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Abstract

Dirac semimetals (DSM) host linear bulk bands and topologically protected surface states, giving
rise to exotic and robust properties. Platinum ditelluride (PtTe;) belongs to this interesting group
of topological materials. Here, we employ scanning tunneling microscopy (STM) in combination
with first-principles calculations to visualize and identify the native defects at the surface of a
freshly cleaved PtTe; crystal. Around these defects, short-wavelength electron density oscillations
are observed. Fourier transform analysis of the energy-dependent quasiparticle interference
patterns is in good agreement with our calculated joint density of states, demonstrating the
singular properties of the surface of this type-II DSM. Our results evidence the power of STM in
understanding the surface of topological materials.

1. Introduction

In Dirac semimetals (DSM), doubly degenerate conduction and valence bands touch at discrete points, the
so-called Dirac nodes, around which the energy dispersion is linear. The ordinary electrons in these materials
mimic the behavior of massless Dirac fermions in analogy to two dimensional materials, i.e. graphene, or the
surface states (SS) of a topological insulator. Accordingly, DSM have recently attracted considerable interest
because they can serve as platforms for studying the physics of Dirac fermion systems. Interestingly, DSM
possess topologically protected SS with important implications in their magnetization and transport
properties, such as the chiral anomaly effect [1, 2] or large magnetoresistance [3, 4].

To date, many materials have been identified as DSM, such as Na;Bi [2, 5], CdsAs; [3, 4, 6-10], and
ZrTes [11]. In addition, transition metal dichalcogenides (TMDs), i.e. PtSe;, PdTe,, NiTe, and PtTe,, have
been recently predicted to be type-II DSM [12, 13], where the linear dispersion is tilted and the Dirac points
appear at the band touching points of electron and hole pockets. Evidences of strongly tilted Dirac cones and
closed Fermi surfaces were confirmed in these systems by angle-resolved photoemission spectroscopy
[14-20] and transport measurements [21-23]. Complementary, scanning tunneling microscopy (STM)
enables the direct visualization of their surface structure including native defects [24-28]. Typical native
defects in TMDs are vacancies, interstitial impurities and substitutional impurities. The role of the native
defects in the electronic and topological properties of the materials was demonstrated to be crucial, causing
layer-dependent magnetism [29], tailoring surface chemical reactivity [30] or reducing the magnetic gap in
an antiferromagnetic topological insulator [31], among others. Consequently, in order to improve the quality
of DSM crystals for their future implementation in electronic devices, the identification of defects is

© 2022 The Author(s). Published by IOP Publishing Ltd
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fundamental to understand the role they play in their electronic properties. In addition, STM can be used to
directly probe SS through the study of the local oscillations produced by their scattering with defects,
adatoms and steps [32, 33]. The analysis of the fast Fourier transform of the local density of states (LDOS)
maps given by the spatial distribution of differential conductance measured by STM will provide quantitative
information about the band structure and SS. The connection between LDOS maps and k-space spectral
information is achieved through the calculation of the joint density of states (JDOS). However, type-II DSM
have not been yet characterized by this technique.

Here, we present a surface investigation of a trigonal (1T)-PtTe, crystal by means of high-resolution STM
combined with first-principles calculations. We find four different types of native defects after cleaving the
crystal in ultra-high vacuum (UHV). By comparing the experimental and simulated STM images, we are able
to identify each of these defects. The type and density of defects that we observe, differ from a previous study
on the same material [27]. This discrepancy is mainly related to the different growth process between the
studied crystals, highlighting the importance of carefully controlling the Pt:Te ratio during the synthesis
process. The elastic scattering of the surface electrons by point or extended defects mixes eigenstates with
different k vectors, but located on the same quasiparticle constant energy contour (CEC) in k-space. This
gives rise to an interference pattern known as quasiparticle interference (QPI) map. The Fourier analysis of
our experimental QPI maps at a given bias voltage gives us the g vectors connecting the different points on
the corresponding CEC at that energy and are in good agreement with the simulated JDOS, confirming the
presence of a Dirac cone and two SS in the 1T-PtTe, crystal.

2. Methods

1T-PtTe; crystals were grown by the self-flux method, as described in [34]. The crystal was introduced in a
UHYV chamber, cleaved by scotch tape and directly transferred to a low-temperature STM. The base pressure
during this procedure was 8 x 10~' mbar. STM measurements were performed in a custom-designed UHV
chamber equipped with a low temperature STM working at either 1.2 K or 4.2 K. All STM images were taken
in constant-current mode and the differential conductance (dI/dV) spectra were taken using a lock-in
amplifier (f = 763 Hz, V,, = 50 mV). STM data were processed with the WSxM software [35]. The Fourier
transforms of the QPI maps have been symmetrized to improve the signal to noise ratio (see supplementary
material (SM) for more information).

First-principles calculations were carried out within the density functional approach as implemented in
QuantumEspresso [36—38]. We used the generalized gradient approximation and, in particular, the
Perdew—Burke—Ernzerhof (PBE) functional [39]. Only the valence electrons were considered in the
calculation, with the core being replaced by ultrasoft full relativistic pseudopotentials including nonlinear
core-corrections [40]. The energy cutoff for the wave functions and the charge density were set to 150 Ry and
750 Ry, respectively. The Brillouin zone (BZ) was sampled with the Monkhorst—Pack scheme [41] using a
(12 x 12 x 6) grid. To perform the surface calculations, we built a tight-binding Hamiltonian using
maximally localized Wannier functions as implemented in WANNIERIO [42] with p and d orbitals. We then
calculated the surface state spectrum and the JDOS as implemented in the code WANNIERTOOLS [43], in which
we used a system containing 20 layers to correctly reproduce the bulk states. The JDOS can be calculated
as [43-45]:

IDOS(q,€) = 3 3 plk, )plk+,0), )
k

where p(k,€) = —2Im{Tr[G(k,€)]}. The last term is the Green’s function at the k-point k and energy e.
Finally, STM simulations were performed within the Tersoff-Hamann approximation, as implemented in
SIESTA [46, 47]. In order to make the calculations consistent between the two codes, we used PBE for the
exchange-correlation functional. The energy cutoff of the real space integration mesh was set to 500 Ry. We
built two different supercells of a bilayer of PtTe, to simulate the defects, i.e. (8 x 8) and (14 x 14). The BZ
was sampled with the Monkhorst—Pack scheme [41] using grids of (5 x 5 x 1) and (1 x 1 x 1), respectively.
Unless stated otherwise, the experimental crystal structure determined by x-ray diffraction (XRD) was
adopted for the calculations [34, 48].

3. Structural characterization

Top and side views of the crystal structure of bulk PtTe, are displayed in figures 1(a) and (b), respectively.
PtTe, crystallizes in the CdI,-type 1T structure with P3m1 space group. The high crystalline quality is
confirmed by XRD [34] and STM topographic images. Figure 1(c) shows a large scale STM image of the
PtTe, surface after in-situ cleavage. Large terraces of the order of hundreds of nanometers are resolved and
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Figure 1. 1T-PtTe; surface and crystal structure. (a) Top and (b) side views of the 1T-PtTe, crystal (visualized with VESTA [50]).
Pt, top and bottom Te atoms are represented by purple, dark green, and light green balls, respectively. The unit cell is depicted
with blue lines. (c) Large scale STM image of PtTe, surface taken at 1.2K (V}, = —1V and I; = 0.1 nA). Inset: atomic-resolution
image of the 1T-PtTe; surface (V}, = 25 mV and I; = 5nA, scale bar 1 nm).

the measured step height is 4.9 & 0.3 A, which matches closely the bulk value of ¢ = 5.19 A measured by XRD
[34, 48]. This is an indication of single-layer steps. A typical atomic-resolution STM image is shown as an
inset in figure 1(c). The lattice constant measured is a = (3.8 & 0.3) A consistent with previous results

[48, 49] and helium and XRD measurements [34, 48].

High-resolution STM images of the PtTe, surface reveal the presence of randomly distributed native
defects with different aspect as a function of the bias voltage. Figure 2 shows the same area taken at three
distinct tunneling parameters where three native defects are resolved, labeled as A (blue circle), B (red circle)
and C (green circle). For unoccupied states (figure 2(a)), defects A and C look as bright protrusions with
different symmetry, while defect B appears as a dark triangle surrounded by bright regions. For occupied
states (figure 2(c)) all of them look dark. STM images taken close to the Fermi level, figure 2(b), allow
visualizing the atomic lattice of the first Te layer, concurrently with the defects.

As a first step towards their identification, we performed a detailed analysis of each type of defect and a
study of their density. The most common defect in our samples is the type A (figure 2(d)) with a density of
7.23 x 10" cm™2. It presents a three-fold symmetry composed by three bright protrusions matching the
in-plane lattice parameter of the first Te layer (figure 2(b)). Similar defects were previously reported in other
transition metal chalcogenides (TMCs), i.e. PtSe; [26], NiTe, [24] and MnBi, Te4 [31], and attributed to
vacancies or chalcogen substitutions in the first metallic layer of the TMCs. The second most frequently
observed defect is the type B (figure 2(e)), with an incidence of 6.90 x 10'! cm™2. Its size is larger as
compared to type A and it extends along six in-plane lattice parameters, indicating that it is located in a
deeper layer than defect A. In addition, a third kind of defect can be resolved in figure 2(a) with a lower
density of 1.90 x 10'! cm™2. This defect, labeled as type C, changes drastically its appearance as a function of
the sample voltage, showing up as a bright protrusion at unoccupied states and a dark ring at occupied states.
Finally, an additional defect (figure 2(g)) is also found although much less abundant, type D. Surprisingly, we
did not observe Te vacancies, in contrast to previous works on PtTe, crystals [27] and other TMDs [24, 51]
where they are resolved as depressions at Te-terminated surfaces. We attribute this to the different growth
process used in our work. Our PtTe; crystals were grown by the self-flux technique instead of electronic
deposition [27]. The high Te ratio during the process is probably responsible of the formation of the different
atomic defects.

To get a deeper insight into the nature of the observed point defects, we have performed STM simulations
(see section 2) for all possible defects located in the first and second layers and we compared them with our
experimental findings. These calculations were performed using a=4.01 A and ¢ = 5.06 A. Although
previous measurements and calcultions were reported for parental compounds [24-27, 52], a clear
identification of the defects is still lacking. Interestingly, by performing a large number of simulations for
different defects and comparing them with the STM measurements, we can unequivocally identify the defects
present in PtTe,. Figures 2(h)—(k) show the simulated STM images of four different defects. We assign the
type A defect to a single vacancy of Pt in the topmost trilayer of PtTe,, figures 2(h) and (I). The three-fold
symmetric shape observed in the STM measurements (see grey triangle in figure 2(d)) is well reproduced by
simulations (figure 2(h)). In particular, we reproduce the three bright lobes forming a triangle surrounded
by a dark spot at the vertices of the highlighted grey triangle. The second most abundant defect, type B, can
be identified as a Pt vacancy in the second trilayer (figures 2(i) and (m)). We base our assignment in the good
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Figure 2. Defects on the 1T-PtTe, surface. STM images taken on the same area at (a) unoccupied states (V, = —1V and

It = 0.4nA), (b) close to the Fermi level (V}, = —0.1V and I; = 4nA) and (c) occupied states (V}, = 1V and I; = 0.4 nA). The
different kind of defects are enclosed in coloured circles in each image. (d)—(f) Close-up STM images of the three defects shown in
(b). (g) STM image of other 1T-PtTe, defect found in another area (V}, = 20 mV and I; = 2.8 nA). (h)—(k) Simulated STM
images for a Pt vacancy in the first layer, a Pt vacancy in the second layer, a substitutional Te atom for a Pt of the first layer, and a
Te bottom vacancy in the first layer. The atomic structure of the top most layer of Te (in transparent green) is superimposed to the
calculated image. (1)-(0) Model of the identified defects.

matching between simulation and experiment, and the similar incidence of this defect with respect to the Pt
vacancy in the first layer. This defect is slightly more extended spatially, as expected for a deeper defect, and
displays three brighter Te atoms at the corner of a darker region, marked with a black dashed circle in

figure 2(e) and (i). We can ascribe type C defects with an antisite substitution of a Pt atom in the first trilayer
by a Te atom, see figures 2(j) and (n). In this defect, a darker triangular shape with three lobes at the center
exists. As before, the simulation nicely reproduces the observed features. In particular, we can reproduce the
dark region (marked with an orange triangle in figure 2(j)), inside of which three bright Te atoms can be
resolved. Finally, we associated the least abundant defect, type D, with a Te bottom vacancy in the topmost
trilayer of PtTe, (figures 2(k) and (0)). Both experimental and simulated images of this defect show a dark
central region enclosed by three bright, rectangularly-shaped spots (grey circle in figure 2(g) and (k)). These
spots are more extended than the spots observed in the other defects, as clearly captured in the simulation.
Remarkably, not only the simulations and experiment agree at energies close to the Fermi level, but the
similarity between them also holds for the measurements performed at +1V and —1V, (see figure S5 in the
SM). It is important to note that we have also simulated a large number of different defects, see figure S6 in
the SM, and we have found that the defects shown in this section are those that better fit the experimental
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Figure 3. 1T-PtTe; band structure. (a) Calculated bulk band structure along different paths of the BZ, which is shown as an inset.

(b) SS with the projected bulk states of PtTe, along the I' — K direction (I" and K represent the projection of I and K in the (001)
surface, which is shown in the inset of (a)). Blue lines represent the bulk bands along the TDT path.

features. Due to the large number of defects simulated and based in the incidence of each defect, we can
unambiguously confirm the identification of the experimental defects.

4. Electronic properties

In figure 3(a), the calculated band structure of the bulk PtTe, along different paths of the BZ is reported. In
addition, we calculated the spectral function of PtTe,, on which the bulk bands are superimposed

(figure 3(b)). Interestingly, two main features can be resolved at the I" point. First, there is a conical
dispersion around —0.8 eV, marked as DP1, due to the continuous bulk states. Moreover, two SS emerge out
around the Dirac cone, labeled as SS. Second, a surface Dirac cone is located at —2.0 eV. This arises from a
bulk band inversion in the Te-p orbital manifold along the I'—A direction. These features are well
reproduced by our STS measurements, see figure S1 of SM and [34].

To probe the unique electronic structure of the 1T-PtTe,, we acquired differential conductance, dI/dV,
maps at different sample voltages in a 30 nm x 30 nm area with a trench and several point defects.

Figures 4(a) and (b) show the QPI maps and their corresponding symmetrized Fourier transformed
scanning tunneling spectroscopy (FT-STS) images. The topographic STM image in this area is shown in
figure S2 of the SM. The QPI maps from —500 mV to —800 mV show weak, incommensurate, spatial
modulations in the tunneling conductance, i.e. short-wavelength oscillations of LDOS around defects, which
change with bias voltage. The dispersion of their wavevectors with energy is reflected in the corresponding
FT-STS images at different energies. In addition to the relevant scattering wavevectors, g, the six-fold
periodic lattice of the 1T-PtTe, crystal is always resolved, and remains, as expected, constant in all FT-STS
images, i.e. independent of the bias voltage.

To fully understand the FT-STS data, we simulated the CEC maps and their corresponding JDOS, see
figure 4(b) and (c). Two closed structures are observed in the calculated CEC in the energy window where
the SS extend. Then, at —600 mV, a more complex CEC arises in which the two SS bands cross forming a
flower-shape pattern. Increasing the bias voltage to —500 mV, i.e. above the surface state maximum, the CEC
simply reflects the shape of the bulk conical dispersion. At this particular energy, our FT-STM data shows a
hexagonal-shaped intensity distribution with maxima along the I'—M directions due to the contribution of
an independent scattering vector, qp, between equivalent points of the CEC, see figure 4(b). Instead, JDOS
calculated at —510 meV, shows a circular contour. A sixfold symmetry in these kind of systems has been
attributed to a warping of the state [53—55] or an anisotropic scattering from a non-circular defect [56]. In
TMDs, it was shown that the predominant defects are diffuse triangles [24, 26, 27, 31, 51, 55, 57]. In this
case, the size and the shape of defects result in anisotropic waves with short wavelengths, evident from the
inspection of QPI maps in figure 4(a). As a consequence, stronger signal is resolved in the FT-STS along the
I"'—M directions. These features are not captured in the JDOS, which are calculated for all possible
contributions. At —600 mV, new features appear in the corresponding FT-STS image, as expected from the
contribution of the scattering vectors from the SS, gss, which can be clearly resolved in the QPI map taken at
—600 mV. The JDOS at this energy reproduces quite well our experimental data, in which a six-fold
symmetric pattern is observed, indicating the presence of such as states. However, for larger negative bias
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—O m _ —60 -500 mV

Figure 4. Comparison between experimental FT-STS images and JDOS. (a) Quasiparticle interference patterns of a PtTe, surface
taken at different V}, (30 nm X 30 nm, It = 0.5 nA, V04 = 50 mV). Measurements were performed at 1.2 K. (b) Corresponding
symmetrized Fourier transformed images partially superimposed with the simulated JDOS on the left half of the images. The
white dotted hexagon indicates the spots corresponding to the atomic lattice. (c) Calculated CEC. The scale bar in (b) and (c) is
the same. The scattering vector between equivalent points in the CECs for the SS, gss, and bulk Dirac cone, gp, are indicated with
arrows in (b) and (c).

voltages, —800 mV and —700 mV, the atomic lattice in PtTe; is of the same size than the wavelengths of the
expected scattering vectors, gss, between equivalent points in the CECs. Consequently, the standing waves
around defects present a very small wavelength, almost negligible in the QPI images. Thus, the QPI maps
reflect just a reminiscence of the bulk Dirac cone states with a similar pattern that the one observed

at —500 mV.

5. Conclusions

By combining STM experiments and first-principles calculations, we have studied the surface structure and
electronic properties of PtTe; at the atomic scale. Our in-situ cleaved samples present high structural quality,
as confirmed by topographic STM images. Nevertheless, we found four types of native defects. Using
Tersoff-Hamann calculations, we are able to unambiguously identify the atomic nature of these defects, since
each of them shows unique fingerprints in the STM simulations. Contrary to other TMDs, in our PtTe,
samples the most frequent defects are related to a slight stoichiometric lack of Pt, the most common one
being a single Pt vacancy in the first layer. The presence of such defects has a negligible impact on the
electronic properties of the system. This is confirmed by our STS measurements, which correlate well with
the calculated band structure for an ideal system. Furthermore, elastic scattering at the defects produce QPI
patterns, which can be recorded in a wide range of energies, Fourier transformed and, compared with the
calculated JDOS maps, allowing us to confirm the existence of the bulk Dirac cone and SS on PtTe,. These
results show the potential of this procedure in the characterization of the surface of novel topological
semimetals.

Data availability statement

The data that support the findings of this study are available upon reasonable request from the authors.
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