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In the present study, the electronic properties of both ferroelectric and paraelectric phases of the Sn,P,Sg
(SPS) chalcogenide crystal were investigated using first principles methods. Via applying the density
functional theory methodology (DFT) with different functionals, their energy band structures were
calculated and discussed. It was confirmed that the pure DFT methodology as well as that extended by
the hybrid functionals did not provide a satisfactory result in the prediction of the electronic parameters
of the SPS crystals. To improve the theoretical modelling of the abovementioned materials, the Hubbard
correction was proposed in this study, and as a consequence, the appropriate electronic parameters

were obtained. The correct values of the band gap for the para- and ferroelectric phases of the SPS
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Accepted 7th May 2017 were obtained by applying the Hubbard parameters for the p orbitals of the S and P atoms. Moreover,
the influence of the Hubbard parameters on the charge transfer between atoms was shown and

DOI 10.1039/c7ra00682a analyzed. In this case, the electronic character of the (SP3) subsystem was explained and the role of the
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Introduction

The design and discovery of modern materials are based on the
prediction of the structures and properties of both real and
hypothetical substances. The combination between synthesis,
characterisation of the physical and chemical properties, as well
as material engineering is complex to study the existing and
newly created materials. Adding a component obtained from
theoretical research could further strengthen the identification
of new systems. Therefore, theoretical investigations supported
by experimental measurements can enhance essential contri-
bution in the material design process.

The present study was focused on the theoretical investiga-
tions of the chalcogenide crystals* belonging to the material
group M,P,X,, where M is a transition metal or post-transition
metal and X = S or Se atom. These materials crystallize in the
monoclinic symmetry and show a layered structure. The tin-
thiohypodiphosphate Sn,P,Ss (SPS) crystal, belonging to the
abovementioned group, is photosensitive in the red and near-
infrared spectral region with good photorefractivity>> as well
as has fine photovoltaic,® electrooptic,” and piezoelectric®
characteristics. Its diagonal electro-optical coefficient ry44 is
equal to 166 pm V ' at A = 1313 nm.” The SPS crystal is also
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Sn atoms in the investigated chalcogenide systems was described.

interesting for nonlinear optical applications in the visible and
near infrared wavelength range.’ Its second-order phase tran-
sition from the noncentrosymmetric ferroelectric (FE) to the
centrosymmetric paraelectric (PE) phase occurs at the Curie
temperature Tc = 338 K. The SPS crystal exhibits negative
thermal expansion caused by the Sn5s-S3p interactions.'
Contrary to the most industrially relevant ferroelectrics, which
are insulators, the SPS crystal at room temperature shows
pronounced semiconducting features (E, = 2.3 €V)."> Moreover,
increase in the applied pressure changes the electronic prop-
erties of the SPS crystal. Electronic transport measurements
have shown that the band gap of the SPS crystal dramatically
decreases down to 0.3 eV at 20 GPa. Additionally, rapid
shrinkage of the electrical resistance with the increasing pres-
sure up to 39 GPa indicates a possibility of sample metallization
at the same pressure point."* Doping of the Sn,P,S¢ crystal by
Te, Sb, Bi, and Pb atoms substantially modifies its electronic
parameters.***® All the abovementioned properties make the
SPS crystal a promising material for different industrial appli-
cations. However, further progress in crystal elaboration
requires a better understanding of its parameters. The physical
and chemical properties of the SPS single crystal have been
experimentally>®®'7>* as well as theoretically'***?* studied.
The energy band structures of both the FE and PE phases were
investigated via the first principle calculations using the DFT
methodology. The local density approximation LDA® applied to
the performed calculations does not provide satisfactory
results. This is because the SPS crystal represents a class of
strongly correlated electron system and thus the electron
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interaction effect should be taken into account. Generally, pure
LDA as well as the generalized gradient approximation (GGA)
are not appropriate for studying strongly correlated systems,
and thus, the Hubbard approximation should be applied.
Additionally, investigation of the atomic charge redistribution
and the interatomic distances changing under the variation of
the Hubbard parameter values are the first steps to explain the
bonds peculiarities in chalcogenides.

In the present study, the DFT-based calculations of the
electronic and structural properties of both the FE and PE
phases of the SPS single crystal were performed by applying the
Hubbard approximation. The implemented approach was
based on the development of the effective Hubbard-like
Hamiltonian depending on the set of parameters.” Qualita-
tive and quantitative descriptions of the abovementioned
systems can be made when proper Hubbard parameters are
obtained. They can be predicted theoretically or via experi-
mental measurements. To the best of our knowledge, the
present study proposes for the first time a theoretical analysis of
the electronic and structural properties of the SPS crystal in
both phases using the Hubbard approximation. The unknown
Hubbard parameters were theoretically predicted. As the
correctness criterion for the theoretical calculations, the
compatibility of the output data with the experimentally ob-
tained results was investigated. Theoretically predicted data
were compared to the adequate experimentally measured
physical parameters, and the Hubbard parameters were self-
consistently corrected.

Crystallographic parameters of the SPS
crystal

At room temperature, the SPS crystal is in the FE state and has
a low-symmetry structure of the monoclinic system (space
group Pn, no. 7) as compared to that in the PE phase (P2,/n, no.
14), which is centrosymmetric.*® In Table 1, the lattice param-
eters of both the FE and PE phases of the SPS crystal are pre-
sented.*"** The fractional positions for the representative atoms
of both structures were obtained and are presented in Table
23132 The unit cells of the PE and the FE-Sn,P,S, structures are
shown in Fig. 1. By analyzing the atomic positions of these two
lattices, it can be observed that the main difference between the
FE and PE phases originates from the arrangement of the Sn
atoms in the unit cell. Below the T, the Sn atoms are signifi-
cantly shifted in the [100] direction with respect to the location
in the PE centrosymmetric state. Moreover, two non-equivalent

Table 1 Lattice parameters of the FE and PE phases of the Sn,P,Sg
single crystal®+2

Parameters FE - Sn,P,S¢ PE - Sn,P,S¢
a, A 9.378(5) 9.362(2)

b, A 7.488(5) 7.493(1)

¢ A 6.513(5) 6.550(3)

g,° 91.15(5) 91.17(3)
Space group Pn P2,y/n
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Table 2 Representative atom coordinates for the FE and PE phases of
the Sn,P,Se single crystal32

Atom name X y z

FE - Sn,P,Se

Sni 0.5270(2) 0.3856(2) 0.7224(4)
Sn2 0.0279(2) 0.1245(2) 0.7870(2)
P1 0.6836(4) 0.8608(5) 0.8108(7)
P2 0.8174(4) 0.6447(7) 0.6908(7)
S1 0.4898(4) 0.7511(7) 0.8491(7)
S2 0.7788(4) 0.9462(7) 0.0750(7)
S3 0.6942(4) 0.0517(5) 0.5921(7)
S4 0.0149(4) 0.7437(7) 0.6497(7)
S5 0.7147(4) 0.5633(4) 0.4288(7)
S6 0.8050(4) 0.4480(7) 0.9025(7)
PE - Sn,P,S,

Sni 0.24310(10) 0.36920(10) —0.04110(10)
P1 0.0671(2) 0.3914(2) 0.4394(4)
S1 0.2629(2) 0.4975(2) 0.3991(4)
S2 —0.0328(2) 0.3090(2) 0.1772(4)
S3 0.0570(2) 0.1976(2) 0.6558(4)

Sn1 and Sn2 atoms are shifted by 0.325 A along a, 0.044 A along
b, and 0.094 A along the ¢ direction and by 0.225 A along a, 0.044
A along b, and 0.033 A along the ¢ direction, respectively.
Changes in the position of the P and S atoms below and above
the T are insignificant. Thus, it can be concluded that the Sn
atoms make the discussed sublattice ferroactive.'** With the
aim of providing future description of the changes in the
chemical bond lengths, the visualization of the initial values of
the interatomic distances in the FE and PE phases are presented
in Fig. 2. The bonds between the nearest neighbours in the
[P,S¢] anion complexes and in the [SnSg] polyhedrons are
marked by red, the second nearest neighbours are depicted by
green, and all the other atoms are linked via orange-colored
bonds.

Computational methodology
Theoretical approach

The DFT theory is a first-principles quantum-chemical tech-
nique formulated by Hohenberg, Kohn, and Sham in 1964 (ref.
33 and 34) and is based on two main approximations: LDA** and

Fig. 1 The unit cell of the PE-Sn,P,S¢ (left) and FE-Sn,P,Se (right)
structure.
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Fig. 2 The [SnSg] polyhedrons and [P,S¢] anion complexes with
experimentally specified distances between atoms in the FE (a) and PE-
Sn,yP5,Se (b) structures.:32

GGA.*7¢ The electronic properties of different chalcogenide
crystals were calculated using LDA,***” GGA/PBE, and hybrid
HSEO06 (ref. 38) functionals. In the cited studies, it has been
shown that the valence band energy level is rather stable,
whereas the conduction band energy is evaluated depending on
the used functional. However, the LDA approximation does not
provide good results via the study of the energy band structure
of the SPS crystal.’” Because the studied crystal was character-
ized via partially covalent bonds, more developed DFT func-
tionals were needed to characterise its electronic properties. In
some cases, realistic energy band structures of the semi-
conductors can be obtained using the GW functional.*® More-
over, range-separated hybrid functionals were successfully used
to perform calculations of the polarizabilities,***" predict the
charge-transfer and Rydberg excitations,*” or estimate the
nonlinear optical properties,” noticed as the phenomenon
arising from the heterogeneous electron density distribution.
The range-separated functionals agreed well with the calcula-
tions performed for the semiconducting TiO, nanostructures,
where the electrons were localized around the nuclei and the
interatomic bonds had a more ionic character.* In the case of
the semiconducting SPS crystal, the electrons are shared more
between atoms, suggesting that the range-separated functionals
will not provide satisfactory results for the calculations of the
electronic properties. In our previous study* describing the
properties of the NiTiO; nanocrystals, it was shown that the
application of the Hubbard Hamiltonian provided better results
than the used hybrid functionals. This may be because of the
regularity in the case of the crystals having strongly correlated
electrons.
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The DFT methodology augmented by the Hubbard parame-
ters (DFT+U) was introduced by Anisimov et al***® In this
model, a correction of the localized states in the LDA approxi-
mation is implemented and the DFT energy functional is
extended using the Hubbard parameters as follows:

Eprru[E(r)] = EprrlE(r)] + Ejus H”r[zzﬂ’}] — Epc H",I;gn’}] (1)

where Eppr represents the DFT total energy of the electron
system, ELug is the Hubbard interaction energy of the localized
correlated orbitals (typically localized d or f orbitals) of atom I,
Ebc is the approximated DFT interaction energy of the orbitals,
which must be subtracted to avoid double counting of the
electron interaction occurring at the corrected orbitals, and ¢
denotes the spin.

It was shown that the calculated band gap value and the
lattice parameters of the semiconductors using the DFT+U
method instead of the semilocal functional may be comparable
to the experimentally. On changing the correlation energy U and
the energy-level separation, the system undergoes a transition
between the ionic and the Mott insulating phase.* Therefore, in
the present study, the importance of the electron-electron
interaction on the electron-lattice coupling has been demon-
strated. A strong lattice effect caused by the electron correlation
may be significant for the origin of the displacement-type
ferroelectricity and high-T superconductivity. The extended
Hubbard correction is able to significantly improve the
description of the SPS semiconductor with respect to the GGA
approximation, providing a more accurate estimation of the
structural and electronic properties.

Computational details

In the present study, the influence of the strong correlated
electron subsystem on the electronic properties of the SPS
single crystals was investigated and discussed. In this case, the
CASTEP program® (module of the Materials Studio package)
was used for performing the quantum-chemical calculations.
The abovementioned program is based on the total energy
plane-wave pseudopotential method.

First, the geometry of the investigated structure was opti-
mized with respect to the total energy minimization within the
Broyden-Fletcher-Goldfarb-Shanno  (BFGS)  algorithm.*
During the geometry optimization procedure, the size of the
unit cell and its symmetry were kept constant. The convergence
criteria for the optimization procedure were chosen as follows:
the convergence accuracy for the total energy during the
geometry optimization procedure was equal to 2 x 107> eV per
atom, the force on the atom was less than 0.01 eV A™%, the stress
on the atom was not more than 0.02 GPa, and the maximal
atomic displacement was equal to 2 x 10~° A. The electronic
exchange-correlation energy was treated within the frame of the
LDA,** GGA/PBE,*® HSE06,*> and GGA/PBE+U*® functionals. The
ultrasoft pseudopotential has been used in the calculations.”
Pseudoatomic calculations were performed for the P 3s*3p>, S
3s%3p*, and Sn 5s>5p” electronic configurations. The plane-wave
set was restricted by the cut-off energy equal to 400 eV. The
integration over the Brillouin zone was performed by

This journal is © The Royal Society of Chemistry 2017
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partitioning the 4 x 5 x 6 grid with a shift from the origin of the
coordinates according to the Monkhorst-Pack scheme. The
total energy convergence criterion was speculated to be fulfilled
when the self-consistent field (SCF) tolerance was equal to
107" eV per atom. The abovementioned computational param-
eters were also applied to perform the electronic properties
calculations.

Results and discussion
Structural properties of the Sn,P,S, crystal

For studying the electronic properties of the SPS single crystal,
its geometry in the PE and FE phase was first optimized. The
lattice parameters and the symmetry of the studied structure
were kept constant. Atom positions were relaxed according to
the minimum of the total energy achievement. In this way, the
difference between the PE and FE phases was preserved. At zero
temperature, the PE structure becomes unstable and barely
distinguishable from the FE structure after full optimization.
The experimentally measured interatomic distances and the
corresponding interatomic distances optimized by applying the
GGA/PBE and GGA/PBE+U functionals demonstrate the insig-
nificant difference concerning the P-S and P-P bonds for both
phases (see Table 3). Generally, the GGA/PBE methodology is
more appropriate to experimentally reproduce the obtained
data of the P-S and P-P distances. Significant differences were
observed for the Sn-S bonds. They were better reproduced using
the DFT/PBE+U approach; however, the abovementioned
methodology was not suitable for the P-S and P-P distance
calculations. It can be observed that the differences for the Sn-S
distances become essentially smaller by applying the DFT/
PBE+U approach instead of the DFT/PBE method as observed
via the experimental data. It can be concluded that the electron
interaction in the SPS crystal occurring between the Sn and S
atoms is significant.

Electronic properties of the Sn,P,S, crystal

The electronic properties of the SPS crystal were computed via
the spin-polarized approach for the primitive unit cell. The
energy band structure calculations were performed in the k
space within the Brillouin zone (BZ) directions specified in
Fig. 3. The experimentally defined energy gap of the SPS crystals
is equal to 2.35 eV at room temperature and 2.50 eV at low
temperatures.*** In the study of Glukhov et al.,*” the energy gap
of the SPS crystal calculated via the DFT/LDA method imple-
mented in the ABINIT software was determined to be much
lower than the abovementioned experimental values (PE Eg
~1.58 eV, FE E, ~1.63 eV). A similar result with the indirect
band gap equal to 0.9 eV was achieved by Caracas and Gonze via
applying the LDA approximation.*® Using the LDA, GGA/PBE or
HSE06 functionals, we also obtained unsatisfactory values of
the energy band gap for both phases of the SPS crystals. The
calculated energy gap values were equal to 1.28 eV, 1.33 eV, and
2.01 eV for the PE phase and equal to 1.48 eV, 1.53 eV, and
2.11 eV for the FE phase using the LDA, GGA/PBE, and HSE06
functional, respectively. As was expected, the hybrid HSE06
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functional did not provide a satisfactory value of the energy gap
for the studied chalcogenide crystals. All the used functionals
reproduced only the qualitative result, providing higher energy
gap for the FE phase compared to the PE phase. This is in
agreement with the experimental data. Moreover, the tendency
of the methodology approaches was reproduced, giving highest
energy gap value for the hybrid functional.

In Fig. 4, the energy band spectra calculated using the three
abovementioned functionals are presented. It can be observed
that for both structures, the shapes of the conduction band
minimum (CBM) and the valence band maximum (VBM) are
similar as compared to the results obtained from the applica-
tion of different functionals. The energy level indicating the
VBM and CBM were observed to be shifted to a lower and higher
energy value, respectively, comparing the obtained data from
the LDA and GGA/PBE versus that obtained from the HSE06
functional. The energy gap calculated by applying all the used
functionals presents an indirect character. The VBM and CBM
are located at the same points of the BZ for both the PE and FE
structures, and it does not depend on the functional character.
The used functionals have only an influence on the change in
the energy gap value of the calculated structure, moving the
energy band levels but not changing the dispersion curves.

To improve the results of the performed calculations, the
Hubbard model was proposed. The Hubbard parameters U were
evaluated for different combinations of all atoms creating the
SPS crystal. First, the U value was simultaneously changed from
0 up to 4 eV for the p-orbitals of tin, sulfur, and phosphorus
atoms. The Hubbard parameters were applied only for the p
orbitals because the energy states in the vicinity of the energy
gap were mainly formed by the p-orbitals of all the presented
atomic types. It can be seen that the partial density of states
calculated for the PE and FE phase of the SPS crystal (see Fig. 5)
are consistent with the results presented in the study of Glu-
khov.*” The Hubbard correction applied for the s-orbitals does
not have any influence on the SPS band gap modification. The
influence of the chosen Hubbard parameters U on the calcu-
lated band gap of both phases of the SPS single crystals is
summarized in Table 4. It can be observed that within the DFT/
PBE+U approach, the band gap increases with the increasing
value of U applied for all atoms. It confirms the fact that the
Hubbard-like correction term, taken into account via the GGA/
PBE+U methodology, effectively improves the accuracy of the
calculated band gap as compared to that considered via the
conventional GGA/PBE method. The value of the computed
band gap is in good agreement with the experimental values
when the U parameter is equal to 4 eV for Sn, S, and the P atoms
(last column in Table 4).

Aiming to elucidate that which atomic orbitals have the
largest impact on the calculated band gap of the SPS crystal, the
Hubbard parameters equal to 4 eV for the p-orbitals of different
atoms were applied. The obtained results are shown in Table 5.
It can be observed that the best results are obtained when U =
4 eV is used for the p-orbitals of the S and P atoms at the same
time (bold data in Table 5). It means that the electron-electron
correlations are the most significant between the S and P atoms.
This is caused by the very short distance between the S and P

RSC Adv., 2017, 7, 27770-27779 | 27773
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Table 3 The experimentally measured®*? and theoretically obtained interatomic distances calculated by the GGA/PBE and GGA/PBE+U

functionals for the PE-Sn,P,Sg and FE-Sn,P,Se crystals

Bond length Difference [%]
Bond identification Exp. [A] DFT/PBE [A] DFT/PBE+U [A] DFT/PBE DFT/PBE+U
PE - Sn,P,S,
P1-S1 2.020(3) 2.02125 1.97382 ~0.06 2.30
P1-S2 2.035(3) 2.05431 1.98275 ~0.95 2.58
P1-S3 2.033(2) 2.02754 1.97147 0.27 3.0
Sn1-82 3.012(3) 2.64036 2.89034 12.34 4.04
Sn1-S3 2.914(3) 2.61195 2.82360 10.37 3.11
Sn1-S1 2.9372(19) 2.74261 2.86801 6.62 2.35
Sn1-S2 3.122(3) 3.35875 3.21237 —7.57 —2.88
Sn1-3 3.224(3) 3.53468 3.35038 ~9.56 ~3.91
Sn1-S3 3.190(2) 3.50726 3.27509 ~9.93 ~2.66
Sn1-S1 3.041(3) 3.22583 3.04822 ~7.05 ~0.43
Sn1-S2 3.227(2) 3.22611 3.20392 0.03 0.72
P1-P1 2.213(2) 2.21335 2.16702 ~0.02 2.08
FE - Sn,P,S
P1-S1 2.015(6) 2.03418 1.97741 ~0.95 1.89
P1-S2 2.026(6) 2.03002 1.97266 ~0.20 2.66
P1-S3 2.022(6) 2.03111 1.97835 —0.42 2.18
P1-Sn2 3.456(5) 3.42626 3.47362 0.86 —0.49
P1-P2 2.201(6) 2.21970 2.16931 ~0.85 1.46
P2-S4 2.018(6) 2.00492 1.96830 0.65 2.49
P2-S5 2.036(6) 2.04827 1.98503 ~0.60 2.52
P2-S6 2.022(7) 2.02782 1.97231 ~0.29 2.49
Sn1-S1 2.882(6) 2.69923 2.85515 6.36 0.95
Sn1-S2 3.525(6) 3.76666 3.50991 ~6.83 0.44
Sn1-s3 3.080(5) 3.18034 3.08295 ~2.62 ~0.08
Sn1-s4 2.951(6) 2.79599 2.93865 5.27 0.43
Sn1-S5 2.943(5) 2.94589 2.97968 ~0.10 ~1.22
Sn1-S6 2.875(5) 2.60683 2.91847 9.34 ~1.49
Sn2-S1 3.015(6) 3.15200 3.03653 —4.52 ~0.69
Sn2-S2 2.802(5) 2.59035 2.79022 7.57 0.43
Sn2-$3 2.828(5) 2.61781 2.78715 7.44 413
Sn2-$4 2.990(6) 3.18695 2.97835 ~6.56 0.40
Sn2-$5 3.053(4) 2.74308 2.99619 10.16 1.87
Sn2-S6 3.296(6) 3.44598 3.32416 —4.53 ~0.83

Fig. 3 The reciprocal lattice corresponding to the unit cell of PE-
Sn,P,Se and FE-Sn,P,Se structure with the coordinates of the special
points in the BZ structure.

atoms in the PE-SPS crystal (see Table 3), and as a consequence,
their electron cloud overlapping is most important. Moreover,
this is in agreement with the fact that the (P,S¢)™* anion
complexes are the most tightly bonded formations in the

27774 | RSC Adv., 2017, 7, 27770-27779

investigated structure. Analyzing the data shown in Table 3, it
can be seen that via applying the GGA/PBE approach, the opti-
mized interatomic distances demonstrate a serious discrepancy
between the calculated and experimental values, particularly for
the Sn-S bond lengths. The abovementioned discrepancy rea-
ches even 12% for the PE-SPS structure. The discussed differ-
ence comes down to acceptable 4% when the GGA/PBE+U
methodology is applied. Because the best results of the energy
gap value were obtained by taking into account U = 4 eV for the
p-orbitals of the S and P atoms and also the structural param-
eters using GGA/PBE+U were optimized to be acceptable,
further consideration were made only with these parameters.
The band structures and the partial density of states calculated
for the PE and FE phase of the Sn,P,S¢ single crystals using the
GGA/PBE+U functional with the U parameter equal to 4 eV for
the S and P atoms and U = 0 eV for the Sn atom are presented in
Fig. 6 and 7, respectively. These data were compared to the
results obtained via the standard GGA/PBE functional. The
most interesting changes in the energy bands topology were

©
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Fig. 4 Energy band structure calculated for the PE-Sn,P,Se (top) and
FE-Sn,P,Se (bottom) single crystals using LDA (black), GGA/PBE (red),
and HSEOQ6 (blue) functionals.

observed in two energy regions (Fig. 6). First is the region in the
vicinity of the energy gap where lifting of the conduction bands
is observed. The second energy region significantly influenced
by the Hubbard correction includes two groups of energy bands
located in the ranges from —14 eV up to —11 eV and from
—11 eV up to —8 eV. Additionally, Hubbard terms push up the
abovementioned bands but not equidistantly. The distances
between these dispersion curves increases. On comparing the
pDOS (Fig. 7) calculated using the Hubbard correction with that
performed by the pure GGA/PBE methodology (Fig. 5) over the
energy range (—14-+-11) eV, the splitting of the single peak was
observed. These energy states correspond to the bonding and
antibonding states formed by the hybridized sulfur s- and
phosphorous p-orbitals. An increase in the energy distance
between these states corresponds to an increase in the ionicity
of the chemical bonding in both phases of the SPS crystals. On
comparing Fig. 5 and 7, it can be concluded that taking into
account the Hubbard correction, the contribution of the p-
orbitals decreases with a simultaneous increase and lifting of
the s-orbitals in the middle and topmost parts of the valence
band (—10--0) eV. Moreover, interesting modifications of the
pDOS shape calculated for the tin atom was observed. However,
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Fig. 5 Partial densities of state (pDOS) calculated using a combination
of the structural relaxation of ionic positions and the GGA/PBE
approach for the PE-SPS (top panel) and for FE-SPS crystal (bottom
panel).

in the studied crystals, the electron lone pair of the Sn cations in
the 5s® configuration is stereoactive, whereas the s orbitals of
the cations are hybridized with the p orbitals of the S atom.
When the U parameter for the p orbitals of the S atoms was
used, the s-electrons attributed to the lone pair (—8+-6) eV
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Table 4 Energy gap values simultaneously calculated for the PE-SPS
and FE-SPS crystals using the DFT/PBE+U approach taking into
account different values of the Hubbard parameter (UP) for the p-
orbitals of Sn, S, and P atoms

UP(Sn, S, P) [eV] (exp.) 0 2 3 4
PE - E, [eV] 2.37 (ref. 57)  1.66  1.94  2.09  2.21
FE - Eg [eV] 2.50 (ref. 26)  1.58  2.09 222  2.34

Table 5 The energy gap values calculated for the PE-SPS and FE-SPS
crystals using the DFT/PBE+U approach applying the U parameter
equal to 4 eV for the p-orbitals of different combination of Sn, S, and P
atoms

(s, P,
U Sn®P s* PP (S,Sn)’ (P,Sn)® (S,P)* Sn)P
PE - Eg[eV] 1.56 2.21 170 2.15 1.62 2.27 2.207
FE—Eg[eV] 1.76 2.34 1.85 2.29 1.80 2.38 2.337
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Fig.6 Energy band structure calculated for the PE-SPS (top panel) and
FE-SPS (bottom panel) single crystals using the GGA/PBE (blue) and
the GGA/PBE+U (red) functionals.

significantly changed their energy distribution and mainly
mixed with the p-orbitals of the sulfur atoms on the top of the
valence band. In this case, electron transfer from the
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Fig. 7 Influence of the Hubbard parameter U = 4 eV applied for the p
electrons of S and P atoms on the partial density of state (pDOS)
calculated for the PE-SPS (top panel) and FE-SPS (bottom panel)
crystals.

antibonding energy level on the cation orbitals was observed.
This is in agreement with the work of Vysochanskii et al.*® where
the important role of the Sn 5s electron hybridization with the S
3p atomic orbitals in the VBM creation and their antibonding
Sn 5s-S 3p orbitals mixing with P 3p orbitals was presented. The
VBM of the FE-SPS is also formed by the p orbitals of S and s
orbitals of the Sn atoms. As it was presented for PE-SPS, the
CBM is constructed by the p orbitals of the Sn atoms with

This journal is © The Royal Society of Chemistry 2017
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a small hybridization of the p orbitals of the S and P atoms. The
used Hubbard parameters do not have a significant influence
on the shape of pDOS for both the PE and FE-SPS structures as
compared to the results obtained by the GGA/PBE methodology.
The obtained results are in agreement with the data presented
by Piacentini et al.*® and show that in some transition metal
thiophosphates, the valence band mainly consists of levels
belonging to the (P,S¢)*~ anions. This was also observed for the
M,P,S¢ (M = Fe, Ni, and Zn) crystals.”>®

Analyzing the results of the performed investigations, it can
be suggested that the most significant influence of the U
parameters on the energy gap is observed by applying the
correction for the S and P atoms. The application of the Hub-
bard correction for the Sn atom does not provide any important
changes in the electronic properties of both the PE and FE
phase of the SPS crystal. However, the role of the S atom is very
important. This can be explained by the fact that the S atoms are
characterized by the large number of localized charges as
compared to the other atomic components. Note that the SPS
crystal possesses an ionic-covalent bond character.'® The bonds
between both the unequal Sn** ions and the (P,S¢)'™ clusters
are ionic. Inside the (P,Se)"~ cluster, evidence of strong covalent
bonds between the phosphorus and sulfur atoms was observed.
The SPS crystals contain three nonequivalent sulfur atoms,
together with the phosphorus atom, creating a (PS;) structural
pyramid. Moreover, note that the increasing values of U applied
to the p-orbitals of the Sn, P, and S atoms increase the splitting
between the energy states at the top of the valence band.
Overall, the SPS crystals are constructed by the Sn>* cations and
(P2Se)*~ anion clusters mostly joined by the ionic Sn-S bonds
accompanied by the P-S and P-P covalent bonds. Neaton et al.**
also show that the increase in the Hubbard parameters shifts
down by the energy of the top of the valence band. In the case of
the SPS crystals, an effective coulomb repulsion parameter
pushes the S p-bands down. The energy state, which mostly
includes p orbitals of the P atoms, splits off from the state
generally formed by the p orbitals of the S atoms (Fig. 7).

Mulliken population

To obtain an adequate picture of the chemical bonds and to
explain the charge transfer features in the SPS crystals, the
Mulliken populations were calculated for both phases. The
calculated dependencies of the Mulliken charges versus the
value of U are presented in Fig. 8. Mulliken population analysis
can be used to characterize the electronic charge distribution in
the studied system and to explore the bonding, antibonding or
nonbonding nature of the molecular orbitals for particular
atom pairs. The Hubbard parameter describes the energy of the
coulomb repulsion of the electron pair with opposite spins,
localized at the same site. At first glance, it may be expected that
addition of the coulomb repulsion to the S and P orbitals will
push out additional charges from the (P,S¢)*~ anion complexes
towards Sn ions, such that causing lowering of the total ionicity
of the considered crystal. The performed calculations show that
U correction in combination with a relaxation of the ionic
position has an opposite effect on the Mulliken charge changes.
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evaluation calculated for the PE-SPS (top panel) and FE-SPS crystals
(bottom panel).

The absolute values of the charges donated by tin ions and
accepted by sulfur ions increases with the increasing U
parameters (see Fig. 8). Increasing the charge transfer makes
the chemical bonds between the cations and the anion
complexes more ionic. This was also demonstrated by the
increase in the energy gap.

The performed computer simulations show that the Mul-
liken charge transfer from the P and Sn atoms to the S atoms
occurs for both SPS phases. However, the abovementioned
transfer is more significant from the Sn atom to the S than that
from the P atoms to S. This can be explained by the fact that the
P and S atoms are accompanied by strong covalent bonds and
important charge transfer from Sn cations to (PS;) anion
complexes. As abovementioned, the p-orbitals of tin atoms form
the bottom of the CB. A decrease in the charge on the p orbitals
of tin atoms causes a shift-up of the CB energy. The charge
transition from the Sn and P to the S atoms can be confirmed by
the results reported by Kuepper et al.,'” where an interpretation
of the electronic structure of Sn,P,Ss using X-ray photoelectron
measurements was carried out. Sulfur and phosphorus were
considered as the (P,Se)'~ clusters with strong internal covalent
bonds between the P and S atoms. Sulfur has a higher electron
affinity compared to phosphorus; therefore, it is negatively
charged. It has been confirmed that the chemical shift in the S
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2p X-ray photoemission spectrum lowers the binding energies.
It was shown that sp hybridization between P and S dominates
the center of the valence band, where some influence of the Sn
5s states is also present. This influence explains the charge
transition between the orbitals of the (PS;) clusters and orbitals
of the Sn atoms. The difference between the electronegativity of
sulfur (2.44) and phosphorus (2.06) leads to significant electron
charge transfer from phosphorus to sulfur. Thus, the P-S
chemical bonds also show ionic character in all the investigated
sulfides.

Conclusions

The present study confirms that the electronic properties of
chalcogenides can be calculated using DFT methodology
augmented by Hubbard correction. Underlining the performed
investigations, it can be suggested that the most significant
influence of the U parameters on the energy gap of the SPS
crystal is observed by applying a correction for the S and P
atoms. The application of the Hubbard correction for the Sn
atom does not provide any important changes in the electronic
properties of both the FE and PE-SPS crystals. Contrary to Sn,
the role of S atom is very important. This can be explained by
the fact that S atoms are characterized by a large number of
localized charges as compared to the Sn and P atoms.

It was also shown that the Hubbard parameters affect the
Mulliken charges localized on the atoms. The presented results
show that when the U parameter for the S atoms of the PE-SPS
crystal is used, an increase in the charge transfer from Sn and P
atoms to the S atoms is observed. As a consequence, the charge
localization on the S atom increases. An increase of the U
parameters in the case of the FE-SPS crystal causes the Mulliken
charge transfer from the Sn atoms to S atoms, as it is observed
for the PE-SPS structure. The U parameters almost do not have
any influence on the Mulliken charge evaluation of phosphorus
atoms. For both phases of the SPS crystal, the transfer of charge
is more significant from Sn atom to S than that from P atom to
S. This can be explained by the fact that the P and S atoms are
accompanied by strong covalent bonds, and additionally, the
important charge transfer from Sn cation to (PS3) anion
complex occurs.

For analyzing the charge redistribution in both SPS phases,
the Hubbard correction was applied and it was shown that
taking into account the additional coulomb interaction, the
ordering of the bond length become consistent with the values
of the interatomic orbital overlapping. Together with the
adequate values of the band gap obtained by the DFT/PBE+U
method, the abovementioned results allow us to conclude that
the correlated electronic states play an important role in the
considered systems. To the best of our knowledge, in the
present study, the optimal values of the Hubbard parameters
for the SPS crystal atoms were obtained for the first time. In
future, these data can be used to investigate the optical prop-
erties of the SPS crystals or other chalcogenides. They may also
be used to construct an effective Hubbard-like Hamiltonian for
the description of the electron—-electron and electron-phonon
interactions as well as for the analysis of the possible excitonic
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condensation arising in ferroelectric semiconductor complexes.
The predicted Hubbard parameters and the methodology
implemented in the present study are helpful in explaining the
metal-insulator phase transition taking place in the SPS crystal
at high pressures.'>*
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