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Abstract: In this paper, the structural properties of technetium phosphides TcsP and TcPy are
investigated by first principles at zero pressure and compared with the experimental values. In addition,
the electronic properties of these two crystals in the pressure range of 040 GPa are investigated. Further,
we discuss the change in the optical properties of technetium phosphides at high pressures. At the end
of our study, we focus on the research of the hardness of TcP; at different pressures by employing a
semiempirical method, and the effect of pressure on the hardness is studied. Results show that the
hardness of TcP, increases with the increasing pressure, and the influence mechanism of pressure
effect on the hardness of TcP, is also discussed.
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1. Introduction

Due to their excellent performance in cutting, abrasion, and drilling, exploring new types
of ultrahard materials has become a subject of inherent interest in recent decades. Until now, the
development of superhard materials has gone through stages of traditional superhard materials,
second kinds of superhard materials, and novel superhard materials.

As the well-known hardest traditional ultrahard material, diamond is of great interest for
application and basic research [1]. However, its limitations in cutting iron and other ferrous metals
greatly limits its application [2]. The second types of ultrahard materials are compounds composed
of light elements (B-C-N-O system) with strong and short covalent bonds. These compounds have
made great progress in cutting iron and other ferrous metals, but the severe preparation conditions
and high cost of these compounds limit their large-scale production and application. Novel superhard
materials are transition metals combined with light elements—especially transition metal borides.
These compounds have a high electron concentration due to the transition metals, and they contain
short covalent bonds for the presence of boron atoms. The unique structural properties determine the
high bulk moduli and hardness of transition-metal borides.

Transition-metal phosphides are a class of compounds similar to transition-metal borides, and
have attracted much attention due to their wide applications in superconductivity, magnetocaloric
behavior, catalytic activity, lithium intercalation capacity, and so on [3,4]. However, few investigations
have been done on their hardness. Cadmium diphosphide is an important technical material as a wide-gap
semiconductor. Due to its superior optical properties, CdP, has a wide range of application prospects
in the fabrication of solar cells [5]. In addition, its large thermo-optic coefficient leads to numerous
applications in thermal sensors [6]. Further, its wide band gap and anisotropic electrical properties make
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CdP; a promising material in electronic engineering [7]. In addition, many investigations [8-10] have also
been done on the optical and electronic properties of -ZnP, to investigate its applications.

Neither CdP;, nor ZnP; are ultrahard materials, but high pressure has an important effect on the
hardness of materials. Studying the mechanism of the influence of high pressure on the hardness of
materials is of great significance to improve their hardness characteristics. In our previous study, we
have systematically explored the pressure effect on the elastic properties, mechanical stability, and
hardness for transition-metal borides W;Bs [11]. Recently, we investigated the hardness properties of
CdP; at high pressure, and found that the hardness of CdP; increases as the pressure is increased [12].

Technetium phosphides are a member of the transition-metal phosphides, and have seldom
been studied. Using the X-ray diffraction method, Ruhl et al. [13] obtained the crystal structure of
technetium phosphides for the first time in 1981. In their work, Ruhl et al. pointed out that TcsP
crystallizes in the tetragonal MnsP (Fe3P type) structure, and the tetragonal TcsP crystalizes in a unit
cell with lattice parameters a =b = 9.568 £ 0.005 A, c=4.736 4+ 0.003 A, c/a = 0.4950 <+ 0.0006, p =90°,
V =433.6 4+ 0.6 A3, and the unit cell comprises eight structure units (32 atoms); meanwhile, TcP4 has
an orthorhombic ReP;-type structure, and the orthorhombic cell of TcP4 crystalizes in a unit cell with
lattice constants a = 6.238 = 0.001 A, b =9.215 - 0.003 A, c = 10.837 £ 0.003 A, V = 623.0 £ 0.1 A3, with
eight formula units (40 atoms) in the cell.

In this paper, we intend to systematically explore the structural, electronic, optical properties, and
hardness of technetium phosphides on the basis of the former experimental results under high pressure.
The purpose of our work is two-fold. First of all, it is to give a comprehensive and complementary
investigation of the effect of pressure on the hardness of technetium phosphides. Second, it is to
provide powerful guidelines for future experimental investigations; we hope that such an investigation
might provide a way to explore novel ultrahard materials.

2. Computational Methods and Details

In this paper, by using the standard Kohn-Sham self-consistent density functional theory [14-17]
based on SIESTA code, we study the structural, electronic, and elastic properties of two forms of
technetium phosphides: TczP and TcPy crystals. To get the calculated values, the conjugate gradient
minimization method is used to relax the positions of atoms and lattice vectors of technetium
phosphides at ambient and high pressures. In our MD simulation, the single-crystal diffractometer data
obtained by Ruhl et al. are used as initial structure of calculations. The tetragonal Tc3P crystallizes in a
unit cell with lattice parameters a = b = 9.568 + 0.005 A, c=4.736 £ 0.003 A, B =90°, and the unit cell
comprises eight structural units (32 atoms); while the orthorhombic crystallizes in a unit cell with lattice
parameters a = 6.238 A,b=9215A,and c=10.837 A, 3 =90°, and the unit cell comprises eight structural
units (40 atoms). For the exchange-correlation energy, the generalized gradient approximation (GGA)
designed by Perdew, Burke, and Ernzerhof (PBE) [18-20] is adopted. Additionally, the local density
approximation (LDA) [21] method is also used as auxiliary calculations. At the same time, we adopt
norm-conserving pseudopotentials in the form of Kleinman and Bylander [22] using Troullier and
Martins’ scheme to describe the valence electron interaction with the atomic core, and choose a
split-valence double-( basis set plus polarization function (DZP) with an energy shift of 0.005 Ry as
our atomic orbital basis set in all the computations.

The optical properties of a material can be described by the complex dielectric function as
€ (w) = €1(w) + iezg(w). The imaginary part of the dielectric function &;(w) can be considered as detailing
of the real transitions between the occupied and unoccupied states. The real part €;(w) can be obtained
from the imaginary part by Kramers—Kronig relationship. In addition, other optical parameters
(absorption coefficient, reflectance, refractive index, and energy loss spectroscopy) can be obtained
from &1 (w) and &,(w). Here we focus on the absorption coefficient of TcPy. It can be derived from the

w(w) = V2 w% VE (@) +8(w) & () M

following formula [23].
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In this study, we employ the model proposed by Gao et al. [24] to calculate the theoretical Vickers
hardness of TcP, at different pressures. Generally, the Vickers hardness value of a material is defined
as the ratio of F/A in an experiment, where F is the pressed force applied to the diamond penetrator on
the measured material in kilograms-force and A is the impression area of the resulting indentation in
square millimeters. In this theoretical model, the Vickers hardness can be calculated by the following
three formulae:
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where H, is the hardness of the calculated material, Hf,l is the hardness of y-type bond in material, N¥,

PH, UZ are the total bond number, the Mulliken overlap population, and the bond volume of p-type

bond in the cell. f,;, and d¥ are the metallicity and the bond length of p-type bond. Q) is the cell volume.
The metallicity f; can be obtained by Formula (5),

n 0.026D
f= Tt = (5)

Me Me
where 1, is the number of electrons that can be excited at the ambient temperature, 7, is the total
number of the valence electrons in a unit cell, and Dr is the electron density of states at the Fermi level.

3. Results and Discussions

3.1. Structure Properties

Combined with both GGA and LDA approximations, the calculated lattice parameters and cell
volume of the crystal Te3P and TcP4 at ambient pressure are obtained by the conjugate gradient
(CG) minimization method. The theoretical results at ambient pressure are shown in Table 1 and are
compared with the experimental ones. From Table 1, it is noted that for the tetragonal Tc3P crystals,
the deviations of GGA and LDA results are within 3.7% and 2.6% for the lattice parameters and cell
volume, respectively. For the orthorhombic TcPy crystals, the error of the results obtained by GGA and
LDA are within 4.1% and 1.0% for the lattice parameters and cell volume, respectively. So, the LDA
results match the experimental values better than the GGA results, and the LDA method is a better
approximation than GGA to study technetium phosphides at zero pressure.

Table 1. Calculated and experimental lattice parameters of the crystal TczP and TcPy at zero pressure.
GGA: generalized gradient approximation; LDA: local density approximation.

TC3P TCP4
Lattice . .
Parameter Theoretical Results Experimental Values [13] Theoretical Results Experimental Values [13]
GGA LDA GGA LDA

ag (A) 9.490 9.376 9.568 6.341 6.280 6.238

bo (A) 9.490 9.376 9.568 9.339 9.241 9.215

C (A) 4.907 4.856 4.736 10.949 10.827 10.837
Vo (A%) 441.9 426.9 433.6 648.3 628.3 623.0

3.2. Electronic Properties

In this paper, the GGA approximation and LDA approximations are used to calculate the band
structure of TcsP and TcP4. The band structures calculated by these two methods are similar, so here
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we just present the GGA results in Figure 1 (only —12 to —6 eV for TcsP, and —8 to —2 eV for TcPy).
From Figure 1a, it can be seen that there are some points of intersection between the Fermi level and
energy bands for the Tc3P crystal. Therefore, the TezP crystal can be considered as a conductor material.
However, for the TcPy crystal in Figure 1b, there is a direct band gap of 0.91 eV at the high symmetry
point G. So, the TcP4 is a semiconductor material.

Band structure of TcsP

Energy(eV)
o
m
Energy(eV)

-104

-114

2 A M G R X
Figure 1. Electronic band structures of the (a) Te3P and (b) TcPy crystals in the vicinity of the Fermi
level. The red horizontal dotted lines correspond to the Fermi level E.

The properties of materials have much to do with the electron configuration of molecule. So, we
further calculated the total and projected density of states (TDOS and PDOS) for TcsP crystal to study
the distribution of the electrons on different orbits to the conductibility of TezP crystal.

The total and projected electronic density of states of TczP with energy ranging from —16 to 0 eV
is depicted in Figure 2a. At the same time, the projected density of states of some s, p, and d states of
Tc and P atoms are calculated, respectively. From Figure 2a, the contribution of the Tc-4d electrons is
predominant for the energy bands near the Fermi level of the TcsP crystal. So, the Tc-4d electrons are
important for the conductibility of this crystal.
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Figure 2. The total density of states (DOS) and projected DOS (PDOS) of P(3p), Te(4d) and Te(5s)(d) for
(a) TegP crystal in the range from —16 to 10 eV and (b) TcPy4 crystal in the range from —20 to 20 eV. The
red vertical dotted lines correspond to the Fermi level E;.
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In addition, Figure 2b shows us the TDOS and PDOS of the TcPy crystal, and it can be seen that
the whole band can be divided into two prominent valence-band regions and two conduction-band
regions. The regions range from —20 to —13 eV, =13 to —6 eV, —6 to 1 eV, and 1 to 20 eV, respectively.
The densities of states at these regions primarily consist of Tc-5s, Te-4d, and P-3p states. From Figure 2b,
we can see that the bonding peaks ranged from —20 to —13 eV and the bonding peaks between 1 and
20 eV are mainly dominated by the P-3p state. The peaks of the bonding ranged from —13 to —6 eV in
the valence band and the peaks of the bonding ranged from —6 to 1 eV in the conduction band are not
only predominated by the P-3p state, but also contributed from the Tc-4d state. In addition, because
the electronic densities of states from —13 and —6 eV and the region range from —6 to 1 eV are located
in the vicinity of the Fermi level, and the Tc-4d and P-3p states are principally for these two bands, the
Tc-4d and P-3p electrons are very important for the energy bands of the TcPy crystal.

According to above analysis, it is noted that the conductibility of TesP crystal is attributed to
the Tc-4d electrons, while the distribution of the P-3p electrons weakens the conductivity of the TcPy
crystal. As a result, the TesP crystal is considered as a conductor material, while the TcP, crystal is a
semiconductor material.

The structural and electronic properties of technetium phosphide crystals are also investigated
with GGA and LDA approximations at the pressure range from 0 to 40 GPa. However, previous
studies [25,26] show that the GGA method is better than LDA to study the properties of these types of
crystal at a high pressure. Therefore, the following investigations are studied by GGA approximation.
The cell volumes of TczP and TcPy crystal changing with increasing pressure are shown in Figure 3a.
In the pressure range between 0 and 40 GPa, it is noted that the cell volume of the TczP crystal decreases
smoothly with the increasing pressure. In addition, Figure 3b shows that the band gap of the TcP,
crystal changed with the pressure. As is shown in Figure 3b, from 0 to 40 GPa, the band gap of the TcP4
crystal increases from 0.91 to 1.30 eV. Although the band gap increases with the increasing pressure,
the TcP4 crystal is still a semiconductor under high pressure.
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Figure 3. (a) The dependence of the cell volume on pressure for the TczP and TcPy crystal; (b) The
dependence of the band gap on pressure for the TcP, crystal.

3.3. Optical Properties

Commonly, transition-metal phosphides have good optical properties. The Tc3P crystal is a
conductor material, while the TcPy is a semiconductor material with a wide direct band gap. Therefore,
here we only investigate the optical properties of TcPy. The complex dielectric function of TcPy at zero
pressure is presented in Figure 4. In order to discuss the absorption coefficient of TcP4 under high
pressure, we computed the dielectric function of this crystal at different pressures. The imaginary part
of the dielectric function and the absorption coefficient of TcPy crystal at different pressures are shown
in Figure 5.
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From Figure 5b, it is noted that a primary peak of the absorption coefficient of TcP, occurred in
the wavelength region of the ultraviolet band. In addition, TcP4 has a large absorption coefficient in
the visible-light region, while the imaginary part of the dielectric function has a close connection with
the absorption coefficient. From Figure 5a,b, we can see the change of optical properties of TcPy4 at high
pressure. The absorption of visible and ultraviolet light for TcP; enhances as the pressure is increased.
Combined with the study of the change in band gap with pressure in Section 3.2, it can be seen that
the pressure effect has an important influence on the photo-catalytic properties of TcPy. In the future,
we can consider increasing the photo-catalytic performance of TcP4 by a high-pressure method.
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Figure 4. The complex dielectric function for the TcP4 crystal; the black solid line corresponds to the
real part, and the red solid line corresponds to the imaginary part.
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Figure 5. (a) The imaginary part of the dielectric function for the TcPy4 crystal at different pressures.
(b) The absorption coefficient of TcP, crystal at different pressures.

3.4. Hardness

Based on previous work [27,28], it is known that the metallic bond limits the hardness of transition
metal phosphides. Compared TcszP and TcPy, it is not difficult to find that there are many more Tc-Tc
bonds in Tc3P than that of TcPy4, so we focus our study on TcPy in the present work. There are many
theoretical models to calculate theoretical Vickers hardness. For example, Tian et al. [29] proposed
the formulation of hardness for crystals, H, = 0.92 k1137G0708 where k = G/B, B is the bulk modulus,
and G is the shear modulus. Both bulk and shear moduli are macroscopic concepts. Liu et al. [30]
employed this model to calculate the hardness in pyrite-type transition-metal pernitrides. In this
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study, we employ the model proposed by Gao et al. [24] to calculate the theoretical Vickers hardness.
This model considers the effect of metal bonds on the hardness, and presents the relationship between
hardness and microscopic parameters. According to this model, the bond parameters and Vickers
hardness of TcP4 at ambient pressure are calculated and presented in Table 2. Compared with the
experimental values that can be obtained, theoretical hardness obtained by Tian’s and Gao’s model
are in better agreement with the experimental results. However, the latter can explain the origin of
hardness at atomic level.

Table 2. Calculated bond parameters and theoretical hardness obtained by the models of Tian et al.
and Gao et al. at ambient pressure. Experimental data are presented for comparison.

Compounds Bond s Ld (A) ) idd QO (A3) Ubu (A3) fm (10_3) Hvu (GPa) H‘{} Tian Hv Gao Hv exp

WB,-WB, B-B(l) 1727 076 2,521 0 288  256[31] 27.7[32]
B-B(2) 1838 0.5 3.038 0
W-B
O 2335 0.26 6.229 1.787
ReB,-ReB,  B-B 1.807  0.64 1.846 0 434 39.1[31] 39.3[32]
Re-B 2240 025 3.515 1.311
TP, P-P 2178 058 6217 5.362 0 24.68 19.7 20.1
P-P 2190  0.56 5.451 0 23.19
P-P 2191 051 5.458 0 21.07
P-P 2203 0.60 5.549 0 24.12
P-P 2252 051 5.927 0 18.36
TP 2342 052 6.667 0.929 14.39
TP 2356 033 6.787 0.929 8.86
TP 2358 054 6.804 0.929 14.44
TP 2377 053 6.970 0.929 13.62
TP 2425 057 7.401 0.929 13.25
TP 2523 030 8.335 0.929 5.72
Te-Te  3.000 0.63 14.012 0.929 5.05

In addition, to study the effect of pressure on the hardness property of TcP4, we computed its
Vickers hardness from 0 to 40 GPa. The results are presented in Table 3. It is not difficult to see that the
hardness of TcP4 increases with the increasing pressure. By analyzing the bond parameter and bond
component of TcPy at different pressures, we found that the hardness is most closely related with the
metallicity, the Mulliken overlap population of the bonds in the crystal. Further analysis showed that
there are two reasons explaining the increasing hardness at high pressure: (1) the Mulliken overlap
populations of the covalent bonds (P-P bonds) and ionic bonds (Cd-P bonds) in TcPy increase as the
pressure is increased, leading to both the hardness of P-P bonds Cd-P bonds increasing at a higher
pressure; (2) the metallicity of metallic bonds in TcP4 are weakened as the pressure increases, leading to
the limit to the hardness in the crystal being weakened. In a word, due to the enhancement of covalent
bonds and the weakening of metal bonds, the hardness of TcP; is increased at a higher pressure.

Table 3. Calculated Vickers hardness of TcP, at different pressures.

Compounds 0 GPa 10GPa 20GPa 40 GPa
Hardness (GPa) 20.14 22.35 24.88 25.74

4. Conclusions

In this paper, density functional theory is employed to investigate the structure, electronic
properties, optical properties, and hardness of technetium phosphides in the pressure range of 0 to
40 GPa. The lattice parameters and the final atomic positions obtained theoretically are in excellent
agreement with the experimental values at ambient pressure. In addition, the electronic properties
of TczP and TcPy crystal are also studied and presented. The results show that the Tc3P crystal is a
conductor material. However, for the TcPy crystal, there is a direct band gap of 0.91 eV at the high
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symmetry point G. Additionally, the band gap of the TcP, crystal increased from 0.91 to 1.30 eV as the
pressure increased from 0 to 40 GPa. The calculated total electronic density of states and projected
densities of states for the TczP and TcP4 are presented. Results show that the predominant distribution
of Tc-4d to the DOS near the Fermi level leads to the classification of TcsP crystal as a conductor
material, while the distribution of both Te-4d and P-3p to the DOS near the Fermi level leads to the
conclusion that TcPy crystal is a semiconductor material. What is more, the optical properties of TcPy
are discussed, and we find the absorption of visible and ultraviolet light for TcP4 enhances as the
pressure is increased. This indicates that the high pressure method is an effective way to regulate the
photo-catalytic performance of TcP;.

At the end of our study, we research the effect of pressure on the hardness of TcP,. Results show
that both the Mulliken overlap populations of P-P bonds and Cd-P bonds in TcPy increase as the
pressure is increased, which leads to the hardness of covalent bonds and ionic bonds increasing as
the pressure is increased. Meanwhile, as the pressure increases, the metallicity weakens. This leads to
the hardness of TcP, increasing as the pressure is increased. As the pressure rises from 0 to 40 GPa,
the Vickers hardness of TcP, increases from 20.14 to 25.74 GPa. So, the effect of pressure plays an
important role on the hardness of Tc-P crystals; it changes the hardness of the material by affecting its
chemical bond parameters. This study would provide a theoretical basis for improving the hardness of
transition metal phosphides and a theoretical guidance for the synthesis of novel ultrahard materials
for experiment.
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