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Abstract: The development of solids with the requested chemical and physical properties requires a
thorough understanding of their electronic structures, as proper knowledge of the electronic structure
of a given solid provides invaluable information regarding its properties. In this context, recent
research on two competing sorts of electronic instabilities in chalcogenide superconductors stimulated
us to explore the interdependence between these instabilities and another aspect, pressure, which
was previously shown to influence the presence of a superconducting state in diverse solids. To
accomplish our goal, we carried out pressure-dependent examinations of the electronic structures
of two tellurides, YTe and YTey 97, which were inspected as prototypes in our explorations based
on quantum-chemical means. In addition to our pressure-dependent explorations of the electronic
structures, we also performed chemical bonding analyses to reveal the subtle interplay between
pressure and two sorts of electronically unfavorable situations.
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1. Introduction

In the quest for technologies capable of solving future challenges, there is a critical
need to develop solid-state materials that can serve as components in such technologies [1].
In this regard, chalcogenides are of particular interest among chemists, physicists, and
engineers, as several representatives of this remarkable family of solids are located at
the forefront of diverse fields of research [2]. These areas of research include explorative
efforts concerning phase-change data storage devices [3,4], thermoelectrics [5,6], topological
insulators [7], and superconductors [8,9], to name just a few. The design of solids considered
for a particular task also requires a proper understanding of their electronic structures,
as knowledge of the electronic structure of a given solid provides invaluable information
regarding its chemical and physical properties [10].

In the case of tellurides, the relationships between the crystal and electronic structures
have typically been [11,12] interpreted using the Zintl-Klemm-Busmann concept, which
was originally developed for intermetallics, which exclusively consist of main-group ele-
ments [13-18]. In the framework of this approach, the valence electrons are considered to be
transferred from the more electropositive to the more electronegative elements, which form
clusters and frameworks that are isostructural to the structural fragments of the elements,
which are isoelectronic to the aforementioned anions. Indeed, this approach works well in
recognizing the interdependence between the structural and electronic features of tellurides
solely containing alkali and alkaline-earth metals [19]; however, the applicability of this
approach to tellurides containing p- or d-block elements faces some hurdles. For instance,
recent research on tellurides comprising p-block elements revealed a remarkable electronic
state dubbed metavalency [20-23]. In this state, the valence electrons are expected to be
delocalized across multiple centers, while a metallic state is not achieved [24,25].

Inorganics 2023, 11, 61. https://doi.org/10.3390/inorganics11020061

https://www.mdpi.com/journal/inorganics


https://doi.org/10.3390/inorganics11020061
https://doi.org/10.3390/inorganics11020061
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0002-2966-2214
https://orcid.org/0000-0001-8022-7018
https://doi.org/10.3390/inorganics11020061
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics11020061?type=check_update&version=1

Inorganics 2023, 11, 61

2 of 14

While the aforementioned explorations focused on the nature of the electronic struc-
tures in tellurides only containing s- and p-block elements, additional research concen-
trated on the electronic structures of tellurides comprising early and/or late transition
metals [24,26-36]. The outcomes of such research showed that the factors controlling the
formation of a given structure model are rather subtle, meaning that applications of the
Zintl-Klemm-Busmann concept hardly help to recognize the relationships between the
crystal and electronic structures. In this regard, recent research [37] on a series of chalco-
genide superconductors also demonstrated that two competing types of electronically
unfavorable situations influence the presence or absence of defects in the crystal structures
of these materials.

In fact, controlling these types of instabilities is highly relevant, as the occurrence
of defects in the crystal structure of a given solid also affects its electronic structure and,
ultimately, its properties. In the case of chalcogenide superconductors, such defects in
the crystal structure were shown [38,39] to influence the transitions from the metallic to
superconducting states, as the occurrence of a superconducting state is also strongly related
to the nature of the electronic structure of a given material [40-42]. In this context, there is
also a need to explore the impacts of further aspects influencing the presence of a super-
conducting state with regard to the aforementioned competition. Another aspect that has
been found to influence the accomplishment of a superconducting state is the application
of external pressure to a superconducting material [43]. In light of this, our impetus was
stimulated to explore the role of pressure in the competition between the two different
types of electronic instabilities using the example of a chalcogenide superconductor, i.e.,
YTe. In the following contribution, we present the results of our explorations based on
quantum-chemical means.

2. Results and Discussion

To explore the interdependence between the two types of electronic instabilities and
pressure with regard to the materials” properties, we selected the rock-salt-type chalco-
genide superconductor [38] YTe as the prototype for our explorations. This telluride was
selected because recent research on YTe [9,24] suggested that the two sorts of competing
electronically favorable situations that will be inspected in the present explorations could
also be present in this binary telluride. While the examinations of the electronic band
structures will reveal if flat bands cross the Fermi levels and lead to one sort of electronic in-
stability [43,44], the chemical bonding analyses will show the feasible presence of occupied
antibonding states, which are expected to be the other type of electronically unfavorable
situation [37]. As the competition between these two sorts of electronic instabilities is ex-
pected to be related to the presence or absence of defects in the crystal structure, a structure
model containing vacancies, i.e., Y3pTes;, was also constructed following the approach
employed in the aforementioned research (Figure 1) [9,37]. Furthermore, the inspected
pressure range was chosen after consideration of a previously reported pressure-dependent
phase transition of this telluride. More specifically, prior explorations [45] concerning
the binary YTe revealed a pressure-dependent phase transition from the NaCl-type to
the CsCl-type of structure at 14 GPa. Moreover, structural optimizations and pressure-
dependent computations of the total energies were performed for both tellurides prior
to the examinations of the electronic band structures and chemical bonding analyses (see
Materials and Methods). In this regard, it should be noted that the lattice parameters of
the optimized YTe structure model (Figure 1) are quite close to the parameters (a = 6.114 A)
that were experimentally [46] determined for that telluride at p = 1 atm. An additional
comparison of the computed total energies of the YTe and Y3, Tez; (Table 1) reveals that the
total energies of both tellurides increase as the pressure increases. Furthermore, increasing
the pressure also leads to reductions in the lattice parameters, and considering the cubic
lattice settings of both tellurides, the unit cell volumes (Figure 1). These trends follow a
tendency typically [47] expected for the total energy and unit cell volume as functions of the
pressure, meaning that we can proceed with the analyses of the electronic band structures.



Inorganics 2023, 11, 61

3of 14

YTe

YaTes = YTeoor

rock salt type
+0.45 (p=0.00 GPa) - ———@eo—— +0.46 (p=0.00 GPa)
+0.40 (p = 1.99 GPa) o L " 'I'Il.l. +0.41 (p=1.89 GPa)
+0.35 (p = 4.28 GPa) 2xz 2%a .li'!ili +0.36 (p = 4.09 GPa)
+0.28 (p=6.89 GPa) — > (AP +0.29 (p=6.61 GPa)
+0.22 (p=9.87 GPa) -1Te +0.23 (p=9.51GPa)
ay
I** a \i ........................ VOId
6.17 A (p=0.00GPa) 12.31 A (p=000GPa)
6.11 A (p=1.99 GPa) 12.19 A (p = 189 GPa)
6.05 A (p=428GPa) 12.07 A (p = 4.09 GPa)
5.98 A (v =6.89 GPa) 11.95 A (p=6.61 GPa)
5.92 A (p =987 GPa) 11.82 A (p=951GPa)
Figure 1. Representations of the crystal structures of YTe and Y3z, Tez;: the structure model of the
latter telluride was constructed based on the crystal structure of YTe, an approach that has also been
utilized in previous studies (see main text). Furthermore, the respective averaged Mulliken charges
have been included (in units of the elementary charge e).
Table 1. Pressure ranges (p), total energies (Eiot) per formula units (f.u.), and percentage contributions
of the different bonding interactions to the net bonding capacities in YTe and Y3pTes;. The percentages
of the different bonding interactions were calculated using the approach described below.
YTe Y3pTes; = YTeg 97
p [GPa] Eot [eV/fu] % (Y-Te) % (Y-Y) p [GPa] Eiot [eV/fu] % (Y-Te) % (Y-Y)
0.00 —12.290 89.40 10.60 0.00 —12.013 88.09 11.91
1.99 —12.198 89.27 10.73 1.89 —12.003 88.00 12.00
4.28 —12.165 89.15 10.85 4.09 —11.972 87.91 12.09
6.89 —12.107 89.05 10.95 6.61 —11.917 87.81 12.19
9.87 —12.022 88.94 11.06 9.51 —11.835 87.71 12.29

To gain an initial insight into the interdependence between the two competing sorts
of electronic instabilities and the pressure, we followed up with an inspection of the
electronic band structures (Figures 2 and 3) and the respective density-of-states (DOS)
curves (Figures 4 and 5). An examination of the DOS curves for the YTe and Y3;Tes;
indicates that the states close to the Fermi levels, Ef, originate to a large extent from the
Y-4d and Te-5p atomic orbitals. As the states located close to the Fermi level of a given
solid usually largely contribute to its bonding, it can be concluded that the bonds in the
YTe and Y3, Tes; originate from the aforementioned atomic orbitals to a large extent. An
additional inspection of the electronic band structures shows that the dispersions of the
bands are enlarged as the pressure is increased. This outcome is in good agreement with
the trend that is usually [47,48] expected for the dispersion of a given band with regard to
pressure. While these pressure-induced changes in the electronic structure do not provoke
any substantial alterations in the electronic band structure of the YTe, remarkable changes
are evident in the electronic band structure of the Y3;Te3; as the pressure is increased. In
particular, a flat band that crosses the E at the M-point at 0.00 GPa is moved to a position
close to the Fermi level as the pressure is increased. This change in the electronic band
structures also translates into a modification of the Fermi level characteristics of the Y3, Tes;.
At 0.00 GPa, the Ef in the Y3, Tes; is located at a maximum of the DOS, whereas the Fermi
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levels are located at the minima of the DOS for p > 0.00 GPa. In connection with the changes
in the Fermi level characteristics in the Y3, Tesq, it is remarkable that the Fermi levels are
positioned at the minima of the DOS for p > 0.00 GPa, as such a situation is often [49-52]
considered to suggest an electronically favorable situation; however, a comparison of the
pressure-dependent total energies of the Y3;Tez; (Table 1) clearly demonstrates that the
structure model at 0.00 GPa corresponds to the lowest total energy and, hence, is the most
preferred structure model to be formed among all the inspected Y3;Te3; models. As no flat
band crosses the Fermi level of the YTe for p > 0 GPa, the examination of the electronic
band structures suggests that there is also a certain tendency to form YTe rather than the
tellurium-deficient Y3, Tes;.
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Figure 2. Pressure-dependent electronic band structures of the rock-salt-type YTe: energy regions
that comprise flat bands positioned close to the Fermi levels, Ef, are shown in the insets, while the
dotted horizontal lines represent the Fermi levels.



Inorganics 2023, 11, 61

5o0f 14

Energy (eV) Energy (eV) Energy (eV) Energy (eV) Energy (eV)

&
i

\W

-0.4

£
\ i

T

04l 4
02} d

-0.2 - I

4L =7

fa
\

<
1 | l 1 |

1

-06

M

Y

>
=
—u
—
o

x
<
by

r R XM R

Reciprocal Space

Figure 3. Pressure-dependent electronic band structures of the tellurium-deficient Y3, Tes;: energy
regions that contain flat bands located close to the Fermi levels, Eg, are shown in the insets. The
Fermi levels are indicated by the red horizontal lines in the diagrams showing the electronic band
structures in the wider energy ranges, and by the dotted horizontal lines in the corresponding insets.
Bands exhibiting maxima, minima, and saddle points at the Fermi levels are highlighted in red in the
insets. Note that the dispersion of the bands increases (e.g., at the I'-point), as the pressure increases.

In summary, the examinations of the electronic band structures and DOS curves of
the YTe revealed that there are no substantial changes in the features at the Er as the
pressure is increased. On the other hand, increasing the pressure influences the Fermi level
characteristics of the Y3, Tes;. Accordingly, the aforementioned explorations provided an
insight into the interplay between the pressure and one sort of electronically unfavorable
situation, i.e., the presence of flat bands at the Eg; however, these examinations did not
provide any information about the relationship between the pressure and the other sort of
electronically unfavorable situation that was mentioned in the Introduction (see above). As
the other sort of electronically unfavorable situation was related to the bonding situations
in the inspected chalcogenide superconductors, we followed up with a chemical bonding
analysis based on the Mulliken charges (Figure 1), projected crystal orbital Hamilton
populations (-pCOHPs; Figures 4 and 5), and the electron localization functions (ELFs;
Figure 6) of YTe and Y3, Tes;.
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Figure 4. Pressure-dependent density-of-states (DOS) curves and projected crystal orbital Hamilton
populations (-pCOHP) of the rock-salt-type YTe. The Fermi levels, Ef, are indicated by the black
horizontal lines, while the cumulative -I[pCOHP/cell values (see main text) are shown below the
corresponding -pCOHP diagrams. Please note that the respective labels were located at the same
relative positions within all the DOS diagrams so that the pressure-induced changes in the DOS
curves could be recognized by inspecting the environments of the corresponding labels.
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Figure 5. Pressure-dependent density-of-states (DOS) curves and projected crystal orbital Hamilton
populations (-pCOHP) of the tellurium-deficient Y3, Tes;. The Fermi levels, Ef, are denoted by the
black horizontal lines, while the cumulative -IpCOHP/cell values (see main text) are included below
the respective -pCOHP diagrams.
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N

Figure 6. Representations of the electronic localization functions (ELFs) of the YTe (top) and the
tellurium-deficient Y3,Tes; (bottom) with regard to the pressure. Magnified representations of
sections of the respective ELFs are shown in the insets: the arrows have been included in order to
highlight extremely small changes in the distances between certain domains.

An inspection of the Mulliken charges of the YTe and Y3;Tes; (Figure 1) indicates
that the computed charges evidently differ from the charges that, for instance, are ex-
pected based on a Zintl-Klemm treatment suggesting a full valence electron transfer, i.e.,
YTe = (Y3*)(Te?)(e™). Accordingly, the Y-Te interactions cannot be described as ionic, as
ionic bonds are supposed [53] to be located between closed-shell species carrying opposite
electronic charges. In order to identify the nature of the bonding in the YTe and Y3, Tes;,
we examined the projected crystal orbital Hamilton populations and the respective inte-
grated values (-IpCOHP; Figures 4 and 5). In this regard, it should be noted that a direct
comparison between the -IpCOHP values determined for the compounds with dissimilar
compositions cannot be made, as the electrostatic potential of each density-functional-
theory-based computation is set to an arbitrary “zero” energy, whose relative position may
vary from system to system [47]. Therefore, we used a well-established approach [54,55] to
overcome this issue and, ultimately, reveal similarities as well as differences in the bonding
situations of the YTe and Y3, Tes;. Within the framework of this method, the cumulative
—IpCOHP/cell values (Figures 4 and 5), i.e., the sums of all the -IpCOHP /bond values
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for the respective sorts of interatomic contacts within one unit cell, were projected as
percentages of the net bonding capabilities (Table 1).

An examination of the -.pCOHP diagrams for the YTe and Y3, Tes; reveals that the
heteroatomic Y-Te interactions change from the bonding to antibonding states below the
Fermi levels, Ep (Figures 4 and 5). Although the antibonding Y-Te states are occupied
below the Ef, the cumulative -IpCOHP/cell values clearly point to a net bonding character
for these heteroatomic interactions. Furthermore, the antibonding heteroatomic Y-Te states
are counterbalanced by the bonding homoatomic Y-Y states, which show less bonding
character relative to the heteroatomic Y-Te interactions. The Y-Y bonds are constructed
based on the Y-4d atomic orbitals so that the crystal structures of the tellurides can also be
viewed as yttrium networks that are oxidized by the tellurium atoms. This outcome is also
in good agreement with previous research [56,57] showing analogies between the electronic
structures of compounds containing transition-metal clusters and those of rock-salt-type
transition-metal chalcogenides. As the electrons are rather delocalized within the Y-Y
bonds, it is clear that the homoatomic interactions exhibit less bonding character. As the
heteroatomic Y-Te interactions show more bonding character than the Y-Y interactions,
it can be inferred that the electrons must be localized within the Y-Te contacts. Under
consideration of the valence electron transfers from the yttrium to the tellurium atoms
(Figure 1), the Y-Te bonds should be depicted as polar covalent.

As the Y-Te interactions show more bonding character and, accordingly, higher cumu-
lative -IpCOHP/ cell values than the Y-Y interactions, the former contacts also correspond
to higher percentages of net bonding capacities than the latter bonds (Table 1). A compari-
son between the percentage contributions of the diverse interactions and the net bonding
capacities also indicates that the percentage contributions of the Y-Te contacts are higher in
the YTe than in the tellurium-deficient Ys;Tes;, while, in turn, the Y=Y bonds make higher
percentage contributions to the bonding capacities in the Ys;Tes; than in the YTe. This
difference in the bonding situations is caused by the reduction in the numbers of Y-Te
contacts per formula units from the YTe to the Y3;Tes; (=YTepg7). As a consequence, the
amounts of antibonding states are also reduced from the YTe to the Y3;Tes; (=YTegoy),
while Y=Y bonding is a more evident factor in the Y3,Tes; than in the YTe. As the overall
bonding is optimized for the tellurium-deficient Y3;Tes;, the outcome of the chemical
bonding analysis clearly implies that there is a tendency to form Y3, Tes; rather than YTe.

Accordingly, the results of the bonding analysis and the examinations of the electronic
band structures evidently show that there is a competition between the two sorts of electron-
ically favorable situations, which are related to the presence or absence of vacancies in the
crystal structure of the tellurides. In the tellurium-deficient Y3, Tes; (=YTep 97), the chemical
bonding is optimized, meaning that this model should be preferred based on the bonding
analyses. On the other hand, the inspections of the Fermi level characteristics, especially
the search for (electronically unfavorable) flat bands at the Fermi levels, suggest that YTe
should be preferred rather than Y3, Tes;. Yet, how does the increase in the pressure affect
the nature of the chemical bonding in YTe and Y3;Te3; and, hence, this sort of electronically
unfavorable situation?

An inspection of the pressure-dependent -pCOHP diagrams for both the YTe and the
tellurium-deficient Y3;Tes; (Figures 4 and 5) shows that increasing the pressure results
in certain magnifications of the cumulative Y-Te and Y-Y -IpCOHP/cell values. This
outcome can be explained based on the decrease in the distances between the yttrium and
tellurium atoms due to the enlargement of the pressure: as the pressure increases, the
interatomic distances decrease so that there is a more effective overlap of the atomic orbitals
involved in the diverse bonds. Finally, this more effective overlap of the atomic orbitals
translates into an enlargement of the diverse -IpCOHP values, as determined based on the
pressure-dependent -pCOHP diagrams. In addition to this aspect, there is also another
point that can account for the pressure-dependent trend of the -IpCOHP values: increasing
the pressure also leads to a decrease in the Mulliken charges (Figure 1), meaning that there
is less valence electron transfer within the Y-Te separations, whose nature becomes more
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covalent as the pressure increases, while the yttrium network is less oxidized. Notably,
the increase in the -IpCOHP values is slightly more pronounced for the homoatomic Y-Y
contacts than for the heteroatomic Y-Te interactions because the percentage contributions
of the Y-Y interactions increase (Table 1) as the pressure is enlarged. In summary, one could
guess that increasing the pressure results in minor optimizations of the overall bonding for
both tellurides; however, the pressure-dependent total energies (Table 1) clearly indicate
that the structure models existing at p = 0 GPa are the most preferred among the inspected
models. This outcome can also be explained based on the decrease in the interatomic
distances due to the enlargement of the external pressure: as the pressure is augmented, the
distances between the cores of the atoms also decrease, meaning that the repulsion between
the atoms is magnified. Yet, an inspection of the electron localization functions (ELFs)
of the YTe and the tellurium-deficient Y3, Tes; reveals that the changes in the electronic
distributions in the domains within the inspected pressure ranges are rather hard to identify
(Figure 6). An additional examination of the ELFs reveals that the domains are evident for
the Y-Te separations, as a value of 0.12 is reached for the localization parameter #. Given
recent research on the ELFs of solids containing rare-earth—chalcogenide contacts [35,58],
this result also points to a certain polar-covalent character for the Y-Te bonds.

3. Materials and Methods

All the electronic structure computations were accomplished by means of the projector
augmented wave (PAW) method [59], as implemented in the Vienna Ab initio Simulation
Package (VASP) [60-64] by Kresse and Joubert. Prior to the electronic band structure com-
putations, structural optimizations, including the lattice parameters and atomic positions,
were completed for both inspected tellurides using the aforementioned PAW technique.
After the structural optimizations leading to the fully relaxed structure models had been
completed, the structure models occurring at p > 0 GPa were constructed based on the
models at 0 GPa. These steps were performed using a previously developed [65] routine
that has already been largely [66] employed elsewhere. The correlation and exchange in all
the computations were described by the generalized gradient approximation of Perdew,
Burke, and Ernzerhof [67] (GGA-PBE), while the cutoff energy was set to 500 eV in all the
computations. Sets of 16 x 16 x 16 and 8 x 8 x 8 k-points were employed to sample the
first Brillouin zones in the YTe and “Y3,Tes;” for the reciprocal space integrations, while all
the computations were expected to be converged as the energy differences between the two
iterative steps fell at 1078 eV and (10~ eV) for the electronic (and ionic) relaxations. In the
case of the electronic band structures, the paths in the reciprocal space were generated with
the aid of the Automatic Flow (AFLOW) code [68], while the computed data were further
processed using the Python Materials Genomics code (pymatgen) [69].

To explore the nature of the bonding in the two tellurides, the Mulliken charges,
projected crystal orbital Hamilton populations (-pCOHPs) [55], and electron localization
functions (ELFs) [70,71] were inspected. The ELFs were computed using the aforemen-
tioned PAW method and visualized with the aid of the Visualization for Electronic and
Structural Analysis (VESTA) program [72]. In the case of the -pCOHPs, the entries of
the density-of-states (DOS) matrices were weighted with the respective Hamilton matrix
elements to reveal the bonding, nonbonding, and antibonding interactions in the two
tellurides. As the crystal orbitals utilized in the constructions of the -pCOHPs required
the use of local basis sets, whose nature is in stark contrast to the delocalized one of the
plane-waves, the results of the plane-wave-based computations had to be transferred to
Slater-type orbitals by means of transfer matrices. These projective transformations were
accomplished by employing the Local Orbital Basis Suite Towards Electronic-Structure Re-
construction (LOBSTER) code [73-76], while the diverse -pCOHPs were visualized with the
aid of the wxDragon code [77], which was also used to plot the electronic density-of-states
(DOS) curves. In the framework of the aforementioned projective transformations [19], the
gross populations were also computed and subtracted from the respective valence electron
counts in order to obtain the Mulliken charges for every atom.
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4. Conclusions

Understanding the electronic structures of materials is vital, as knowledge of the elec-
tronic structure of a given solid-state compound provides invaluable information regarding
its chemical and physical properties. In the present contribution, we explored the interde-
pendence between two sorts of electronic instabilities and pressure using the example of the
rock-salt-type chalcogenide superconductor YTe. The outcome of our explorations based
on quantum-chemical means indicates that the aforementioned competition between two
electronically unfavorable situations, i.e., the presence of flat bands at the Fermi level and
the optimization of the overall bonding, is indeed evident for this telluride. The competition
between these two electronically unfavorable situations appears to influence the presence
or absence of vacancies in the crystal structures when p = 0 GPa, while the impact of the
pressure on the aforementioned competition is rather subtle.

While increasing the pressure does not provoke any significant changes in the elec-
tronic structure of the YTe, there are slight modifications, including the electronically
unfavorable situation, in the band structure of the Y3, Tes;, for which the overall bonding is
optimized regardless of the external pressure. Therefore, it might be assumed that increas-
ing the pressure could support the formation of the tellurium-deficient Y3;Tes;; however,
this effect appears to be rather small. At this point, one may also wonder why the pressure
range inspected in this research was quite small when compared with the pressure ranges
typically [78] explored in high-pressure experiments. Indeed, it was also intended to probe
how increasing the pressure might alter the results of computations that are usually [79,80]
accomplished based on fully relaxed structure models instead of the experimentally deter-
mined non-relaxed structure model. In the present case, the outcome of our explorations
indicates that the role of pressure is rather subtle, thereby confirming our expectations
within previous explorations in this particular field of research. Furthermore, the outcome
of this study also indicates that a full picture of the electronic peculiarities of such telluride
superconductors may be obtained from the fully relaxed structure models, which will be
inspected in the framework of our ongoing research in the field of chalcogenides.
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