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Abstract

In this work we used the Wien2k code, within the framework of the Kohn-Sham Density Functional Theory (DFT),
applying the Full-Potential Linearized Augmented Plane Wave method (FP-LAPW) and adopting the Generalized
Gradient approximation (GGA) for the exchange-correlation energy due to Perdew, Burke, and Ernzerhof, as
well as the Local Density approximation (LDA) for the calculation of the Density of States and band structure
of the Sr2HoNbO6 double perovskite. For calculations, we considered the Fmm (#225) space group, which was
experimentally obtained from X-ray diffraction measurements and Rietveld refinement. The experimental lattice
parameter was 8.018 A, which is 99.2% in agreement with the theoretical prediction from the minimization of
energy through the Murnaghan state equation. From the measurements of magnetic susceptibility as a function of
temperature and the adjustment with the Curie law, we obtained a value for the effective magnetic moment of 10.01
W, which is close to the theoretical expected from Hund’s Rule (10.60 p,). An energy gap of 3.3 eV between the
valence band and the conduction band revealed the insulator character of the Sr2HoNbO6 complex perovskite for
the spin up configuration, but a semiconductor feature was observed for the spin down polarization, with an energy
gap of 0.77 eV. The thermodynamic properties were calculated from the state equation by using the Debye quasi-
harmonic model. A specific heat behavior of C,=C, was found at temperatures below T = 500 K, with Dulong-Petit
limit values doubling those reported for perovskite materials. © 2018. Acad. Colomb. Cienc. Ex. Fis. Nat.
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Propiedades termodinamicas, estructuras electrénica y cristalografica y respuesta magnética del material
Sr,HoNbO,

Resumen

En el presente trabajo se utilizo el codigo Wien2k, en el marco de la teoria del funcional de la densidad de Kohn-
Sham, aplicando el método de ondas planas aumentadas y linealizadas (full-potential linearized augmented
plane wave, FP-LAPW) y adoptando la aproximacion de gradiente generalizado (GGA) de Perdew, Burke
y Ernzerhof para la energia de intercambio y correlacion, asi como la aproximacion de densidad local (local
density approximation, LDA) para el célculo de la densidad de estados y la estructura de bandas de la perovskita
doble Sr2HoNbO6. Para los célculos se considero el grupo Fmm (#225), experimentalmente obtenido a partir de
mediciones de difraccion de rayos X y del método de refinamiento de Rietveld. El parametro de red experimental
fue de 8.018 4, el cual concuerda en un 99,2 % con las predicciones teéricas efectuadas a partir de la minimizacion
de la energia mediante la ecuacion de estado de Murnaghan. A partir de mediciones de susceptibilidad magnética
en funcion de la temperatura y del ajuste con la ley de Curie, se obtuvo el valor del momento magnético efectivo
10,01 p,,. Este valor es muy cercano del esperado teéricamente a partir de las reglas de Hund (10,60 p,). La brecha
de energia determinada entre las bandas de valencia y de conduccion fue de 3,3 eV, lo que revela el caracter
aislante de la perovskita compleja Sr”2ZHoNbO6 para la configuracion de espin hacia arriba, en tanto que se observo
el caracter semiconductor para la polarizacion de espin hacia abajo, con una brecha de energia de 0,77 eV. Las
propiedades termodindmicas se calcularon a partir de la ecuacion de estado usando el modelo cuasi-armonico de
Debye. Un comportamiento del calor especifico, con C, =C,, se encontr6 a temperaturas inferiores a T =500 K, con
valores del limite de Dulong-Petit que doblaban los que se han reportado para materiales del tipo de la perovskita.
© 2018. Acad. Colomb. Cienc. Ex. Fis. Nat.
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Introduction

Perovskite materials (SHNO) represent a great percentage
of systems which are actually investigated by the physics
and chemistry of solids. In general, perovskites is repre-
sented by the ideal formula ABX,, where A is an alkaline
earth element, B represents a transition metal or rare earth
element and X, usually is the oxygen (Hazen, 1988). The
modifications of atomic radii of A and B introduce structural
distortions and new crystalline phases while inclusions of
rare earth elements give the possibility to produce materials
with exotic electric and magnetic properties (Kruth &
West, 2001; Llamosa, et al., 2009). Partial substitutions
of the A and B cations give rise to complex materials such
as the double perovskites with generic formula A,.BB’O
(Triana, ef al., 2012) and other more complex perovskites
(Moreno, et al., 2008). Its chemical configuration offers
multiple chances to combine different elements, as well as
the possibility to synthesize new materials involving a great
variety of physical properties. Depending on magnetic and
electric characteristics of B and B’ it is relatively easy to
create new perovskite systems with half-metallic properties
(Erten, et al., 2011), magnetoelectric response (Molegraaf,
et al., 2009) or magnetic ordering (Lee & Marianetti, 2018),
which offer promissory perspectives in the new field of
spintronics technology (Pilo, et al., 2017). In this paper, we
propose the synthesis and characterization of the Sr,HoNbO,
ceramic material. We describe the crystalline structure of
this double perovskite and perform morphological, mag-
netic, and electronic analyses. Furthermore, we present
the results of our measurements of the magnetic response
as a function of temperature. Moreover, considering that in
recent years the density functional theory (DFT) has become
a good tool to study electronic properties in perovskite-like
material (Bonilla, et al, 2008; Landinez-Téllez, et al.,
2013), we conducted a study of the electronic properties of
these materials in order to establish the type of hybridiza-
tion between the orbitals of HoO, and NbO, octahedra
present in the structure. This calculation is the greatest moti-
vation of this work and the experimental corroboration of
the theoretical predictions with regard to the energy gap.
Experiments. Samples of SHNO were prepared by the
solid-state reaction technique. Stoichiometric ratios of pre-
cursor powders SrCO,, Ho,O,, and Nb,O, (purity 99,90%)
were finely ground and thoroughly mixed. The precursor
powder was calcined at 1100 °C for 148 h in ambient
atmosphere. Then, the calcined mixture was again crushed,
finely ground and pressed at 6 ton/cm? pressures to form
a disc (10 mm diameter, 2 mm thickness). This disc was
sintered at 1300 °C for 17 h and furnace-cooled to room
temperature. The structural characterization was carried
out by analyzing the X-ray diffraction (XRD) data obtained
from a Panalytical® X-Pert PRO MPD diffractometer
(CuKa=1,540598 A). Refinements of the experimental
data were performed through the GSAS code. The XRD
pattern of the sample was recorded for crystallographic
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phase characterization. The morphological characterization
of samples was systematically effectuated from scanning
electron microscopy (SEM), by using VEGA 3 equipment.
The field cooling measurement of the magnetic suscepti-
bility as a function of temperature was carried out with an
MPMS® Quantum Design SQUID.

Theoretical calculations. We used the Wien2k program
(Blaha, et al., 2001) within the framework of the Kohn-Sham
Density Functional Theory (DFT) (Hohenberg & Khon,
1964; Khon & Sham, 1965), applied the Full-Potential
Linear Augmented Plane Wave method (FP-LAPW) and
adopted the Generalized Gradient (GGA) approximation
for the exchange-correlation energy (Perdew, et al, 1996).
The self-consistent process in the numeric package Wien2k
allows the total energy calculation for constituent elements
and alloys. Taking the experimental unit cell data as input,
all the structures studied in this work were fully relaxed with
respect to their lattice parameters and the internal degrees
of freedom compatible with the space group symmetry of
the crystal structure. The resulting energies versus volume
functions were fitted to the equation of state by Murnaghan
(Murnaghan, 1944) in order to obtain de minimum energy
value, the bulk modulus, its pressure derivative and the
equilibrium lattice parameters and associated volume.
The muffin-tin radius of the elements was 2,5; 2,19; 1,8
and 1,6 (in u.a.) Sr, Ho, Nb and O, respectively, angular
momentum up to 1 = 10 inside the muffin-tin sphere, a
maximum vector in the reciprocal space of Gmax =12.0,
R, =8, and a mesh of 1500 points in the first Brillouin zone
(equivalent to a maximum of 56 k points in the irreducible
Brillouin zone). Finally, the convergence criteria for the self-
consistent calculation were 0.0001 Ry for the total energies,
0.0005 u.a. in the charge and 1.0 mRy/u.a. in the internal
forces. Spin polarization was included in the calculations.
The thermal expansion of the crystal by the dependence
of volume and the temperature on equilibrium, the Debye
temperature, the specific heat at constant volume and the
pressure, as well as the Griineisen parameter as a function of
temperature, were predicted from the Debye quasi-harmonic
model (Blanco, et al., 2004; Deluque-Toro, et al., 2018).

Results and discussion

Crystalline structure. Figure la shows the XRD pattern
for the SHNO material, which consists of strong peaks
characteristic of a primitive cubic perovskite plus a few
weak line reflections arising from the super-lattice resulting
in the crystallization of this material in a cubic double
perovskite Fmm space group (#225) (Howard, et al., 2003;
Madueiio, et al., 2006). No evidence of distortions from
the cubic symmetry was observed in the XRD pattern. The
basic perovskite composition is ABO,, where A is a large
ion suitable for the 12-coordinated cube-octahedral sites and
B is a smaller ion suitable for the 6-coordinated octahedral
site (Lufaso, ef al., 2006). Cubic complex perovskite with
mixed species on a site (particularly the B site) may be
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Figure 1. a) XRD pattern for the complex perovskite Sr,HoNbO,. Symbols represent experimental diffraction data and the base line is
the difference between experimental and simulated patterns (continuous line). b) Structure of the Sr,HoNbO, cubic complex perovskite

constructed from the Rietveld refinement of XRD experimental data.

represented by multiples of this formula unit and a larger
unit cell, e.g., A BB’O, (Corredor, ef al.,, 2011). Thus, in
the SHNO composition, the Sr*? with the largest ionic
radius (1,13 A) occupies position A of the cubic complex
perovskite, Ho"™ (ionic radius 0,97 A) and Nb** (ionic radius
0,70 A) cations occupy the B and B’ positions. The ionic radii
were calculated by using the SPuDs software (Triana, et al.,
2011). Due to the ordering of B and B’ on the octahedral
site of the ABO, unit cell, there is a doubling in the lattice
parameter on the basic cubic-perovskite unit-cell. Thus, the
whole XRD pattern of SHNO can be indexed in the A,BB’O,
cubic structure with the cell edge a=2a , where a_represents
the cell lattice of the cubic perovskite. The presence of the
superstructure reflection lines (311), (531), (533) and (551)
in the XRD pattern of SHNO is the signature of an ordered
cubic complex perovskite structure. In a substitutional solid
solution A,BB’O,, there is a random arrangement of B and B’
on equivalent lattice positions in the crystal structure. Upon
stable heat treatment, the random solid solution rearranges
into a structure in which B and B’ occupy the same set of
positions but in a regular way; such a structure is described
as a superstructure (Howard, et al., 2003).

In the superstructure, the position occupied by B and
B’ are no longer equivalent and this feature is exhibited in
the XRD pattern of the material by the presence of super-
structure reflection lines. For a double cubic perovskite of
the formula A,BB’O, the intensity, in particular, the (111)
superstructure reflection is proportional to the difference
in the scattering power of the B and B’ atoms, when all the
atoms are situated in the ideal position (Howard, et al.,
2003). A disordered arrangement of B and B’ should result
in zero intensity. Therefore, Ho** and Nb*® cation ordering in
SHNO in B and B’ positions is clearly distinguished by the
presence of the significant intensity of (311), (531), (533) and
(551) superstructural reflection lines. The lattice parameter
of SHNO, obtained from the XRD data, was a=8,018(0) A.

In the study and description of crystallographic structures,
the concept of “positions” is fundamental (Wondratschek,
2006). The so-called Wyckoff positions for this structure
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were experimentally determined to be Sr**=8c, Ho’'=4a,
Nb**=4b, and O=24e. In this notation, a, b, ¢, and e are the
Wyckoff letters that determine all the points x for which the
site-symmetry groups are conjugate subgroups of the Fmm
(Deluque-Toro, ef al., 2014). These letters constitute just
a coding frame for the Wyckoff positions starting with “a”
at the bottom position and continuing in alphabetical order
(Wondratschek, 2006). The number of equivalent points per
unit cell, which accompanies the letter of Wyckoff, is known
as the multiplicity of the Wyckoff position and is related to
the possible coordinates. In the case of the Fmm (#225)
space group, the Wyckoff letter “a” has multiplicity value of
4 and the coordinate is (0,0,0). In the same way, “b” coordi-
nate is (%2,0,0) and its multiplicity is 4. On the other hand, “c”
has a multiplicity of 8 and its coordinate is (%4,%,"4). Finally,
“e” has a multiplicity of 24, with coordinate (0,2678, 0, 0).

The tolerance factor calculated from the experimental
data is 1=0.9232, which is in accordance with expected
regime values for the cubic perovskite structures (Triana,
et al., 2015). From the refinement analysis, the octahedral
distribution in the structure of the Sr,HoNbO, material was
constructed as shown in Figure 1b where the structure of
the SHNO double perovskite constructed from the data
of Rietveld refinement is shown. As expected from the
discussion above, the cationic ordering of the Ho** and Nb**
in the B and B’ sites of the cubic double perovskite can be
observed clearly. On the other hand, no tilting or rotation
of the HoO, and NbO, octahedra is observed in the perfect
cubic structure.

Microgranular morphology. The Secondary Electrons
Image in Figure 2 for the SHNO reveals a qualitative
approximation to the surface microstructure.

Strongly coupled particles are observed in the surface
morphology, which is a characteristic of good sinterization
in the polycrystalline sample. The picture evidences the
formation of micrometric clusters of nanometric grains. It is
clear that the grains could end up having a few tens of nm,
forming groups with the appearance of clusters of several sizes
in pm. The particle size D was calculated using the Scherrer
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equation, which is based on the widening of the maximum
intensity peak of the XRD pattern due to the particle size
exclusively, and defined by the ratio D=K)\/B(8)cos, where
K is the Scherrer constant given by k=2 |22, 3~1,540598
A is the radiation length and B(0)=A(26) represents the half-
widening of the diffraction profile. The calculated particle
size for the SHNO was D=83,2 nm. As D depends on the
nucleation and growth rate, then, the value obtained for the
SHNO material is attributed to the decomposition reaction
toward oxides, which may be responsible of the refinement
of the particle size D. Given that the solid-state reaction
destroys the original morphologies of the precursor oxides,
fine particles with similar size distributions can be obtained.
These fine particles might be combined once and again to
form agglomerates with size distributions as shown in figure
2. Since the increase of the annealing temperature or the
sintering time increases the particle size D of the material,
the grain morphology changes from the common plate-like
form observed in ceramics to a spherical-like form.

Magnetic response. The magnetic properties of SHNO
have been investigated by measuring the DC magnetic
susceptibility in the temperature range from 50 to 300 K
and on the application of a 500 Oe magnetic field intensity.
Figure 3 shows the temperature dependence of the inverse
of the DC magnetic susceptibility as a function of tempera-
ture for SHNO.

The magnetic susceptibility data in this figure can
be well fitted with the Curie law: y = y, + C/T, where
C=N ,uﬁff/ 3kg is the Curie constant, N is Avogadros’s
number, s is the effective magnetic moment (uy = Poyits),
represents the effective Bohr magneton number, p; is the
Bohr magneton, k; is the Boltzmann constant, and %, is the
temperature independent susceptibility term. The value for
this term is ¥, = 0.00945 emu/mol.Oe. The Curie constant,
estimated from the fitting in figure 3, is C = 12.55892 emu.K/
mol.Oe. The effective magnetic moment due to the Ho**
ion, calculated from the Curie constant, is ;= 10.01x5.
This value corresponds 94.4% with the expected P, =
g[J(J + D]* for an isolated Ho™ cation with a 4{''5d%s?
configuration, calculated by Hund’s rule, where g represents
the Landé factor and J=S+L, S and L being the spin and
orbital angular momenta. This difference may be attributed
to the crystal field effects of the trivalent Ho™ cation, which
explain the magnetic susceptibility in SHNO.

Electronic structure. In order to obtain the most accu-
rate results for the theoretical calculations of the density of
states, we determined the optimal lattice parameters corre-
sponding to the minimal energy value. Figure 4a shows the
energy as a function of volume and the respective fitting to
the Murnaghan state equation (Murnaghan, 1944). Each
one of the points constitutes an individual calculation and
the line corresponds to a fitting with the Murnaghan state
equation, carried out by using the concept of the least-square
fitting method (Murnaghan, 1944). The minimum of the
energy was obtained for -46521,912456 Ry, the equilibrium
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Figure 2. Surface microstructure of the SHNO material
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Figure 3. Inverse DC magnetic susceptibility as a function of
temperature for SHNO (data points) and Curie fitting of the
paramagnetic characteristic (solid line)

volume was 529,147244 A3, and the volume modulus,
B, = 137,6 GPa. The theoretical value of the lattice para-
meter was 8,088 A, which is 99,2% in agreement with the
experimental result.

Figure 4b shows the band structure for both spin up and
spin down configurations. E=0 eV corresponds to the Fermi
level. It can be seen that these materials evidence insulator
behavior with gap energy through the Fermi level from -1,3
eV up to 2,1 eV (width: 3,3 eV) for the spin-up orientation.
On the other hand, for the spin-down configuration, this
energy gap remains with a particular characteristic: Two
isolated bands appear for E=0 ¢V and E=1,1 eV. In order to
clarify the electronic structure of this material close to the
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Fermi level, we calculated the density of the states taking
into account the angular momenta and spin polarization. As
exemplified in Figure Sa, there is no substantial contribu-
tion of the Sr?* orbitals in any of the bands, the valence or
the conduction near the Fermi level. Likewise, their orbitals
in the conduction band occur above E = 2,5 ¢V and reveal
very low density values. It is clear from the results that the
greatest contribution of the electronic states in the valence
band is due to the 2p-O orbitals close to de Fermi level
for both spin-up and spin-down polarizations. These states
correspond to the bands located in the regime of energies
between -5,4 eV and -1,3 eV and they define the value of
the energy gap in the valence band. Moreover, as observed
in Figure 5b, it is remarkable that the 4d-Nb orbitals are
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the biggest contributors to the states corresponding to the
valence band above E=2,5 eV for the spin-up and spin-down
configurations. As expected, for the characteristic of the non-
magnetic material, the 4d-Nb** orbitals remain in a low spin
configuration, so no deg states in the conduction band next to
the Fermi level nor any of the available states in this regime
are of the dlzg type. These states delimit the gap energy in the
conduction band and their distribution is the reason why the
effective magnetic moment is due solely to the contribution
of the electrons 4f-Ho**.

Finally, as shown in Figure Sc, the greatest contribution
of states to the valence band was attributed to the 4f-Ho
orbitals for the spin-down polarization, while there were no
states available in this band for the spin-up orientation. An

Figure 4. a) Minimization of the total energy as a function of volume for Sr,HoNbO, considering the Fmm space group. b) Band structure

calculated for the Sr,HoNbO, by considering electronic polarization

Figure 4. a) Minimization of the total energy as a function of volume for Sr,HoNbO, considering the Fmm space group. b) Band structure

calculated for the Sr,HoNbO, by considering electronic polarization
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interesting and unusual feature is observed near the Fermi
level for the 4f-Ho orbitals in the spin-down configuration;
just on the Fermi level, between -0.2 eV and 0.1 ¢V, and
above the Fermi level, between 0.9 eV and 1.3 eV, there are
two peaks with high densities of states and short energies
amid the energy gap. The magnetic moment obtained from
the asymmetry of the calculated spin-up and spin-down
density of states around the Fermi level was calculated to
be 4,0 p,. This value corresponds to 40% when compared
to that expected from the Hund’s rules for the isolated
Ho** cation (Kittel, 1997). This circumstance is attributed
to the exchange and correlation potential applied, which
do not contain corrections due to the existence of 4d-Nb
orbitals. Our results are consistent with a recent report of
GGA calculations for this material, with exactly the same
magnetic moment value of 4,0 p, attributed mostly to
the contribution of the 4f-Ho*" orbitals and an insulating
behavior determined from calculations of the band structure
and the density of states (Khandy & Gupta, 2018).
Thermodynamical properties. We analyzed the effects
of temperature and pressure on the thermodynamic proper-
ties of the SHNO material from the state equation under the
considerations of the quasi-harmonic approximation of the
Debye model as presented below. Figure 6 shows the results
of specific heat at constant volume, C, (a), and at constant
pressures, C, (b), as functions of temperature. As can be
seen in the figures, the temperature was varied between 0
K and 1500 K for eight applied pressure values, from 0 to

250 | Dulong-Petit limit ' ' : ;
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Figure 6. Specific heat C_ (a) and Cp (b) calculated by using the
quasi-harmonic Debye model for the SHNO material from the
Murnaghan state equation.
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35 GPa. Figure 7 shows that below T=500 K for all applied
pressure values, C ~C,. In Figure 6(a) the trend of specific
heat towards the Dulong-Petit limit, which is the specific heat
value independent of temperature, is clearer than in Figure
6(b). As the temperature increases from this Dulong-Petit
limit value, each of the atoms in the material absorbs the same
amount of energy proportional to this temperature increase.
In Figure 7 we present the results of the calculations of
the Debye temperature (a), the thermal expansion (b), and
the Griineisen coefficient (c) as functions of the tempera-
ture. We calculated the dependence of ® (T) (as a function of
temperature) plotting isobar curves as shown in Figure 7(a).
The result in Figure 7(a) shows that the Debye tempera-
ture increased substantially with increasing pressure, from
494.33 K for P =0 GPa to 692.87 K for P=35 GPa (at T=0
K), because as the pressure increases, all the velocities of
the elastic waves also increase gradually and their increase
directly affects the Debye temperature. Likewise, a mild non-
linear decreasing behavior of ® (T) can be observed with
increasing temperature for applied pressures. This decrease
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Figure 7. Debye temperature (a), thermal expansion coefficient
(b), and Griineisen coefficient (c) for the SHNO calculated by the
application of the quasi-harmonic Debye model
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in the Debye temperature as a function of temperature is
characteristic of perovskite-type materials (Anderson, 1998).
Interpreting the Debye temperature as the highest tempera-
ture that can be achieved as a result of a single normal
vibration, it can be argued that the effect of pressure is the
increase of cation-anion vibration frequencies while the
effect of temperature is the expansive distortion of the struc-
ture, increasing the wavelength of the vibrations, decreasing
the frequency and, consequently, the Debye temperature.

Figure 7(b) shows the dependence of the thermal expan-
sion coefficient, a, with temperature and pressure. In the
figure, o(T) decreases drastically with increasing pressure.
On the other hand, it can be seen that at low temperatures
(between 0 K and 300 K) o(T) grows rapidly with tem-
perature, and above 300 K it grows smoothly, following
an approximately linear behavior. In spite of the SHNO
cubic structure, its perovskite-type character confers it an
anisometric structure and, therefore, very great differences
of the thermal expansion must be present along the different
crystallographic directions. This behavior can be associated
with the structural distortions to which the perovskite-
type materials are sensitive because both temperature and
pressure can give rise to inclinations and/or rotations of the
HoO, and NbO, octahedrons, elongation of the structure in
certain crystallographic directions, and eventual contrac-
tions in other directions.

Thus, the type of response in oT) is associated with
the type of distortion or transition occurring because of the
application of temperature and pressure to the material. This
circumstance could slightly divert any experimental results
with respect to the theoretical result of Figure 7(b). On the
other hand, the relatively low value of o(T) is characteristic
of ceramic materials (Dedova, et al., 2016).

There was an aspect that we did not consider in the
calculations: as the temperature increases, structural phase
transitions can occur and the material could lose its cubic
structure. Finally, the Griineisen parameter, shown in Figure
7(c), shows a gradual decrease with the increase in applied
pressure (for example, from 2.10 for P=0 GPa to 1.80 for
P=35 GPa, at T=0 K). This behavior was observed for all
the temperatures considered in the calculations. On the
other hand, the Griineisen coefficient exhibited a smooth
and non-linear increase as temperature increased. These
characteristics, observed in the Griineisen parameter as
a function of pressure and temperature, are related to the
alteration in the vibration frequency of a crystalline lattice
according to the discussion presented above in relation to
the coefficient of thermal expansion (Kim, ef al, 2017).

Conclusions

We obtained Sr,HoNbO, samples with a double cubic
structure (Fmm space group) using the solid state reaction
technique. Rietveld refinement of the XRD experimental
data showed the occurrence of a superstructure with the
presence of Ho* and Nb** cations interspersed along the
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crystallographic axes of the cell. The theoretical lattice
parameters calculated from the minimization of energy
with respect to the cell volume were in agreement with the
experimental values determined by the Rietveld refinement
of the XRD patterns. SEM images revealed the micrometric
character of the granular surface with evidence of clusters
constituted by nanometric crystallites. The measurements of
magnetic susceptibility as a function of temperature indicated
the paramagnetic feature of this complex perovskite material.
The effective magnetic moment obtained from the Curie
analysis of the paramagnetic behavior in curves of magnetic
susceptibility as a function of temperature was 94,4% in
agreement with the expected effective magnetic moment
calculated from Hund rules. Calculations of the band and
electronic structures suggest that this material behaves as
an insulator for both spin-up and spin-down polarizations,
with a gap energy of E=3,3 eV. On the other hand, an
anomaly due to the 4f-Ho orbitals took place for the spin-
down configuration, and two intra-bands with high states/eV
and a localized energy regime were observed in the middle
of the gap. For this spin polarization, the band structure
suggests that this material behaves as a semiconductor. The
calculations of the thermodynamic properties from the state
equation by means of the quasi-harmonic approximation of
the Debye model showed that the effects of the interatomic
vibrations gave rise to a specific heat that decreases with
the applied pressure and evidenced a Dulong-Petit limit
relatively high (240,63 J/mol.K) compared to other results
reported for simple perovskite-type materials. Likewise,
we conclude that C, =C,, mainly due to the low value of the
coefficient of thermal expansion. The Debye temperature
showed an increasing dependence on the pressure and a
decreasing one with the temperature. By contrast, both the
coefficient of thermal expansion and the Griineisen para-
meter decreased with the pressure and increased slightly as
a function of temperature. Except for the high specificity of
the Dulong-Petit heat value, the behavior observed in the
thermodynamic properties was, in general, characteristic
of the perovskite-like ceramic materials. We emphasize
that the thermodynamic properties depend fundamentally
on the value of the Griineisen parameter, which is very
sensitive both to the numerical errors in the derivation and
to the smoothness of the energy equation. For this reason,
it would be highly advisable to obtain experimental results
of the thermodynamic properties in order to establish more
objectively the microscopic mechanisms that originate them.
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