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The topological properties of the systems lead to the emergence of surface states that can be observed
experimentally within the angle-resolved photoemission spectroscopy measurements. Recently, the topo-
logical properties of PbaPd were reported. In this paper, we discuss the role of surface termination on
the realized surface states. We discuss the termination dependence of the surface state for surfaces (001)
and (110). We demonstrate that the Pd terminated (001) surface allows the realization of the Dirac
cone-like surface state. In the case of (110), we observe clearly visible surface states with a parabolic-like
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dispersion relation in close vicinity of the Fermi level.
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1. Introduction

Surface states and their topological behaviors
were intensively investigated in past years [1, 2|.
The best example of such states can be the
“metallic” surface states experimentally observed
within the angle-resolved photoemission spec-
troscopy (ARPES) in the topological insula-
tors [3-5]. Topological surface states preserve their
properties also in the presence of magnetic impu-
rities [6-8] and in the presence of intrinsic mag-
netism can be a source of new classes of magnetic
topological insulators [9-12]. More recently, realiza-
tions of the Dirac [13-15], Weyl [16-20], or nodal
line [21-27] semimetals have also drawn a lot of at-
tention.

Metalic systems can also exhibit topological prop-
erties. One such example is PbyPd, which was first
recognized as a superconductor in 1962 [28]. XRD
powder measurements confirm the realization of the
I4/mem space group [29]. The system remained
the same after Bi-doping, and cell volume increased
monotonically with higher Bi content [30]. Similarly
to PdTey [31], PbyPd exhibit conventional s-wave
superconducting behavior of a specific heat jump
at T, around 3 K [28, 29, 32].

Independent of the realized symmetry, Pd-
compounds (like PdAus [33], PdSbs [34],
PdTe, [35-38], or PdBiy [39, 40]) typically

exhibit topological properties. For example, in the
case of PdTey (with P3ml symmetry) the bulk
Dirac point and topological surface states were
reported [35-38]. Preliminary theoretical results
also suggest topological properties in the case
of PboPd [29], however, this feature is yet to be
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Fig. 1.
symmetry (a) and the corresponding Brillouin zone
with their high symmetry points (b).

Crystal structure of PboPd with I4/mem

properly studied. In this paper, we discuss the
electronic properties of PboPd (electronic bulk
band structure and the termination dependence
of surface states), presented on Fig. 1. The paper
is organized as follows. In Sect. 2, we present and
discuss our numerical results, which are concluded
in Sect. 3.

2. Numerical results and discussion

2.1. Calculation details

The first-principle calculations were performed
within density-functional theory (DFT) using the
projector augmented-wave (PAW) method [41] im-
plemented in the Vienna ab initio simulation pack-
age (VASP) [42-44]. The exchange-correlation po-
tential was obtained by the generalized gradient
approximation (GGA) in the form proposed by
Perdew, Burke, and Enzerhof (PBE) [45]. The en-
ergy cut-off for plane-wave expansion was equal
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Fig. 2. Bulk electronic band structure of PboPd
with I4/mem symmetry. The orange and blue line
show results in the absence and presence of spin—
orbit coupling, respectively.

to 400 eV. Conventional cell optimization was per-
formed using a 12 x 12 x 12 Monkhorst—Pack
k-grid [46]. The structures were relaxed using the
conjugate gradient technique with the energy con-
vergence criteria set at 107% eV and 107° eV for
the electronic and ionic iterations, respectively. The
symmetry of the structures was analyzed with the
FINDSYM [47] and SeeK-path [48, 49] packages.

Using the results of DFT calculation for the elec-
tronic band structure, we can find a tight binding
model in the basis of the maximally localized Wan-
nier orbitals [50-52]. This can be performed via the
Wannier90 software [53-55]. In our calculations, we
used the 10 x 10 x 10 full k-point DFT calculation,
starting from the p orbitals for Pb atoms, the p and
d orbitals for Pd atoms. This gives us a 28-orbital
tight-binding model of PbyPd. Finally, to study the
surface states, the surface Green’s function for the
semi-infinite system [56] was calculated using Wan-
nierTools [57].

2.2. Crystal structure

PboPd crystallizes with the I4/mem symmetry
(space group No. 140), i.e., a body-centered tetrag-
onal unit cell with Pd atoms at the body center
(see Fig. 1a). After optimizing DFT, the lattice con-
stants were found to be a = b = 6.997 A, and ¢ =
5.920 A, which are close to the experimentally re-
ported values a = b = 6.863 A, and ¢ = 5.840 A [29).
The Pd and Pb atoms are located in the high
symmetry Wyckoff positions 4a (0,0,0.25), and 8h
(0.1630,0.6630,0), respectively. Here, it should be
noted that the Pb atom position obtained exper-
imentally was (0.1643,0.6643,0), which is close to
the theoretical one [29].

2.3. Bulk electronic band structure

The bulk electronic band structure is presented
in Fig. 2 (orange and blue lines correspond to the
results of the absence and presence of spin—orbit
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Fig. 3. The Fermi surface of PboPd with I4/mem
symmetry in the presence of spin—orbit coupling.
Panels (a) and (b) present the full Fermi surface,
while panels (¢)—(f) present separate pockets.

coupling, respectively). Several nearly-flat bands
(approximately 2 eV below the Fermi level) can
be distinguished in the band structure. However,
around the Fermi level, the bands exhibit strong
dispersion.

The introduction of spin—orbit coupling causes
the splitting of electronic bands. This is clearly vis-
ible, e.g., at the I' point, where the splitting is in
the range of 0.5 eV. However, the largest impact of
spin—orbit coupling on the band structure is visible
mainly above the Fermi level — e.g., at the M point,
around 2 eV above the Fermi level, where a strong
modification of the band structure is observed.

The four bands forming the Fermi surface (Fig. 3)
have an electronic character. The first two bands,
with a nearly parabolic-like dispersion relation
around the I' point, create two sphere-like pockets
(Fig. 3c and d). The next two bands show a strong
k-dependence (Fig. 3e and f).
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Fig. 4.

(a) Projection of the bulk Brillouin zone on the (001) surface of the Brillouin zone. (b) Electronic

band structure from the slab-type calculation. The color corresponds to the contribution of the surface with
a different type of termination (as marked in the legend). In panels (c¢) and (d), the surface spectral function
for different surface terminations are presented (see the legend).
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Fig. 5.

(a) Projection of the bulk Brillouin zone on the (110) surface of the Brillouin zone. (b) Electronic

band structure from the slab-type calculation. The color corresponds to the contribution of the surface with
a different type of termination (as marked in the legend). In panels (¢) and (d), the surface spectral function
for different surface terminations are presented (see the legend).

2.4. Surface states

Now, we will present analyses of surface states
for surfaces (001) and (110) (respectively, Fig. 4
and Fig. 5), which host surface states in close vicin-
ity of the Fermi level.

The electronic band structure calculated for the
slab geometry (panel (b)) presents a very complex
structure (blue to the projection of the 3D bulk Bril-
louin zone to the 2D surface Brillouin zone, shown in
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panel (a)). The absence of periodic boundary con-
ditions along the direction parallel to the surface
allows the realization of the surface states as a con-
sequence of dangling bonds of atoms on the sur-
face. Indeed, direct analyses of the band projection
on the surface atoms reflect the presence of surface
states (color contours on panel (b)). The realized
geometry allows us to find surface states realized
by a surface terminated by the Pb atoms (blue), as
well as by the Pd atoms (red). As we can see, in
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the case of the (001) surface (Fig. 4b), the Dirac
cone-like structure at the X point is clearly visible.
In the presented range of energies around the Fermi
level, we do not observe any surface states coming
from the Pb terminated surface. Contrary to this,
for surface (110), both terminated surfaces allow the
realization of surface states. Here we can distinguish
several surface states in close vicinity of the Fermi
level (from both types of terminations).

We also calculate the surface Green’s function
(spectral function) for the semi-infinite system with
Pb and Pd termination (panels (c¢) and (d) in
Fig. 4 and Fig. 5, respectively). In the case of
the Pb terminated (110) surface, the surface state
forms a parabolic-like band crossing the Fermi level
(marked with the green dashed line in Fig. 5¢). How-
ever, also at deeper energies, the surface states are
visible as separate sharp lines with high spectral
weights (marked with black arrows around —1.5 €V
in Fig. 5¢).

In the case of the Pd termination of (001) sur-
face, the earlier-mentioned Dirac cone-like struc-
tures are also clearly visible in the spectral func-
tion (marked with black arrows in Fig. 5d). For
surface (110), surface states coming from Pd termi-
nation are more visible for several energies at the N
point. First, the parabolic-like surface states cross-
ing the Fermi level can clearly be seen. Moreover,
two separated surface states at 0.5 eV and —1.25 eV
are also visible (marked with the black arrows
in Fig. 5d).

As we mentioned above, in the case of the (110)
surface, parabolic-like surface states are clearly vis-
ible in the spectrum. Here it is worth mentioning
that these parabolic dispersion relations have a dif-
ferent character for Pb termination (electron-like)
and for Pd termination (hole-like).

3. Conclusions

In summary, we discussed surface states realized
in PboPd, for surfaces (001) and (110) terminated
by Pb or Pd atoms. As a consequence of the dan-
gling bonds of the atoms at the surface, electronic
surface states can be realized. We calculate surface
Green’s (spectral) functions for the mentioned sur-
faces. In the case of (001) surface, the Dirac cone
surface states at the X point can be observed. How-
ever, this surface state is located deep down the
Fermi surface and should not play an important
role in the physical properties of PboPd. Contrary
to this, for (110) surface, surface states can be re-
alized for both terminations of the surface. Addi-
tionally, surface states around the N point exist in
close vicinity of the Fermi surface. Moreover, these
states exhibit a parabolic-like relation with differ-
ent (electron- or hole-like) character. In our opin-
ion, such states should be experimentally observed
in a relatively simple way within the ARPES mea-
surements.
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