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Compared to multilayers, monolayer PtSe; exhibits a unique gap opening which enables the detailed
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is discovered with spin polarized edge states that may enable magnetic modifications of PtSe;
nanomaterials.
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Abstract:

Edges and point defects in layered dichalcogenides are important for tuning their electronic and
magnetic properties. By combining scanning tunneling microscopy (STM) with density functional theory
(DFT), the electronic structure of edges and point defects in 2D-PtSe; are investigated where the 1.8 eV-
band gap of monolayer PtSe; facilitates the detailed characterization of defect-induced gap states by
STM. The stoichiometric zigzag edge terminations are found to be energetically favored. STM and DFT
shows that these edges exhibit metallic one-dimensional states with spin polarized bands. Various
native point defects in PtSe, are also characterized by STM. A comparison of the experiment with
simulated images enables identification of Se-vacancies, Pt-vacancies, and Se-antisites as the dominant
defects in PtSe,. In contrast to Se- or Pt- vacancies, the Se-antisites are almost devoid of gap states. Pt-
vacancies exhibit defect induced states that are spin polarized, emphasizing their importance for
inducing magnetism in PtSe,. The atomic-scale insights into defect-induced electronic states in
monolayer PtSe; provide the fundamental underpinning for defect engineering of PtSe.-monolayers and
the newly identified spin-polarized edge states offer prospects for engineering magnetic properties in

PtSe; nanoribbons.



1. Introduction

Layered Pt dichalcogenides have attracted interest for a variety of potential applications in electrocatalysis
or as electronic materials.}>34567891011 Mgoreover, defect-induced magnetism was recently found in
PtSe, that persists to the monolayer regime.'>!3 Point defects and other lattice imperfections including
edges are important not only for adding magnetism to PtSe,, but also for controlling its chemical
functionalities'*®> that are known to be important in other layered transition metal dichalcogenides
(TMDs).1® Metallic edges are documented for semiconducting group VIB-dichalcogenides in the H-phase,
most prominently for MoS,.17*81° |t has been shown that these edges are important for electrochemical
functionalities in these materials. In the 1T’ family of TMDs, the topologically protected edge states in

20,21

monolayer 1T’-WSe, and WTe; give rise to quantum spin Hall state which makes these edge states a

potential candidate for topological field effect transistors.??

While these edge states are well-
characterized in group VIB TMDs, the structure and electronic properties of the electronically very
different noble metal dichalcogenides have not yet been studied. However, as we show here, the edge
properties of these materials provide another exciting system for one dimensional edge states, which are

distinct from other TMDs due to their spin-polarized nature.

Layered TMDs have been demonstrated to exhibit changes in their electronic properties if reduced to a

23,24,25,26,27,28,29,30,31,32,33,

single layer. 341n Pt-dichalcogenides these modifications are very pronounced, while

bulk and few layer materials are known to be metallic, single molecular layers of PtSe; or PtTe, become

35,36,37,38,39,40 Thjs extraordinary

semiconductors with a band gap well above one eV, in the case of PtSe,.
opening of a considerable band gap for the monolayer will also affect the electronic structure of the
defective material. While in multilayer samples defect states may hybridize with the electronic states of
the pristine material, in monolayers these defect states normally lie within the band gap. Importantly, the
presence of the band gap in the pristine monolayers enables the characterization of defect-induced states
by scanning tunneling spectroscopy. Thus, the synthesis of monolayer samples is critical for the
characterization of defect induced electronic states and to advance our understanding of defect-
controlled properties in PtSe,. Both native point defects, as well as lattice discontinuities at edges, can
induce band gap states. Edges of 2D crystals have broken covalent bonds and may be considered to be

1D-equivalent to the surfaces of 3D crystals. Similar to 3D crystals, broken covalent bonds at the edges of

2D crystals may lead to new electronic states.*

In this work, we characterize the structure, composition, and electronic properties of monolayer PtSe;

with edges as well as point defects. To achieve this, we prepare monolayer samples by molecular beam



epitaxy and use scanning tunneling microscopy (STM) and spectroscopy (STS) to study the properties of
atomic-scale defects. By matching experimental measurements with the results of density functional
theory (DFT) calculations, we infer detailed structural and compositional information of the defects
present in PtSe,, which govern the properties of defective PtSe, systems. These studies provide the
foundation for controlled defect engineering of PtSe; and most importantly the newly discovered spin-

polarized edge states in PtSe; provide prospects for new one-dimensional magnetic devices.
2. Results and discussion

DFT simulations®” have predicted strong dependence of the band gap for PtSe, on the number of layers
in the sample, and we indeed found the layer dependence of the band gap of these Pt-dichalcogenides as
obtained by STS.?® These measurements demonstrated that monolayer PtSe; has a band gap of 1.8 eV. As
discussed in ref [**], depending on the exchange and correlation (XC) functional used in the DFT
calculations and the flavor of the post-DFT GW approaches, the calculations may over- or under-estimate
the band gap. Here we use DFT with the PBE XC functional,*? which yields the band gap of monolayer PtSe;
to be 1.2 eV, which is significantly smaller than the experimental gap. Also, the Fermi-level position may
be different in the calculations from the experiments. In the experiments, we observe an n-type doped
sample with the Fermi-level around 0.6 eV below the conduction band minimum. This doping of the
pristine monolayer is likely associated with the PtSe,/HOPG interface.3> The DFT calculations are done on
free-standing PtSe,, and for defective PtSe, system the Fermi-level lies at the highest occupied defect
state. Differences in the calculated and experimentally determined band gaps and Fermi-level positions
need to be considered when comparing the theoretical results with the experiments. In the following, we
first investigate lattice discontinuities at step edges of monolayer-thick PtSe; islands. After that we turn

to point defects in the monolayers.
2.1 Edge properties

Figure 1 (a) shows a large-scale STM image of the MBE grown PtSe; islands. Most of the islands are
monolayers, but some bilayer regions are also present. The inset shows an atom-resolved image along a
step edge of a monolayer terrace with the line profile along the indicated direction shown in Figure 1(b).
Most of the edges of the PtSe; islands are oriented by multiples of 60° relative to each other, suggesting
a preference for a single edge orientation, because of the 120° rotational symmetry of the 1T crystal
structure. Figure 1(c) shows the schematic edge terminations for both armchair- or zigzag- edges. Cutting

the crystal structure along the armchair direction only allows for one possible termination without edge



reconstruction, which results in a stoichiometric edge, i.e., a PtSe, composition. In contrast, the zigzag
direction can be cut along three different lines resulting in edges with varying compositions as illustrated
in Figure 1(b). The edge labeled 50% Se has the stoichiometric termination, while the edge labeled 0% Se
is Pt-rich, and the edge labeled 100% Se is Se-rich. To determine the energetic preference for different
edge orientations and terminations, we calculated the formation energies of the edges as functions of Se-
chemical potential, shown in Figure 2. For the stoichiometric edges the formation energy for zigzag edges
is lower than that for armchair edges. Also, a Wulff construction (shown in the inset of Figure 2) of the 2D
equilibrium island shape, using the calculated formation energies for the stoichiometric edge
terminations, indicate that an equilibrium island would be entirely made up of zigzag edges with the
energy for the armchair edge just outside of the equilibrium shape. The formation energy of the armchair
edge is by a coincidence just a factor of ~1/cos 30° larger than that of the zigzag edge, which is the border-
line condition in order to be part of the equilibrium island shape. The preference for a single edge

orientation is also consistent with the STM images.
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Figure 1: STM images and a schematic illustration of edges of PtSe, nanoislands grown by MBE on a HOPG
substrate. Large scale STM image in (a) shows the PtSe; island morphology with the edges exhibiting a
bright contrast. The inset shows a high resolution STM image of an edge with the line profile along the
indicated direction displayed in (b). The schematic of possible edge terminations is shown in (c). Truncated
crystals along the armchair direction only have one possible composition, while the zigzag edge can be

truncated with three different possible compositions as indicated in panel (c).



For zigzag edges, different edge terminations are possible. Naturally, the non-stoichiometric edge
terminations are dependent on Se chemical potential, as shown in Figure 2. The Se-deficient edge is
always much higher in energy and thus unlikely to form. The Se-rich edge termination on the other hand,
becomes lower in energy for very high values of Se chemical potential. The latter, however, is hardly
possible under UHV growth conditions. Therefore, the most likely edge termination is the zigzag

stoichiometric edge (50% Se).

o
(o
T

— 100 % Se |
— 50 % Se _|
< 0.7 — 0%Se
@ == Armchair |
306 R
-
o —
C
[}
8)0'5 X 7]
S XK

0.4 N
s T
0 3 _WC_%C__ 8 N | ! | 1 1 1 | 1
~ -06 -05 -04 -03 -02 -0A1 0
Pt rich He, (V) Se rich

Figure 2: Calculated edge energies as functions of selenium chemical potential. The energy of a
stoichiometric armchair edge is indicated by the black, dashed line. The three different edge
stoichiometries for the zigzag edge are shown as solid lines, with the same colors as in Figure 1 (c). The
inset presents a Wulff-construction of the equilibrium crystal shape, obtained by using the calculated edge

energies for the stoichiometric zigzag and armchair edges.

To verify the edge termination, atomically resolved STM images are compared to the simulated STM
images of different zigzag edge terminations. First, we point out that atomic resolution images indeed
show that edges are zigzag oriented. The atomically resolved experimental images of the edge indicate
that the brightest contrast is found away from the edge in the third Se-row, as shown from the line profile
in Figure 1 (b) and displayed in Figure 3 as the red dashed lines. The experimental image and line profile
are compared to simulated STM images for different edge terminations. In addition to the edge
composition, two other configurations are possible for each composition with the terminating Se either
in the top or bottom layer. For different compositions, the simulated STM images for the two
configurations are shown in Figure 3, and the resulting line profiles are displayed together with the

experimentally obtained profile. From the comparison, we can clearly exclude the presence of Pt-



terminated step edges (0% Se). The best agreement between the experiment and simulation is obtained
for the stoichiometric edge (50% Se) and the terminating Se-atom in the bottom layer, i.e., Se atoms
pointing towards the substrate. Just from the comparison of the line profiles, it is not possible to entirely
exclude the Se-rich termination with terminating Se atoms in the top layer. However, it is unlikely to have
the Se-rich conditions in vacuum to make this configuration favorable. Thus, from a combination of ab-
initio thermodynamics arguments and a comparison of the experimental STM contrast with the simulated
STM images we conclude that the observed edges are stoichiometric with the terminating Se-atoms

located at the interfaces with the graphite substrate.
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Figure 3: Simulated STM contrast for different zigzag edge configurations for (a) Pt-terminated edges, (b)
stoichiometric edges, and (c) Se-rich edges. Two configurations are calculated for all three edge
terminations with the terminating Se-atoms either in the top or bottom layer. The simulated line profiles
along the direction indicated by the lines in the simulated images are compared to the experimental line

profile (red dashed line) on the right side of the figure.



The brighter contrast of the edge may imply higher density of electronic states, in particular band gap
states that enhance the tunneling probability at step edges. To quantify this, we used STS to probe the
density of states in the vicinity of the step edges. Figure 4 shows the spectra as a function of distance from
the step edge. Directly at the step edge, the band gap is completely closed indicating that the edge is
metallic. Away from the step edge a band gap is present, with the value approaching that for the pristine
terraces (~ 1.8 eV) around 2 nm away from the edge. The variation of the conduction band minimum
(CBM) and valence band maximum (VBM) as a function of distance away from the edge is plotted in Figure
4(c). Away from the step edge, the PtSe, monolayer is slightly n-type doped (the Fermi level is closer to
the CBM) in agreement with our previous reports for the PtSe,/HOPG interface.?®> Metallic band gap states
at the edge suggest that the Fermi-level is pinned close to the charge neutrality level of these edge states,
similar to the Fermi-level pinning at the surface states of 3D semiconductor surfaces. The closing of the
band gap at the edge agrees with the results of the DFT calculations shown in Figure 4 (d,e), which indicate
that new bands in the gap are formed. The electronic structure calculations show that both edges create
the same states in the form of two pairs of nearly degenerate bands which are well separated from the
bulk states as shown in Figure S1. Moreover, according to the spin-polarized calculations, the VBM and
CBM nearly touch each other in only one point in one of the spin channels (the band gap is about 0.1 eV),
while there is a considerably larger gap in the other channel, so that the system can be referred to as a
spin gapless semiconductor. This also suggests that a net magnetic moment may be obtained at these
edges if the Fermi-level is shifted by p-type doping. In the calculations, a high density of states is observed
at or just below the Fermi level, in agreement with the experimental di/dV spectra (red arrow). Another
peak in the density of the occupied states indicated by the green arrow is also identified in both the
calculated DOS and the experimental data. These two states are separated™ 0.2-0.3 eV. Two-unit cells
away from the edge, a band gap is clearly seen in the theoretical local density of states with band gap
states indicated by the light and dark blue arrows in Figure 4d. These gap states may be correlated to the
measured states in STS. At 4-unit cells from the edge the calculations indicate a band gap which is very
close to the value of that of a pristine PtSe, monolayer. The fact that in the experiments the full opening
of the gap is observed further away from the edge is possibly attributed to electron screening effects by
the edge states that cause a closing of the gap in the edge vicinity. Similar gap closings have also been

43,44

observed in the vicinity of the metallic grain boundaries in other 2D semiconductors and in group VIB

TMDs as already discussed above.

While all the studies are performed under ultraclean UHV conditions to ensure the integrity of the

samples, it is interesting to point out the air-stability of the samples and edges as it does affect applications
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and potential future investigations of edge properties. In our studies we exposed samples to air and kept
them under ambient conditions for one hour and reintroduced the sample into UHV for STM
characterization. Only a mild vacuum annealing to 200 °C is needed to remove adsorbates and re-establish
clean imaging conditions. The edge properties before and after air exposure are indistinguishable,
indicating the air stability not just of the basal plane but also of the edges. This suggests that this material

is suitable for further non-vacuum studies of their edge states.
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Figure 4: Electronic structure of zigzag step edge. Points at which STS measurements were taken are
indicated in the STM image shown in (a). The STS spectra for these points are shown in (b) and the

measured band gap as a function of distance from the step edge is plotted in (c). These experimental data



are compared to the calculated DOS of a stoichiometric zigzag edge at various distances from the edge as
shown in (d). The band dispersion of this edge is shown in (e) with spin-up and spin-down edge states (red

and blue) splitting close to Fermi-level at the X-point of the 1D Brillouin zone.

The stoichiometric zigzag edge is the only edge reliably observed in the PtSe; monolayer samples and thus
it is the most relevant edge for the applications of PtSe,. The edges are the terminations of 2D-crystals
and thus are always present in finite size 2D islands. In contrast, under thermodynamic equilibrium, point
defects will have a measurable concentration only at elevated temperatures. MBE grown samples are,
however, usually not in thermodynamic equilibrium. Non-equilibrium defect structures are also

4647 35 defects formed under non-

frequently observed in other synthetic materials* including PtSe,,
stoichiometric conditions or at high temperatures may not have enough time to reach the equilibrium
concentration. Nevertheless, formation energies of different defects should still correlate with their
abundance and may give an initial hint at the types of possible defects present in the MBE-grown samples.
The observed point-defects in PtSe; monolayers and their relations to calculated formation energies are

discussed next.
2.2 Point defects

Several point defects are observed in the MBE-grown PtSe; monolayers. Contrast modulation in the STM
images generally extends over several unit cells indicating delocalization of the defect-induced states over
a finite length. Imaging contrast is particularly pronounced when imaging with bias voltages within or
close to the band gap of the monolayer PtSe,. Under these conditions, the semiconducting basal planes
are essentially transparent to the tunneling electrons and only tunneling from defect-induced electronic
states contributes to the image contrast. Also, at low bias voltages the basal plane exhibits an apparent
2x2 periodicity for the PtSe,/HOPG van der Waals heterostructure, as discussed previously.®> The
corresponding coincidence of the lattice constants of 2 x aptse2= 3 X anors suggest that the apparent
periodicity is due to a resonant tunneling effect by the match between the Pt-dichalcogenide with the
HOPG substrate, but may not correspond to a true topographic corrugation. DFT calculations indicate that
the interaction between HOPG and Pt-dichalcogenides is minimal and does not induce any structural

distortion of the planar Pt-dichalcogenides.?®

To help identifying point defects in PtSe,, we first consider their formation energies obtained in the DFT
calculations. The formation energies for different possible point defects as functions of selenium chemical

potential are presented in Figure 5. Se-vacancies (Vse) have a low formation energy over a wide range of

10



Se chemical potential and thus their presence should be expected. Similarly, antisite defects with either
Se at Pt-sites (Sept) or Pt at Se-sites (Ptse) have low formation energies with a stronger dependence on the
chemical potential. A defect with Pt and Se exchanging sites (Sept-Ptse) is also considered, but such a defect
involving the exchange of two atoms is high in energy and thus unlikely to form. Lastly, Pt-vacancies (Vpt)
have also a high formation energy, but during MBE growth under non-stoichiometric conditions such

defects may form and thus it is plausible to observe V..

Ei[eV]

0.5 L ! ] ! I
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Figure 5: Formation energies as functions of Se chemical potential for various point defects in PtSe,. These
point defects include Se-vacancy (Vse), Pt-vacancy (Ve), Se antisite (Sept), Pt antisite (Ptse), and Se and Pt

exchanging sites (Ptse-Sep).

To identify the location of point defects in the samples, the center of the defect is determined first with
respect to the atomic corrugation in the STM images (see supporting information Figure S2). Simulated
STM images for the pristine surface indicates that the Se atoms in the topmost surface layer appear as
protrusions over a wide range of bias voltages and thus the top-Se atoms are making up the sublattice
imaged in the STM experiments. Using this Se sublattice, we pin-point if the center falls on the Se-site or
in between three top Se-sites, which then could correspond to a Pt-site or a bottom Se site (i.e., a Se-atom
in the lower layer towards the graphite substrate) in the 1T structure. We also account for the abundance

of defects according to their formation energy.

Figure 6 show STM images at different bias voltages of the most abundant defect in PtSe,. The center of
this defect is on the surface Se-site, which is particularly apparent at high negative voltages when the
defect is imaged as a single depression. Experimental STS spectra in Fig. 6 (i) are compared with the
computed density of states (DOS) plots shown in Fig. 6 (j). Both spectra of the pristine basal plane as well

as spectra at the defects are displayed. The di/dV spectrum of the basal plane shows the 1.8 eV band gap

11



of the pristine monolayer with the band edges indicated by the blue dashed lines in Fig 6 (i). Since DFT
calculations with semilocal exchange and correlation functionals normally underestimate the band gap as
compared to the experimentally measured gap, the DOS spectrum shown in Fig 6 (j) is stretched in order
for the band edges of the pristine sample (indicated by E¢(PtSe;) in Fig. 6 (j)) to align with the experimental
edges. While the energy scales for the experiment are different from those of the DFT calculations due to
the underestimation of the gap, the alignment of the band edges allows for a direct visual comparison of
the defect induced states in the experiments with the calculated ones. The same alignment has been
performed for all the other defect structures discussed below. Comparison of the STS spectrum of a
pristine monolayer PtSe, with a spectrum taken over the defect indicate an upward shift of the VBM and
the formation of distinct gap states close to the VBM. These states agree with those calculated for Se
vacancies. However, there are additional states in the calculations closer to the CBM that are not clearly
observed in the experiments. The suppression of these states in the experimental STS spectrum may be
because these states lie close to the experimental Fermi-level where the dl/dV spectra approach zero.
Previous work on sulfur vacancies in WS,,*® have revealed that taking spin-orbit coupling (SOC) into
account may give rise to the splitting of defect-induced levels in DFT calculations. The results for
calculations of the DOS with account for SOC are presented in Fig. S3. It is evident that although some
levels were indeed split, the account for SOC did not qualitatively change the picture. We note that the
difference should be even smaller if the artificial broadening of the levels is introduce to match the
experimental situation. Simulated STM images are in reasonably good agreement with the experimental
observation. The center triangular or ring structure and the six bright protrusions arranged in a hexagon
surrounding the defect are clearly reproduced in calculations of the occupied state images. A single
depression is predicted for empty state images, which is observed experimentally at +1V bias. Thus, we
assign this most abundant defect to Se-vacancies in the top layer. The electronic structure characterization
shows that this defect mostly has defect states close to the VBM, but the contrast in the STM image
indicates that these states can be delocalized over several atoms, with the hexagonal protrusions being

three lattice constants away from the vacancy.
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Figure 6: Characterization of Se-vacancies in the top-layer of PtSe,. STM images for different bias voltages
are shown in (a)-(d) and these can be compared to simulated STM images for occupied and empty states
shown in (e)-(h). STS measurements at the defect (black solid line) are shown in (i) together with a spectrum
taken on a pristine defect free PtSe; site (red dashed line). The calculated DOS at the defect site is shown
in (j). The STS spectra and DOS calculations have been scaled for the band edges of the pristine sample
(indicated by the blue dashed line in (i) and (j)) to coincide in order to facilitate comparison of the
calculations with the experiment. The VBM of the pristine PtSe; surface is set to zero eV and the highest

occupied e defect state is indicated by the green arrow.

Figure 7 shows a less frequent defect, whose center is in between the chalcogen surface atoms. The STS
of this defect is similar to the STS of the chalcogen vacancies (Figure 6 (i)), with two pronounced band gap
states close to the VBM and an upward shift of the VBM as compared to the pristine PtSe,. This suggests
that this defect may also be a Se vacancy but located at the side of the PtSe; sheet facing the substrate,
i.e., away from the surface in the bottom layer of PtSe,. Obviously, the calculated DOS for a Se-vacancy in
the bottom-layer is the same as for the top-layer and thus is not reproduced in Figure 7. The STM images
also exhibit a similar size of the defect structure as for the top-Se vacancies, but with a clearly different
appearance. Under empty state imaging conditions (+1V) the defect exhibits a triangular depression that
extends over three surface Se-sites. Imaging filled states (but still within the band gap of monolayer PtSe;)
at -1V bias, the defects exhibit a complex contrast. Both the empty and filled state STM images are again
well reproduced in the simulated images for a bottom layer Se-vacancy. Note that using a larger supercell
in the calculations reveals additional structure that is in better agreement with the experiment.
Consequently, STM images of this defect are assigned to the bottom layer Se-vacancies. It is interesting

to note that these defects are less frequent than the top layer Se-vacancies. This indicates that the

13



graphite substrate plays an important role in the Se-vacancy formation, with Se-vacancies on the surface

of PtSe, favored over Se-vacancies at the interface with the substrate.

z

di/dv

-1 0 1
Sample bias (V)
-1V occupied +1V empty

Figure 7: Characterization of Se-vacancy in the bottom layer of PtSe,. STS spectrum measured on this defect
is shown in (a) as the black line together with the spectrum on a defect free PtSe; region (shown as red-
dashed line). STM images at 1V negative and positive bias is shown in (b) and (c), respectively and this can

be compared to simulated STM images of occupied and empty states shown in (d) and (e), respectively.

Figure 8 shows STM and DFT analysis of a defect that is assigned to Pt-vacancies. This assignment is based
on the location of the center of the defect in between the top-most Se-atom sites, but mostly based on
the comparison between experimental STM/STS and DFT results. DOS calculations for Pt-vacancies
indicate that such point defects have strong band gap states. Moreover, these band gap states are spin-
polarized, as shown in Figure 8 (j), and this may be important for the observed magnetic properties in this
material.'>!?® Additional calculations including SOC can be found in Fig. S3. Strong defect states are also
found in the experimental STS. The defect exhibits states at the VBM, and several band gap-states that
can be correlated to the calculated states. In addition to the STS, STM images are also in good agreement
with the calculated STM images. The experimental STM images for both positive and negative bias
voltages can be described as three bright protrusions in the center with six less bright ‘rays’ radially going

outwards from the center. These features are well-reproduced in the simulated images.
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Figure 8: Characterization of Pt-vacancy in PtSe,. STM images for different bias voltages are shown in (a)-
(d) and these can be compared to the simulated STM images for occupied and empty states shown in (e)-
(h). STS measurements at the defect (black solid line) are presented in (i) together with a spectrum taken
on a pristine defect-free PtSe; site (red dashed line). The calculated DOS at the defect site is shown in (j)
with spin-up and spin-down states indicated by red and blue. The STS spectra and DOS calculations have
been scaled for the band edges of the pristine sample (indicated by the blue dashed line in (i) and (j)) to
coincide in order to facilitate comparison of the calculations with the experiment. The VBM of the pristine

PtSe; surface is set to zero eV and the highest occupied e defect state is indicated by the green arrow.

Finally, we observe another defect that appears to be centered in between the surface Se-atoms. This
defect only exhibits clear contrast for bias voltages corresponding to the band gap region of the PtSe;
basal plane, as shown in Figure 9. In STS, this defect has no strong band gap states, Figure 9 (g) but may
have some additional states at the CBM. We assign this defect to a Sep: antisite, i.e., a Se atom occupying
a Pt lattice site. One main reason for this assignment is the lack of band gap states in the experiments,
which is reproduced by the DFT calculations. This lack of defect-induced states also explains the weak
imaging contrast in STM, which is also reproduced in calculated images. Only for imaging conditions close
to the VBM a three-lobe structure is observed which is similar to the structure seen in calculated images

of Sep: antisite defects.
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Figure 9: Characterization of Sep: antisite (Se occupying Pt lattice sites). STM images for different bias
voltages are shown in (a)-(c). Only for bias voltage in the band gap (-1V) a clear contrast can be seen for
this defect. This is consistent with the simulated STM images shown in (d)-(f). The STS spectra shown in (g)
indicates the absence of pronounced band gap states for this defect, also consistent with the calculated
DOS shown on (h). The VBM of the pristine PtSe; surface is set to zero eV and the highest occupied e defect

state is indicated by the green arrow.

Thus, MBE-grown PtSe; monolayers exhibit three common point defects. Se-vacancies are most frequent,
which agrees with their relatively low formation energy. It is interesting though that their formation seems
to be suppressed at the interface with graphite. At the Pt-site we observe two defects. If the Pt-site is
occupied by Se (Se-antisite), almost no additional band gap states are observed and thus does not alter
the band gap of monolayer PtSe,. In contrast, if the Pt-site is empty (Pt-vacancy) high density of band gap
states are observed. Other intrinsic point defects, as well as substitutional impurity atoms such as oxygen,
carbon, and hydrogen that were not observed in the experiments but were calculated can be found in

Figures S4- S10.

A statistical analysis of the different point defects in our samples give an estimate of their concentration.
As pointed out the Se-vacancies are by far the most frequently observed defects with a concentration of
~ 4 x 102 cm™ or one defect per 5 x 5 nm? area. The Pt-vacancies and Sep: antisites are almost an order
of magnitude less likely to be observed in our samples with concentrations of ~ 3 x 10! cm™ or roughly
one defect per 20 x 20 nm? area. The much higher concentration of the Se-vacancies is consistent with

our ab-initio thermodynamic calculations; however, we should be cautious of comparing the equilibrium
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thermodynamic concentration of defects obtained from zero-temperature DFT calculations with the
actual concentration of defects in the samples grown using MBE. Thin films growth is often controlled by
kinetic effects, and the samples do not have enough time to reach equilibrium. It is interesting to note,
though, that the very low Pt vacancy concentrations we found in our samples are in good agreement with
those reported from transmission electron microscopy analysis of CVD grown PtSe; multilayers.* This may
indicate that similar Pt-vacancy concentrations are obtained by different growth methods and that these

are generally very sparse.
3. Conclusions

DFT calculations indicate that zigzag edges with a stoichiometric termination are energetically preferable
in good agreement with the experimental results. While surface states in extended materials are 2D, edge
states of planar materials are confined in 1D. This may give these metallic edge-states electronic
properties described by the Tomonaga Luttinger liquid theory,*® which has been shown for other edge
states'® and line defects in 2D materials.>>*? Interestingly, electronic structure calculations predict that
the stoichiometric zigzag edges of PtSe; have spin polarized bands with different band gaps (small gap of
about 0.1 eV in one channel), which suggests 1D magnetic states and spin gapless semiconductor>?
behavior, which may have applications in spintronics. This warrants further fundamental studies of the
electronic properties of metallic edge states in Pt-dichalcogenides. Edges in 2D materials also have often
been assigned to special catalytic properties and the changed electronic structure of PtSe; edges also
implies varied chemical properties. However, to assess the chemical functionalities further, the stability
of the edge configurations under ambient conditions needs to be considered, which cannot be reliably
evaluated in the UHV studies presented here. For the point defects, chalcogen vacancies have been
identified to be the most frequently observed defect in the MBE-grown samples, consistent with the
results of ab initio calculations that show the Se vacancies have a low formation energy over a large range
of Se chemical potential. In addition to other low energy defects, namely Se-antisites, i.e., Se occupying
Pt-sites, Pt vacancies are also observed, despite their relatively high formation energy. The high energy
indicates that these are not thermodynamic equilibrium defects but rather must be a consequence of the
sample preparation that kinetically traps some Pt-vacancies. In general imaging of defects by STM with
bias voltages within or close to the band gap of the monolayer is enabled by the conducting graphite
substrate. This imaging allows to visualize the extent of the defect states over many lattice constants.
Defect states in the monolayer band gap or close to the band edges are observed for all point defects

giving rise to pronounced contrast in STM images at low bias voltages. Pt-vacancies exhibit the most
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pronounced defect states that give rise to a significant closing of the band gap. Interestingly, spin polarized
DFT simulations also indicate that this defect is the only one with strong spin-polarized defect states and
thus is consistent with previous reports'*!3 that associated the observed magnetic properties in PtSe, with
such defects. However, it is still debated if these very dilute Pt-vacancies can couple magnetically and give
rise to long range magnetic ordering.*® Moreover, the low density of these defects and their high
formation energy suggest that this is a kinetically trapped defect, formed during non-equilibrium growth
processes. Thus, tuning magnetism in PtSe, by the controllable formation of Pt vacancies during the
growth may be difficult to achieve. Post-synthesis methods, e.g., ion or electron irradiation, can hardly be
used either, as they give mostly rise to chalcogen vacancies in TMDs.***> Therefore, the magnetic

properties may be more reliably tailored by doping with impurities®®>’

rather than by introducing intrinsic
defects. On the other hand, the spin polarized edge states are exciting for tuning magnetic properties in
PtSe, monolayer ribbons and other nanostructures, and these edge properties should be studied further

also in transport measurements.
4. Experimental and Computational Section

Experimental: PtSe; islands are grown on freshly cleaved HOPG substrates by MBE growth. Prior to the
growth the substrates are outgassed in vacuum at 450 °C for ~12 hours. Pt and Se are co-deposited in
ultra-high vacuum (UHV). The Pt was evaporated from a solid 2mm Pt-wire in a mini- e-beam evaporator
and the Se was evaporated from a Knudsen cell. The deposition-rate ratio of Se:Pt was more than 10:1 and
the growth rate was very slow at ~1/3 ML per hour. During growth the substrate was held at a temperature
of ~ 250 °C. After growth the sample was transferred to a cryogenic STM cooled with a closed cycle
cryostat. The STM and STS studies were performed at a temperature of 100 K with electrochemically etched
tungsten wires. For STS the tips were characterized on bare terraces of the HOPG substrate. The STS

measurement were recorded with a lock-in amplifier with a 30 mV modulation voltage.

Computational: The energetics and electronic structure of all point defects and edges were studied using
spin-polarized density functional theory (DFT) as implemented in the VASP code.”®*° All the calculations
were conducted using PBE exchange-correlation functional.®® The structures are fully optimized with an
energy cut-off of 600 eV and a force tolerance of 0.01 eVA™. The point defects are modeled using a 6x6
supercell composed of 108 atoms with a vacuum space of 20 A in the confinement direction. A larger
rectangular supercell composed of 523 atoms were also used for the simulations of the STM images of
vacancies. The Brillouin zone of the systems was sampled using 3x3x1 Monkhorst-Pack grid for point

defects and 8x1x1 grid for edge models. For electronic structure calculations, the Brillouin zone was
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sampled using 9x9x1 k-points and 8x1x1 k-points for point defects and edge structures, respectively.

Constant current STM images are simulated using the Tersoff-Hamann approximation.
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