals has a uniform hexagonal closely packed (HCP)
arrangement without any boundaries. However, except for
rectangular and octagonal crystals, the C atom sublattices have
three or six domains with rotational-symmetry and well-defined
line-shaped domain boundaries. We found that there is a
relatively small lattice shear strain across the domain boundary,
but the boundary has a significant influence on the super-
conductivity, resulting in a broad resistive superconducting
transition with two distinct transition processes due to the
formation of localized phase slip events in the boundaries.

As shown in our previous work,'* a CVD-grown 2D a-Mo,C
crystal has an orthorhombic structure and is composed of HCP
Mo atoms with interstitial carbon atoms located in half the
octahedra'® (Figure 1A,B). In order to further understand the
atomic structure of the 2D @-Mo,C crystal, we performed first-
principles calculations based on previously reported neutron
diffraction experimental data.'® The results show that the
interstitial carbon atoms in the octahedra are moved slightly off-
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center in the b-direction of the @-Mo,C lattice (Figure 1B),
forming a zigzag configuration along the c-direction, which
consequently leads to a slight distortion of the Mo sublattice
along the b-direction (Table S1 and Figure S2). Moreover,
there are three equivalent zigzag configurations of carbon atoms
associated with the same HCP Mo atom sublattice (Figure S3).

Due to the 2D characteristic of ultrathin @-Mo,C crystals, it
is easy to acquire an atomic-resolution image along its [100]
zone axis. We should point out that carbon atoms have been
rarely, if ever, seen in TMCs by TEM due to their low electron
scattering ability compared with heavy metal atoms and the
ubiquitous organic contamination that exists in a TEM. The
advanced aberration-corrected STEM and our high-quality
clean 2D a-Mo,C crystals make it possible to study the
structural behavior of both heavy and light elements, i.e.,, Mo
and carbon, in TMCs. Figure 1C shows a high angle angular
dark field (HAADF)-STEM image of a 2D a-Mo,C crystal,
which is also called a Z-contrast image (the intensity of atoms is
approximately proportional to the square of their atomic
number, ~Z2). Consistent with the atomic model shown in
Figure 1B, the Mo atoms are arranged with a HCP
configuration, showing a graphene-like honeycomb lattice in
the [100] projected direction. Because carbon is a much lighter
element than Mo, the Z-contrast image cannot give the carbon
atom positions. Therefore, we acquired a bright field (BF)-
STEM image along the same zone axis to visualize the carbon
atom positions (Figure 1D) since the BF-STEM image is
sensitive to both light and heavy elements. It can be clearly seen
that the carbon atoms are located near the centers of the Mo
hexagonal lattice without defects being observed.

Even though the carbon atoms can be seen in BF-STEM
images, we could not determine their exact off-center directions
because their displacement is too small to be seen by the naked
eye. Fortunately, as discussed above, because of the octahedron
off-center zigzag configuration of carbon atoms in the a-Mo,C
lattice, the sublattice of Mo atoms slightly deviates from the
hexagonal configuration into an orthorhombic configuration
(Figure S4). Therefore, we can obtain this structural
information from reciprocal space by fast Fourier trans-
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formation (FFT) analysis. In order to obtain a clear FFT
pattern, we acquired a large-area HAADF-HRSTEM image
(Figure 1E). As shown in Figure 1F, the corresponding FFT
clearly shows a characteristic orthorhombic pattern of the 2D
a-Mo,C crystal, which shows the off-center displacement of
carbon atoms in the Mo octahedra to be in the reciprocal space
vector [020]* direction. Note that this off-center deviation is in
the real space b-direction, which is consistent with the
structural model shown in Figure 1B.

In some ferroelectric materials, the centroids of positive and
negative ions are not coincident, so they usually form domains
with different orientations, called displacement-type ferro-
electric domains.'””° The existence of such domains has a
strong influence on the physical properties and applications of
ferroelectric materials.”' Similar to these ferroelectric materials,
carbon atom positions deviate from the center of the Mo
octahedra to form a zigzag configuration, and there are three
equivalent configurations in the same Mo atom sublattice.
Therefore, if these equivalent zigzag configurations of
interstitial carbon atoms exist simultaneously in the same Mo
atom sublattice, topological a-Mo,C domains could form.

Selected area electron diffraction (SAED) is an efficient
method to identify the crystallographic orientation of crystals,
and we therefore used it to study the structure of 2D @-Mo,C
crystals with different shapes. Figure 2A shows a TEM image of
a hexagonal 2D a-Mo,C crystal. We carried out SAED
measurements on areas O—Q@ indicated in Figure 2A, and the
SAED patterns obtained are shown in Figure 2B @-@. It is
interesting to find that the SAED patterns of areas ©—® are the
same, but the corresponding c*-axis orientations of adjacent
areas are rotated by 60°. The SAED pattern of area @ is a
superimposition of those of areas @—® and has pseudo-6-fold
symmetry. More importantly, the principal diffraction patterns
of Mo sublattices from areas ©—® overlap (e.g, big and bright
spots shown in Figure 2B @), indicating that the HCP Mo
atom sublattices remain in the same orientation across the
whole sheet. For a crystallographic orthorhombic structure, the
lattice c-direction of real space is parallel to the ¢*-direction of
reciprocal space. Therefore, the octahedron off-center zigzag
configurations of carbon atoms in the six areas are different
with a rotation of 60° between each other. This is consistent
with the theoretically predicted results discussed above and is
responsible for the different crystallographic orientations of
different areas observed here. Moreover, the zigzag config-
uration direction (c-direction) of carbon atoms in each area is
perpendicular to the outer edge of the area.

Dark-field TEM (DF-TEM) is a diffraction-sensitive imaging
technique, which has recently been widely used to identify the
grains of various 2D materials. Here we used DF-TEM to
further study the structure of hexagonal a-Mo,C crystals. We
selected the (020) ED spots for each domain to obtain the
corresponding dark field images (Figure 2C—E). It can be seen
that the crystal is composed of six triangular domains, and the
difference in the crystallographic orientations of adjacent
domains is always 60°, forming domains with 6-fold rota-
tional-symmetry. More interestingly, each domain boundary
crosses one vertex and the centroid of the hexagon in a sharp
straight line. This is the reason why the ED pattern of area @ is
a superimposition of those of areas @—®. Figure 2F is a
diagram of the atomic structure of the crystal based on the
above SAED and DF-TEM analyses, clearly showing that the
hexagonal crystal is indeed a superstructure containing many
domains.
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Figure 2. Domains with rotational-symmetry in a hexagonal 2D a-
Mo,C crystal. (A) BF-TEM image. (B) ED patterns taken from ®—@
areas in (A). Domain-related (020) ED spots are indicated by red
boxes. (C—E) DF-TEM images obtained by selecting the ED spots
indicated by yellow numbers 1—3 in (B), showing domains with 6-fold
rotational-symmetry. (F) Atomic diagram of a hexagonal 2D a-Mo,C
crystal. Different colored atoms represent different positions in unit
cell (bottom in F).
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Figure 3. Sixty degree domain boundary in a 2D a-Mo,C crystal. (A) HAADF-STEM image in the vicinity of the domain boundary. The white
dashed line represents the position of the domain boundary, and the arrows show the lattice vector b-directions of each domain. A higher
magnification HAADF-STEM image of the area indicated by the yellow dotted box shows that Mo atom sublattices connect seamlessly without
defects across the domain boundary. (B) FFT of (A) showing two sets of (020) spots. (C,D) Inverse FFT images obtained from the type I spots
indicated by the green circles (C) and type II spots indicated by the red circles (D) in B, clearly showing the domain boundary and the contrast

difference between its two sides.

We also used SAED and DF-TEM to study the crystalline
structure of a-Mo,C crystals with other shapes. As shown in
Figures S5—S7, triangular, nonagonal, and dodecagonal crystals
are also multidomain superstructures, which are respectively
composed of three triangular, three pentagonal, and six
pentagonal domains with rotational-symmetry. In these super-
structures, similar to hexagonal crystals, the slightly distorted
HCP Mo atom sublattices remain in the same orientation
across the whole sheet, while the off-center zigzag config-
urations of carbon atoms in the adjacent domains are rotated by
60° or 120°. However, in these superstructures the direction of
the off-center carbon atoms in each domain is perpendicular to
the outer edge of the domain, which is different from the
hexagonal superstructure. In contrast, rectangular and octagonal
crystals are single-domain crystals without domain boundaries
(Figure S8). Moreover, it is worth noting that the characteristic
of domain structure in all shaped crystals is independent of
crystal thickness, as shown in Figure S9.

It is important to note from the above results that all the 2D
a-Mo,C superstructures are composed of very regular domains
with 3-fold or 6-fold rotational-symmetry and well-defined line-
shaped domain boundaries. This structure characteristic has not
been observed before in any other 2D materials such as
graphene and atomically thin transition metal dichalcogenides
and even bulk TMC materials. It is well-known that the
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morphology of a crystal is closely associated with its
crystallographic symmetry. Similar to previously reported
results,”> CVD-grown 2D Mo,C superstructures might undergo
a phase transition from a high temperature hexagonal phase (-
Mo,C) to a room temperature orthorhombic phase (@-Mo,C).
In this phase transition process, carbon atoms move from
randomly occupying centers of octahedral interstices to an
ordered occupation arrangement in positions slightly offset
from the octahedron centers with zigzag configuration. The
three equivalent zigzag configurations of carbon atoms in a 2D
a-Mo,C crystal can assemble to produce 6-fold rotational-
symmetry. Therefore, for hexagonal 2D a-Mo,C crystals, six
triangular domains are formed with a pseudo-6-fold symmetry
to maintain their original 6-fold crystallographic symmetry and
harmonize the resulting strains between different domains.
Based on symmetry considerations, triangular crystals can be
regarded as a degeneration of the 6-fold symmetry of the high
temperature hexagonal phase, and nonagonal and dodecagonal
crystals can be respectively regarded as truncated triangular and
hexagonal crystals. Therefore, all these shaped crystals are
transited to orthorhombic phases containing domains with 3-
or 6-fold symmetry during the phase transition process. In
contrast, a rectangular 2D a-Mo,C crystal and its truncated
counterpart, an octagonal crystal, have mirror and 2-fold
symmetry, which means that only one zigzag configuration of
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Figure 4. Relative lattice shear strain across a 60°-domain boundary. (A) HAADF-STEM image in the vicinity of a 60°-domain boundary. (B)
Relative lattice shear strain map extracted from (A) based on GPA analysis. (C) Profile of average relative shear strain perpendicular to a domain
boundary. (D) Schematic of the production of relative shear strain. The dark blue hexagons represent the projected Mo octahedra, the white arrows
represent the off-center directions of the octahedral interstitial carbon atoms, and the pink arrows represent the relative shear strain direction.
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Figure S. Influence of domain boundaries on the superconductivity of 2D a-Mo,C superconductors. (A,B) Optical image (A) and the temperature-
dependent resistive R(T) superconducting transition (B) of a device made from a 7.6 nm-thick rectangular single-domain 2D @-Mo,C crystal. The
red solid line in the inset of B represents a fit to the R(T) curve following the Halperin—Nelson formula based on the BKT model. (C,D) Optical
image (C) and the temperature-dependent resistive superconducting transitions (D) of a device made from a 8.3 nm-thick hexagonal multidomain
2D a-Mo,C crystal with 60°-domain boundary. Lower inset: The red solid line is a fit to the expected BKT transition for a single-phase 2D
superconductor. Upper inset: Arrhenius plot of the measured resistance of a hexagonal crystal sample. The solid line is a linear fit to the data,

showing thermally activated behavior in the lower superconducting transition regime.

(Figure S10). The corresponding boundaries are defined as
60°- and 30°-domain boundaries. To reveal the carbon and Mo
atom arrangements at domain boundary, we performed atomic-
resolution STEM experiments and theoretical calculations.
Figures 3A and S11A show HAADF-STEM images in the
vicinity of 60°- and 30°-domain boundaries, respectively. The

carbon atoms is selected during the phase transition process,
leading to the formation of single-domain crystals.

In terms of domain boundaries, all the domains with
rotational-symmetry in different shaped a-Mo,C superstruc-
tures have 60° or 30° angles between the octahedron off-center
directions of carbon atoms and the domain boundary lines
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corresponding FFT patterns show two sets of domain related
(020) type spots (Figures 3B and S11B), indicating different
directions of the distortion of HCP Mo atom sublattices (lattice
vector b-directions in Figures 3A and S11A) that are caused by
the different off-center zigzag configurations of carbon atoms.
The inverse FFT images obtained from different types of spots
clearly show a sharp domain boundary (Figures 3C,D and
S11C,D). It can be seen that the Mo atom sublattices connect
seamlessly without any defects across the domain boundaries in
both cases (Figures 3A and S11E). As mentioned above, even
though the carbon atoms can be seen in BF-STEM images, we
could not determine their spatial occupation information in the
vicinity of the domain boundaries. Therefore, we constructed
atomic models to simulate this. Based on the premise that the
stoichiometric ratio of @-Mo,C is unchanged at domain
boundaries, there are two interfacial configurations of carbon
atoms associated with both 60°- and 30°-domain boundaries,
forming symmetric and asymmetric domain boundaries in both
cases (Figure S12). Table S2 shows the calculated interfacial
energies of these domain boundaries based on first-principles
calculations. The symmetric domain boundaries are more stable
than the asymmetric ones for both 60°- and 30°-domain
boundaries, and we therefore suggest that all the a-Mo,C
superstructures may have symmetric domain boundaries
because of this higher stability, as shown in Figure 2F.

As shown in Figures 3C,D and S11C,D, the HCP Mo atom
sublattices in adjacent domains are distorted in different
directions. Therefore, this is expected to produce a relative
lattice shear strain across the domain boundary. Geometric
phase analysis (GPA) is an effective method to extract the
strain information in crystalline structures from HRTEM and
HRSTEM images by analyzing reciprocal space vectors.”””*
Figure 4A shows a HAADF-STEM image extracted from Figure
3A, and the dashed line shows the position of the domain
boundary. Figure 4B shows the lattice shear strain map
extracted from the HAADF-HRSTEM image in Figure 4A. It
can be seen that the lattice shear strain is very uniform in each
domain, further confirming the high structural uniformity of
our 2D a-Mo,C crystals. More importantly, the contrast
difference of shear strain on the two sides of the boundary is
very small, indicating a small relative shear strain across it.
Nevertheless, we still could see the domain boundary based on
contrast difference. We further extracted the average shear
strain perpendicular to the domain boundary from Figure 4B.
As shown in Figure 4C, the obtained profile clearly shows the
relative shear strain across the domain boundary even though it
is small. Figure 4D shows a schematic of the production of
relative lattice shear strain at the 60°-domain boundary. The
30°-domain boundary also shows a quite small lattice shear
strain across the domain boundary (Figure S13).

These high-quality 2D a-Mo,C superconducting crystals
with sharp domain boundaries provide an ideal platform to
investigate the intrinsic influence of domain boundaries on 2D
superconductivity (Figure S). Figure SA shows an optical image
of a 7.6 nm-thick rectangular single-domain a-Mo,C crystal
device with a four-terminal configuration. The temperature-
dependent resistance R(T) of the device at zero magnetic field
is shown in Figure SB. A sharp drop of resistance, characteristic
of the superconducting transition, is clearly observed below the
critical temperature T, & 3.5 K, indicating a uniformly defined
superconducting state. Figure SC shows the optical image of a
device made from an 8.3 nm-thick hexagonal multidomain a-
Mo,C crystal with 60°-domain boundary, which allows the
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measurement of electron transport across the domain
boundary. In contrast to the single-domain rectangular a-
Mo,C crystal, the hexagonal crystal sample shows a broadened
superconducting transition (Figure SD). Moreover, it shows
two distinct resistive superconducting transitions at T} ~ 3.8 K
and T, ~ 3.3 K as marked in Figure SD. As confirmed by
atomic-resolution STEM observations, our 2D a-Mo,C crystals
have very high crystallinity without defects except for the
domain boundaries. Therefore, our results give clear evidence
that a domain boundary has a strong influence on 2D
superconductivity. The resulting two-step resistive transitions
are different from the multistep resistive transitions observed
earlier in amorphous superconducting films and wires, which
are attributed to an inhomogeneous superconductin(g phase or
a phase separation in the superconducting state.”>*°

To understand the resistive transitions in more detail, we
have analyzed the measured R(T) curves in terms of the
theoretical models of the Berezinskii—Kosterlitz—Thouless
(BKT) transition and thermally activated phase slip.””~>” The
red solid line in the inset of Figure 5B is a fit to the measured
R(T) curve of the rectangular single-domain crystal sample
using the Halperin—Nelson equation:*®

R=R, exp(—bt_l/z) (1)

where R, and b are material-specific parameters, and t = T/ Tggr
— 1 is the reduced temperature. The fitting result indicates that
the superconducting transition in the single-domain crystal is
consistent with expectations for a single-phase 2D super-
conductor based on the BKT model.”” In the lower inset of
Figure SD, we present a fit to the measured R(T) curve of a
hexagonal multidomain crystal sample using eq 1, showing that
the resistance drop in the higher temperature regime can be
well described quantitatively by the BKT model, similar to the
observations in single-domain crystals. As reported in our
previous paper,14 the higher critical transition temperature
compared to that of rectangular single-domain crystal shown in
Figure Sb is attributed to the larger thickness of the hexagonal
crystal. However, there is a clear deviation from the BKT model
as the temperature is lowered. In an Arrhenius plot of R(T) as
shown in the upper inset of Figure 5D, the temperature
variation of resistance in the second transition can be modeled
using thermally activated transport. As shown above, the
domain boundaries in our crystals are very sharp, with a width
of a few atoms, which is much smaller than the super-
conducting coherence length (~20 nm)."* Therefore, they can
be considered one-dimensional superconducting wires. For
one-dimensional superconductors, a finite resistance arises due
to thermally activated phase slip process. In this case, the
resistance is given by the equation,””*’ R(T) ~ exp(—AF/kyT),
where AF is the free energy barrier for phase slip and kg is the
Boltzmann constant. It is worth noting that the fit to the
thermally activated phase slip model (red solid line in the upper
inset of Figure SD) agrees well with the measured R(T) data.
Therefore, the observed two-step superconducting transition of
R(T) in multidomain crystals can be understood by a transition
in a single-domain phase and localized phase slip events at the
domain boundary.

It should be noted that all the measured hexagonal and
other-shaped multidomain @-Mo,C crystals show a broadened
transition temperature width and two-step transitions. Figure
S14 shows the R(T) curve of a device made from a 6.9 nm-
thick dodecagonal multidomain 2D a-Mo,C crystal with 30°-
domain boundary. Similar to the hexagonal crystal with 60°-
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domain boundary, this curve also can be fit by a transition in a
single-domain phase based on the BKT model (high temper-
ature regime) and a domain boundary-related transition based
on thermally activated phase slip model (low temperature
regime). This indicates that the two-step superconducting
transition is intrinsic to the presence of the domain boundaries
in 2D @-Mo,C superconductors. However, the measured R(T)
curve of the dodecagonal a-Mo,C crystal exhibits more
enhanced deviation from the BKT model for single-domain
crystal than hexagonal sample as the temperature is lowered.
Note that both the hexagonal and dodecagonal crystals contain
six domain boundaries (Figures 2, S7, and S10). These results
imply that the orientation of the domain boundary lines relative
to the octahedron off-center directions of carbon atoms may
have an influence on the superconducting transition behaviors
of multidomain crystals, which requires further investigations
both experimentally and theoretically in the future.

In summary, we have studied the crystalline structure of
CVD grown 2D a-Mo,C superconducting crystals of triangular,
rectangular, hexagonal, octagonal, nonagonal, and dodecagonal
shapes. For all shaped crystals, the Mo atom sublattice has
uniform hexagonal closely packed arrangement across the
crystal without any boundaries. However, except for rectangular
and octagonal crystals, the C atom sublattices are composed of
three or six domains with rotational-symmetry and well-defined
line-shaped domain boundaries because of the presence of
three equivalent octahedron off-center zigzag configurations of
carbon atoms. We found that there is relatively small lattice
shear strain across the the domain boundary, but the domain
boundary has a significant influence on the superconductivity of
2D a-Mo,C crystals because of the formation of localized phase
slip events within the boundaries, leading to a broad resistive
superconducting transition with two distinct transition
processes rather than a single sharp transition observed in
single-domain crystals. These findings provide new insights into
not only the crystalline structure of 2D TMC crystals but also
the intrinsic influence of domain boundary on 2D super-
conductivity.
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