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First-principles calculations of lattice stability of technetium and rhenium
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Abstract: Lattice constants, total energies and densities of state of technetium(Tc) and rhenium(Re) with different crystalline
structures were calculated with the GGA+PBE function, ultra-soft pseudo-potential and plane wave method in first-principles. The
results were compared with those of projector augmented wave(PAW) method in first-principles and experimental data. The lattice
stability results prove that HCP phase is the most stable phase, which agrees well with those of PAW method in first-principles and
CALPHAD method. Further analyses of densities of state also give the same result of lattice stability for HCP-, FCC-, BCC-Tc and
Re. Analyses of atomic populations show that the lattice stability of technetium and rhenium is probably related to the electrons in p

and d state.
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1 Introduction

The SGTE database of pure elements[1] has
established the stability —parameters and
expressions of Gibbs energy of different structures for 78
kinds of elements at 298.15 K. Compared with the
CALPHAD methods based on fitting and extrapolation
of experimental data, first-principles methods can be
applied to the calculations of total energy, electronic

lattice

structure and other physical properties as cohesive
energy and heat of formation of metals and alloys[2—4].
It is much important that the physical reasons of lattice
stability of metals and alloys can be expected to be
further understood by calculations and discussion of the
total energy[5—7]. Specifically, the calculations of lattice
stabilities of materials including transition metals and
other simple metals have been discussed systematically[8].

To find the physical reason of lattice stability at the
level of electronic structure, the difference between
various methods used in first-principles and the
difference between first-principles and CALPHAD

methods, in this work, the total energies, lattice constants
and densities of state of elemental technetium(Tc) and
rhenium(Re) are calculated with pseudo-potential plane
wave method[9] and the
approximation(GGA) in first- principles[10]. All the
methods, including CALPHAD  method, the
pseudo-potential plane wave method and the projector

general  gradient

augment wave method in first-principles are compared
and discussed. This work will provide meaningful data
for the phase diagram calculations of alloys containing
technetium(Tc)  and

rhenium(Re) and physical

understanding of the lattice stability of Tc and Re.
2 Calculation

Lattice constants, total energies and densities of
state of HCP-, FCC-, BCC-Tc and Re have been
calculated with the pseudo-potential plane wave method
in first principles. The calculations are performed in
CASTEP program with ultra-soft pseudo-potential and
GGA+PBE functional. Geometric optimization of lattice
parameters is performed in original cell. The total energy
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and other properties are calculated individually to avoid
the influence of Pulay stress[11] after series of geometric
optimizations with medium, fine and ultrafine qualities,
respectively. At the same time, the limited temperature
smearing Gaussian method has been adopted to
accelerate the convergence of integration at Brilluin zone
[12].

Table 1 Crystalline structure, k-point set, energy cutoff and
smearing width of Tc and Re

Element Structure  K-point set cftlcl)?;/geyv fv?det;r/ien\%
HCP 10<10><6 320 0.1
Tc FCC 11><11><11 320 0.1
BCC 11><11><11 320 0.1
HCP 11><11><11 310 0.1
Re FCC 11><11><11 310 0.1
BCC 11><11><11 310 0.1
3 Results

3.1 Lattice constants and atomic volumes
Table 2 lists the results of lattice constants and
atomic volume after geometric optimization.

3.2 Cohesive energies
Table 3 lists the results of cohesive energies[13].

Table 2 Lattice constants and atomic volumes of HCP-, FCC-,
BCC-Tc and Re

Element  Structure a/A V/(10*nm’)
HCP 2.752 (c/a=1.597) 14.412
Tc FCC 3.868 14.468
BCC 3.080 14.609
HCP 2.776 (c/a=1.611) 14.923
Re FCC 3.913 14.979
BCC 3.113 15.084

Table 3 Cohesive energies of Tc and Re

Element Structure E/(eV-atom™")
Atom 0
FCC 10.650 0
Tc
HCP 10.587 8
BCC 10.3954
Atom 0
FCC 12.147 0
Re
HCP 12.083 6
BCC 11.8557

3.3 Density of state and atomic population

The difference of electronic structures is the
intrinsic reason of lattice stability. The electronic
structures of HCP-, FCC-, BCC-Tc¢ and Re are calculated.
Figs.1, 2 and 3 show the total density of states, partial
density of s state electrons, partial density of p state
electrons and partial density of d state electrons of HCP-,
FCC-, BCC-Tc and Re, respectively. The atomic
populations are presented in Table 4 to analyze the
density of state quantitatively.

The electronic configurations of atomic Tc and Re
on the ground state are [Kr]4d®5s' and [Xe] 4f'*5d°6s?,
and the total valence electron number is 7. When these
atoms are condensed into crystals, the chemical bonds
and energy bands form. Table 4 presents the changes.

Table 4 Atomic population of HCP-, FCC-, BCC-Tc and Re

Atomic population

State Element

Atom HCP FCC BCC

1.00 0.29 0.31 0.26 Te

° 2.00 0.55 0.56 0.53 Re

0 0.77 0.77 0.83 Tc

P 0 0.89 0.89 0.93 Re

6.00 5.94 5.90 5.91 Te

5.00 5.56 5.55 5.54 Re

4 Analyses and discussion

4.1 Lattice stability parameters

The lattice stability parameters are in fact the
relative Gibbs energy G, which describes the relative
stability of phases. For technetium and rhenium, the
lattice stability parameters are the energy difference
(G—G"“") of FCC and BCC phases relative to HCP phase,
which is dependent on temperature. At the same time, in
this work only the case at 0 K is discussed. So, there is

G_GHCP:H_HHCP:U_UHCP (1)

where H is the enthalpy, and U is the internal energy. The
results of internal energy U—U"" calculated in first
principles can be compared with the Gibbs energy
G—G"" in SGTE database with CALPHAD method. The
difference between CALPHAD and first-principles
methods and the difference between first-principles
methods themselves can be compared and discussed at
the same time. The results are listed in Table 5.

It is shown in Table 5 that the two theoretical results
of lattice stability of technetium and rhenium are the
same, i.e., AGBCCHEP  AGFCCHCP o And HCP phase
is determined to be the most stable phase by all the three
methods, agreeing well with the experimental facts. The
relationship between lattice stability and electronic
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Fig.1 Total density (a), partial density of s state (b), partial density of p state (c), and partial density of d state (d) of HCP-Tc and Re

Fig.2 Total density (a), partial density of s state (b), partial density of p state (c), and partial density of d state (d) of FCC-Tc and Re
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Fig.3 Total density (a), partial density of s state (b), partial density of p state (c), and partial density of d state (d) of BCC-Tc and Re

Table 5 Lattice stability parameters of HCP-, FCC-, BCC-Tc
and Re

AG(=G-G"“")/(kJ-mol ")

Method Element
HCP FCC BCC
0 6.00 24.56 Tc
CASTEP-GGA
0 6.12 28.11 Re
0 6.53 25.57 Tc
VASP-GGA[8]
0 6.26 31.13 Re
0 10.00 18.00 Tc
CALPHAD-SGTE[1]
0 11.00 17.00 Re

structure then can be further discussed.

4.2 Total energy

Total energy is a generalized concept, and cohesive
energy is the energy of condensed matter relative to free
atom[13]. For research convenience, the free atom state
is chosen as the reference state to calculate the
differences of total energies between different structures,
as listed in Table 6.

It is known that there are some differences between
the theoretical results and experimental values. The large

Table 6 Total energy of HCP-, FCC-, BCC-Tc and Re
Emlal/(eV-atomfl)

Element Structure CASTEP- VASP- Exp[elri;]nent
GGA GGA[g]
HCP —10.6500  —10.203 4 —6.85
Tc FCC —10.5878  —10.1357 -
BCC —10.395 4 —9.938 4 -
HCP —12.1470  -12.2334 —8.03
Re FCC —12.0836  —12.1685 -
BCC -11.8557 -11.9107 -

discrepancies between the first-principles calculations
and the SGTE data may be partly attributed to the
difference in temperature condition, which may be
reduced through the effect of alloying elements[8].

4.3 Densities of state and atomic populations

It is known from the comparison of total density of
state, partial density of s state electrons, partial density of
p state electrons and partial density of d state electrons in
Figs.1, 2 and 3 that the Fermi energies of HCP-Tc and
Re lie in the valley between two peaks of DOS with the
obvious characteristic of stable phase, and those of FCC,
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BCC-Tc and Re lie in the plat of peaks of DOS with the
obvious characteristic of metastable and unstable phase,
which agree well with the total energy calculations.

It is known from Table 4 that BCC phase has the
most electrons in p state and HCP phase has the most
electrons in d state with the variation of crystalline
structures. This shows that the lattice stability of
technetium and rhenium is probably related to the
electrons in p and d state.

5 Conclusions

1) The two lattice stability results by both pseudo-
potential plane wave method and projector augmented
wave method in first-principles for technetium and
rthenium are all AGBCCHP  AGFCCHCEP 0, where HCP
phase is determined to be the most stable phase.

2) There are some differences between the
theoretical results and experimental values in total
energies and large discrepancies between the first-
principles calculations and the SGTE data, which may
partly be reduced through the effect of alloying elements.

3) The Fermi energies of HCP-Tc and HCP-Re lie
in the valley between two peaks of DOS with the
obvious characteristic of stable phase, and those of FCC-
and BCC-Tc and Re lie in the plat of peaks of DOS with
the obvious characteristic of metastable, which agree
well with the total energy calculations.

4) The lattice stability of technetium and rhenium
probably depends on the electrons in p and d state.
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