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This paper investigates the equilibrium lattice parameters, heat capacity, thermal expansion coefficient, bulk

modulus and its pressure derivative of LaNis crystal by using the first-principles plane-wave pseudopotential method

in the GGA-PBE generalized gradient approximation as well as the quasi-harmonic Debye model. The dependences

of bulk modulus on temperature and on pressure are investigated. For the first time it analyses the relationships

between bulk modulus B and temperature 7" up to 1000 K, the relationship between bulk modulus B and pressure

at different temperatures are worked out. The pressure dependences of heat capacity C, and thermal expansion «a at

various temperatures are also analysed. Finally, the Debye temperatures of LaNi5 at different pressures are successfully

obtained. The calculated results are in excellent agreement with the experimental data.
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1. Introduction

The famous intermetallic compound LaNis is of
great importance to perform chemical, mechanical
or thermodynamic works because of its easy acti-
vation, good hydrogen absorption- desorption kinet-
It is of
great scientific and technological interest in view of

ics and large hydrogen storage capacity.

its potential for applications such as paramagnetic
materials,[!] electrodes for rechargeable nickel-metal
hydride batteries,?! hydrogen compressors(® and ther-
modynamic projects!*5! due to its outstanding ability
to react reversibly with hydrogen and deuterium.

The elastic properties of solids are closely related
to many fundamental solid-state properties, such as
equation of state (EOS), thermal expansion, melting
temperature and specific heat. A study of the elastic
properties and thermodynamic properties for materi-
als is well motivated by the understanding about the
chemical bonds and the cohesion of material. Specif-
ically for LaNis alloy, the elastic properties are very
useful for an evaluation of the elastic contribution to

the hydrogen-hydrogen interaction energies and the
elastic energy associated with the precipitation of hy-
drides. The cycle life of LaNis has been attributed
to hydrogen distributions and internal strains. More-
over, the elastic constants are also related to thermal
properties according to the Debye theory. Because
these effects are related to elastic and thermodynamic
properties, there are good reasons to investigate the
elastic properties of the LaNi5 alloy.

The LaNis alloy has a hexagonal CaCug struc-
ture (space group P6/mmm). The La atom occu-
pies la (0, 0, 0) Wyckoff site, the two nonequiva-
lent Ni atoms occupy 2c (2/3, 1/3, 0) and 3g (0.5, 0,
0.5) sites. The elastic modulus of LaNis intermetallic
compounds have been measured over the temperature
range 3~415K.[61 So far, no theoretical results and
experimental data are available for elastic properties
of LaNis under high pressures and temperatures. In
this paper, we investigate the structural and thermo-
dynamic properties of LaNis under high temperatures
and high pressures through the plane-wave pseudopo-
tential (PW-PP) method!”! and quasi-harmonic Debye
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model,® where the phononic effect is considered.

2. Theoretical method

2.1. Total energy calculations

Here we make a first-principles total energy elec-
tronic structure calculation. In our electronic struc-
ture calculation, we use the PW-PP method. The gen-
eralized gradient approximation (GGA) of PBE96!
is used for the exchange-correlation energy func-
tional and the ultrasoft pseudopotentials introduced
by Vanderbilt!'®! is applied to the interactions of
the electrons with the ion cores. Initial convergence
tests guided the choice of 400eV for the plane wave
cutoff energy, FE.y. For the hexagonal Brillouin-
zone sampling, we use the 10x10x 12 Monkhorst—Pack
mesh.['Y) The electronic degrees of freedom are con-
verged to 107%eV /cell and the force components on
each atom are relaxed to less than 2x10~4eV/A(1A=
0.1nm)

2.2. Thermodynamic properties

The quasi-harmonic Debye model is employed to
calculate the EOS and the thermodynamic proper-
ties which are constructed from the Helmholtz free
energy at the temperature below the melting point
in the quasi-harmonic approximation. This method
is well established and many papers have been pub-
lished recent years.'>'3] The bulk modulus B can
be investigated under various pressures and temper-
atures using the quasi-harmonic Debye model. The
non-equilibrium Gibbs function of the crystal phase
G * (V; P,T) can be written as('4

G*(V;P,T)=E(V)+pV + Ay (V;T), (1)

where E(V) is the total energy per unit cell for LaNis,
the second term, PV, corresponds to the constant hy-
drostatic pressure condition. The third term, Ayip, is
the vibrational Helmholtz free energy, which can be
written as!!516]

Avin(Op;T)

— kT %% +3In(1 —e=®/T) — D(6p/T)| ,(2)

where ©p is the Debye temperature, D(6p/T) rep-
resents the Debye integral, n is the number of atoms

per formula unit. By solving the equation

OG*(V p, T))

—— =0, (3)

( oV o T
one could obtain the isothermal bulk modulus B
Jp
B T = — —
32G*(V'p T))
=V (” . (4)
ov?2 o T

According to the quasi-harmonic Debye model,
the heat capacity C, and the thermal expansion «
can be obtained by

()

B 36p/T

C, = 3nk |:4D(9D/T) - e()/T1:| ’
_ 1%

a= g (6)

where v is the Griineisen parameter. For further de-

tails see Refs.[8,17]. By using the method above, we
can successfully obtain the elastic and thermodynamic
properties of LaNis.

3. Results and discussion

Firstly, we make a first-principles calculation to
find the most stable structure of LaNis. The geomet-
ric optimization and internal optimization are both
applied. Then, a series of different cell volume V
are set so as to calculate the corresponding total en-
ergy. The obtained relationship between primitive cell
volume and total energy is illustrated in Fig.1. The
zero pressure bulk modulus By and its first order pres-
sure derivative B are determined by fitting the cal-
culated energy-volume (E — V) data points to the
Birch-Murnaghan EOS[!®!

AE(V)
- BB,
1-B)/
Vi 1 Vo 7°
= BoVy | = 7
v Ba+1—Ba+Ba<Ba—1>]’ @

where Fy is the equilibrium energy. The pressure P
versus the normalized volume V,, (= V/Vp, where V; is
the equilibrium volume at zero pressure) is obtained
by

p=— =5 [Va 1] (8)
Thus, we can obtain the lattice parameters, bulk mod-

ulus By and its pressure derivative B{ of LaNis, which
are listed in Table 1, together with experimental data.
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From Table 1, we know that agreement between ex-
perimental data and our calculated results is excellent.

From Fig.1, we found that the ratio ¢/a of 0.792
has the minimum energy, which corresponds to the
most stable structure of LaNis at P = 0 and T = 0.
Clearly the most stable structure of LaNis crystal cor-
responds to the total energy —281.16682 Hartree, and
primitive cell volume Vy = 88.158 a.u.® (a.u. repre-
sents atomic units.). When V < 88.158 a.u.?, as vol-
ume V increases, the total energy decreases dramat-
ically. When V > 88.158a.u.?, the relationships be-
tween total energy and volume V' are opposite.

Table 1. Calculated lattice parameters, bulk modulus By and its pressure derivative B.
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Fig.1. Energy-volume curves for LaNis. (1hartree =

110.5 x 10721 7).

!

a/nm ¢/nm c/a By/GPa B
Present work 0.5028 0.3982 0.792 137.3 4.82%
Ref.[19] 0.5018 0.39817 0.793 137.8[6] 5.0%*
Ref.[20] 0.5016 0.3990 0.795 135.2

*The calculated Bj) = 4.82 at T' = 285 K **The experimental value B}, = 5.0 at T" = 235 ~

295 K.

Now, applying the quasi-harmonic Debye model
described above, we investigate the pressure depen-
dence of bulk modulus B with the temperature vary-
ing from 0 to 1000 K. The calculated relationship of
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bulk modulus B as a function of temperature T is
plotted in Fig.2(a).
modulus B and pressure P at different temperatures
T =0, 300K and 1000K are plotted in Fig.2(b).
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Fig.2. Bulk modulus B as a function of temperature T at pressure of zero pressure (a) and relationships between
bulk modulus B as a function of pressure at T' = 0 (square), 500(circle) and 1000 K (triangle) (b).

In Fig.2(a) we found that when T < 100K, B
nearly keeps constants. This indicates that the lat-
tice constants a and c¢ nearly keep constant. When
T > 100K, the bulk modulus B decreases dramati-
cally as T" increases, which means that the cell volume
The rapid volume variation makes
By fitting

changes rapidly.
rapid decrease of the bulk modulus By.

the B — T data points to third-order polynomial, we

obtain

B = 137.3421 — 6.37 x 10737 — 2.55783 x 107°7T"2
+1.2898 x 107873, for T < 1000K. (9)
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In Fig.2(b), it is clear that the bulk modulus B
increases with pressure dramatically at a given tem-
perature, B decreases with T" at a given pressure. It
shows the fact that the effect of increasing pressure
on LaNis is the same as decreasing its temperature.
From Table 2, we find that the agreement between our
calculated results and available experimental data is
excellent.

Table 2. Calculated bulk modulus together with the ex-
perimental data at various temperatures.

Temperature 0K 100K 200K 300K 400K
B/GPa Expt.lfl  139.9 139.7 139.0 137.3 1349
B/GPa Calc. 137.3  137.1 1347 133.7 131.6
B/GPa Expt.19 1353 134.6 133.7 132.0 129.6

From the quasi-harmonic Debye model, we can
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determine the heat capacity C, and the thermal ex-
pansion coefficient o of LaNis at simultaneous high
pressure and temperature conditions, shown in Figs.3
and 4.
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Fig.3. Heat capacity C, of the LaNis alloy at various
pressures and temperatures.
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Fig.4. Thermal expansion versus temperature at P = 0, 3 GPa, 10 GPa (a) and thermal expansion versus pressure

at T = 0K, 300K, 1000K (b).

The calculated relationships between heat capac-
ities and temperatures at different pressures are plot-
ted in Fig.3. It is clear that when 7' < 400K, the
heat capacity C, increases with temperature at a given
pressure and decreases with pressure at a given tem-
perature. The heat capacity C, strongly depends on
both temperature T" and pressure P when 7' < 400 K.
This is due to the anharmonic approximation of the
Debye approximations used here. However, when
T > 400K, the anharmonic effect on heat capacity
C, is suppressed. The C, value is very close to the
Dulong—Petit limit, which is common to all solids at
high temperature. These results show the fact that
the interactions among ions in LaNis crystal have big
effect on heat capacity C, especially at low temper-
atures. No phase transition appears in this region,

which indicates that the thermodynamic properties of

LaNis crystal are stable. Unfortunately, there are no
theoretical results or experimental data to check our
calculated results.

In Fig.4(a), the variations of thermal expansion
« versus temperature and versus pressure are clearly
seen. The thermal expansion « increases with T at
low temperatures and gradually approaches a linear
increase at high temperatures, and then the increas-
ing trend becomes gentler. As the pressure increases,
the increase of o with temperature becomes smaller,
especially at high temperatures. It is noteworthy that
the high-temperature dependence of the thermal ex-
pansion « is not linear at zero pressure, this is an
indication of the inadequacy of the quasi-harmonic ap-
proximation at high temperatures and low pressures.
In Fig.4(b), we found that for a given temperature, «
decreases dramatically with increasing pressure. It is
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shown that the thermal expansion a converges to a
constant value at high temperatures and pressures.
The higher the temperature is, the faster the ther-
mal expansion « decreases. At 1000K, the value
a1 = 2.96x107° /K (20 GPa) is much smaller than the
value ais = 6.11 x 107° /K at zero pressure, this implies
that the pressure influence on « is significant at high
temperatures. When the pressure is above 50 GPa, the
thermal expansion « at 1000 K is just little larger than
that of 300 K, which means that the temperature de-
pendence of « is very weak at higher temperatures and
higher pressures. Our calculated value for a equals
3.729x107° /K at 235K, which is in good agreement
with the value o = 3.7 x 107°/K (T = 235 ~ 295K)
obtained through the powder diffraction methods.?"!
These results are in agreement with the results of the
Debye theory, which applies to many kinds of materi-
als.

The Debye temperature ©p is another important
fundamental parameter of solids, which is closely re-
lated to specific heat, elastic constants and melting
temperature. Finally, the pressure dependences of the
Debye temperature @p with pressure increasing from
0 to 100 GPa are analysed and plotted in Fig.5.

At zero pressure, we found that the Debye tem-
perature ©@p = 355K, this is in agreement with
the Debye temperatures obtained by Yeheskel et al
(359 K),[2!l Bereznitsky et al (363 K)? and Chung et
al (375K).123] Tt is shown that the Debye temperature
Op increases with applied pressures. By fitting the
data points to third-order polynomial, we obtained
the following equation

6p = 355.02021 + 5.26004P — 3.537 x 1072 P?
+1.34343 x 107*P3, for T =300K. (10)
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Fig.5. Relationships between the Debye temperature and
pressure at 300 K.

4. Conclusions

The equilibrium structure, heat capacity C,,, ther-
mal expansion coefficient «, bulk modulus and its
pressure derivative of LaNis alloy are investigated by
using the first-principles PW-PP method as well as the
quasi-harmonic Debye model. For the first time we
analyse the bulk modulus of LaNi5 up to 1000 K, and
obtain the relationships between bulk modulus B and
pressure at different temperatures. It is found that
the bulk modulus B increases monotonically with the
increasing pressure. The pressure dependences of heat
capacity C, and thermal expansion « at various tem-
peratures are also analysed. Finally, the Debye tem-
peratures of LaNis at different pressures are success-
fully obtained. Our results are in excellent agreement
with the experimental data. The calculation method
used here seems to be available for one to investigate
the elastic properties and the thermodynamic proper-
ties of solids.
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