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Abstract In this work, we report the synthesis of the Ba2DySbO6 new double per-
ovskite by means of the solid-state reaction recipe from high-purity oxide powders
of BaCO3, Dy2O3, and Sb2O5. The analysis of the crystal structure was carried out
through the X-ray diffraction technique with posterior Rietveld refinement of the
experimental diffraction data by the GSAS code. Results reveal that the Ba2DySbO6
material crystallizes in a rhombohedral perovskite structure, belonging to the R-3
(#148) space group with lattice parameter a = 5.96260(5) Å, and angle α = 60.008◦.
The magnetic characterization was performed by measurements of magnetic suscep-
tibility as a function of temperature. The behavior observed in the temperature regime
from 4K up to 300K was paramagnetic. The characteristic magnetic parameters were
obtained from the fitting with the Curie equation, obtaining the values of susceptibility
independent of temperature 0.00633emu/mol and effective magnetic moment 8.9µB,
which is 84% in agreement with the expected value predicted by the Hund’s rules. The
electronic structure was calculated by means of linearized augmented plane waves in
the framework of the density functional theory (DFT). This study considers the cohe-
sion energies as a function of the lattice parameter, with a lattice constant a, whose
value is 98% in agreement with the experimental result. Curves of density of states as
a function of the wave number reveal that this material behaves as an insulator with
energy gap 3.65eV. This result was corroborated by diffuse reflectance experiments
adjusted to the Kubelka–Munk equation. The effective magnetic moment obtained
from the DFT calculations was 7.7µB.
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1 Introduction

Ceramic materials represent a great percentage of systems which are actually inves-
tigated by the physics and chemistry of solids. Particularly, the perovskite family has
concentrated important attention in the last decades. From the point of view of chem-
ical composition, perovskites have been characterized by the ideal formula ABX3,
where A generally is an alkaline earth element, B represents a transition metal or rare
earth element, and X,more of times, is the oxygen [1].Modifications of atomic radii of
A and B, introduce structural distortions and new crystalline phases. Inclusions of rare
earth elements give the possibility to produce materials with exotic electric and mag-
netic properties [2,3]. Partial substitutions of the A and B cations give rise to complex
materials as the double perovskites A2BB′O6 [4]. Its chemical configuration supplies
multiple chances to combine different elements, generating the possibility to synthe-
size new materials, which involve 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 [5], magnetoelectric response [6], or
magnetic ordering [7], which offer promissory perspectives in the new spintronics
technology [8]. In recent years, Sb-based double perovskites have been synthesized
and studied due to their dielectric properties [9,10], nanostructure [11], and nanopar-
ticles [12], among others. In this paper we propose the synthesis and characterization
of Ba2DySbO6 ceramic material. We describe the crystalline structure of this double
perovskite and perform morphological, magnetic, and electronic analyses. Further-
more, we present results of measurements of the magnetic response as a function of
temperature. Moreover, considering that in recent years the density functional theory
(DFT) has constituted in a strong tool to study electronic properties in perovskite-like
material [13], we carried out a study of the electronic properties of these materials, in
order to establish the type of hybridization between the orbitals of DyO6 and SbO6
octahedra present in the structure. This calculation is the greatest motivation of this
work and the experimental corroboration of the theoretical predictions with regard
to the energy gap. Furthermore, a thorough analysis of the crystal structure for this
material has not been reported.

2 Experimental Setup

Samples were synthesized through the standard solid-state reaction recipe. Precur-
sor powders of Dy2O3, Sb2O5, and Ba2CO3 (Aldrich 99.9%) were stoichiometrically
mixed according to the chemical formula Ba2DySbO6. The mixture was ground to
form a pellet and annealed at 1000 ◦C for 30h. The samples were then regrinded,
repelletized, and sintered at 1100 ◦C for 40h and 1200 ◦C for 40h. X-ray diffraction
(XRD) experimentswere performed bymeans of a PW1710 diffractometerwithλCuKα

= 1.54064 Å. Rietveld refinement of the diffraction patterns was carried out by the
GSAS program [14]. Morphological studies were performed by means of scanning
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electron microscopy (SEM) experiments through the utilization of VEGA 3 equip-
ment. Field cooling measurements of the magnetic susceptibility as a function of
temperature were carried out by using an MPMS Quantum Design SQUID. Diffuse
reflectance experiments were performed by using a VARIANCary 5000 UV–Vis–NIR
spectrophotometer, which has an integration sphere with a PMT/Pbs detector.

3 Theoretical Calculations

In order to determine the electronic and band structures we applied the full-potential
linear augmented plane wave method (FP-LAPW) within the framework of the Kohn–
Sham DFT [15], and adopted the generalized gradient (GGA) approximation for the
exchange-correlation energy due to Perdew et al. [16]. The self-consistent process is
developed by the numeric package Wien2k [15]. Taking the experimental unit cell
data as input, the structure 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 func-
tions have been fitted to the equation of state due to Murnaghan [17] in order to
obtain the minimum energy value, the bulk modulus, its pressure derivative and the
equilibrium lattice parameters, and associated volume. The muffin-tin radiuses used
for Ba2DySbO6 were 2.20; 2.50; 2.12; and 1.82 for Ba, Dy, Sb, and O, respectively,
angular momentum up to l = 10 inside the muffin-tin sphere, a maximum vector in
the reciprocal space of Gmáx = 12.0, RMT*Kmax=7.0, and a mesh of 1000 points in
the first Brillouin zone (equivalent to a maximum of 250 k points in the irreducible
Brillouin zone). Finally, the convergence criterion for the self-consistent calculation
was 0.0001 Ry for the total energies, 0.0001 Bohr in the charge and 1.0 mRy/u.a. in
the internal forces. Spin polarization was included in the calculations.

4 Results and Discussion

Figure 1 shows the XRD patterns obtained for Ba2DySbO6. In the picture, black sym-
bols represent the experimental data and the line corresponds to simulated pattern by
means of GSAS code. Base line is the difference between theoretical and experimental
results. Refinement parameters of Fig. 1 were x2 = 1.613 and R(F2) = 6.04%. This
refinement is acceptable, considering that a good refinement is expected for parameters
x2 < 1.7 and R(F2) < 10%. From the Rietveld refinement it was established that these
materials crystallize in a rhombohedral perovskite structure, space group R-3 (#148).
The structural parameter obtained from the refinement was a = 5.96260(5) Å with
trigonal angle α = 59.9862◦ and tilt angle β = −8.6002◦. These results are 99.2%
in agreement with the theoretical values obtained from the Structure Prediction Diag-
nostic Software SPuDs [18], which predicts a = 6.0091 Å and α = 59.4417◦.

In these ceramic materials the explanation of distortion from the ideal cubic per-
ovskite structure is clear because the double perovskite have the generic formula
A2BB ′O6, and for this type of material the tolerance factor τ,is calculated by the ratio
τ = rA+rO√

2(
rB+rB′

2 +rO )
, where rA, rB, rB′ , and rOare the ionic radii of the A, B, B ′, and O
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Fig. 1 Characteristic XRD pattern for the Ba2DySbO6 double perovskite. Black symbols represent exper-
imental diffraction data, continuous lines are the simulated patterns, and base line is the difference between
experimental and calculated values (Color figure online)

Table 1 Atomic positions of cations and anions on the unit cell for Ba2DySbO6

Atom Wyckoff Site x y z

Ba 2c 0.250000 0.250000 0.250000

Dy 1a 0.000000 0.000000 0.000000

Sb 1a 0.500000 0.500000 0.500000

O1 6 f −0.223282 −0.278818 0.285163

ions, respectively. If τ is equal to unity, there is ideal cubic perovskite structure, and if
τ < 1 the structure is distorted from the cubic symmetry. The value of tolerance factor
obtained for the Ba2DySbO6 complex perovskite was 0.9771. The Wyckoff positions
obtained from the refinement analysis are presented in Table 1.

The corresponding structure of the Ba2DySbO6 material is showed in Fig. 2. In the
picture, it is observed that theDyO6 and SbO6 octahedra have not the same directions.
As showed in Fig. 2a and b, there is a difference between directions of the DyO6 and
SbO6 octahedra. The most important has to do with the nature of the rhombohedral
structure, since the trigonal angle α =59.4417◦ is quite far from 90◦ degrees corre-
sponding to the ideal cubic cell. Furthermore, the tilt of theDyO6 and SbO6 octahedra
occurs out of phase for an angle β = −8.5850◦, corresponding to the Glazer notation
a−a−a−, whose symmetry involves reflections, signaling odd–odd–odd reflections,
which is characterized by cationic ordering and simple octahedral tilting [19].
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Fig. 2 Rhombohedral structure of the Ba2DySbO6 complex perovskite, a ca-plane and b bc-plane (Color
figure online)

The structural distortions as tilting or rotation of the BO6 and B ′O6 octahedra in
A2BB′O6 double perovskites, with B or B′ magnetic cation, are usually responsible
for changes in the magnetic response such as irreversibility, frustration, and decrease
in value of the effective magnetic moment [20].

SEM images of thematerial shown in Fig. 3 reveal a qualitative approximation to the
surface microstructure. Picture (a) evidences the formation of clusters of polyhedral
grains and interstitial particulate grains. From picture (b) it is clear that the grains
could end up having a few tens of nanometer, forming groups which have appearance
of clusters of several micrometer sizes.

By applying the EDX microprobe of the VEGA3 TESCAN microscope, the per-
centages of the constituent elements of the material were obtained, as reported in
Table 2.

The values in Table 2 confirm that the material does not contain other elements
than those corresponding to the expected stoichiometry Ba2DySbO6. However, the
experimental result reveals an apparent low content of the oxygen anion against an
increase in the percentage of Ba, Dy, and Sb cations, which may be because the
resolution of the device is slightly affected because oxygen is a very light element
compared to the other constituents of the compound.

Measurements of magnetic susceptibility as a function of temperature on the
application of H = 50 Oe reveal the paramagnetic character of the Ba2DySbO6 com-
plex perovskite. Figure 4 shows the Curie fitting performed following the equation
χ = χ0 + (C/T ).

In the Curie equation, C = Nμ2
eff/(3KB) is the Curie constant, N is Avogadro’s

number, μeff is the effective magnetic moment (μeff = PeffµB), Peff represents the
effective Bohr magneton number,µB is the Bohr magneton, KB is the Boltzmann con-
stant, and μ0 = 0.00329 emu/mol is the temperature-independent susceptibility term.
From the Curie constant C the effective magnetic moments for Ba2DySbO6 mater-
ial was calculated to be 8.9µB. This value is 84% in agreement with the theoretical
expected moments obtained from the Hund’s rules [21]. The difference is attributed
to other magnetic effects due to the hybridization of the d-Sb and f-Dy orbital and
non-preferential spin orientations in the DyO6 and SbO6 octahedra due to structural
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Fig. 3 Granular topology of the
surface obtained from SEM
images for the Ba2DySbO6
perovskite-like material

Table 2 Compositional
percentages of elements for
Ba2DySbO6 obtained from
EDX

Element Theoretical % Experimental %

Ba 41.93 42.85

Gd 24.82 25.13

Sb 18.59 19.01

O 14.66 13.01

distortions. Furthermore, the slightly greater curvature of the fitting with respect to
the experimental data may have caused this difference. In the inset of Fig. 4, in which
the absolutely linear behavior of inverse susceptibility as a function of temperature is
illustrated, the purely paramagnetic character of the material is clearly observed. The
extrapolating 1/χ on the temperature axis falls in T = 0 K.
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Fig. 4 Magnetic behavior of Ba2DySbO6 material obtained from measurements of susceptibility as a
function of temperature. Red line corresponds to the fitting with the Curie equation (Color figure online)

Fig. 5 Spin-polarized band structure calculated for the Ba2DySbO6 double perovskite

Figure 5 shows the band structure for both up- and down-spin polarizations, i.e.,
the spin-up and spin-down occupation of the valence electrons in the energy levels
that characterize them. In the picture, E = 0 eV corresponds to the Fermi level. It
is observed that these materials evidence indirect semiconductor behavior with gap
energy through the Fermi level from −0.25eV up to 2.2eV (width 2.45eV) for the
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Fig. 6 Partial DOS with spin-up and -down polarizations for the Ba2DySbO6 double perovskite (Color
figure online)

spin-up polarization and between−0.02 and 0.53eV (width 0.55eV) for the spin-down
orientation.

The partial densities of states (DOS) for the Ba2DySbO6complex perovskite are
exemplified in Fig. 6. As in Fig. 5, the energy zero corresponds to the Fermi level
reference. It is important to elucidate that close the Fermi level there are contributions
due to the O-2p hybridizations but Dy-4f spin-up orbitals are responsible for priority
contributions. Very incipient contributions of Sb-3d states are observed. This behavior
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Fig. 7 a Diffuse reflectance results for the Ba2DySbO6 material. b Kubelka–Munk fitting (Color figure
online)

can be clearly seen in Figs. 5 and 6 in the energy range between −8.72 and −0.05eV.
Localized states attributed to Sb-3d, Ba-6s, andO-2p appear far the Fermi level, below
−9.00eV. On the other hand, in the conduction band, it is observed in Figs. 5 and 6
that available states are majority due to the Dy-4f spin-down orbitals with very small
contributions of the Sb-3d and O-2p spin-up and -down levels.

The magnetic moment of mixed charge density was calculated to be 7.7µB for
Ba2DySbO6. This value is relatively different from the value obtained experimentally.
However, an important element to be taken into account has to do with the clutter of
Dy and Sb cations in the structure of the double perovskite, which can not only distort
octahedra but also modify the magnetic response of the material.

Results of diffuse reflectance experiments are shown in Fig. 7. Reflectance values
were acquired at 1nm intervals over the 300–2500nm, as shown in Fig. 7a. The absorp-
tion of UV–Vis–NIR radiation reveals that the molecules of the Ba2DySbO6 material
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cause the excitation of electrons from the ground state to exited state which produces
electronic jumps between quantum levels. The quantum characteristics energy, which
depends on the electronic configuration, is calculated from the radiated energy. By
applying the Kubelta–Munk model, currently used to the measurement of the band
gap in powder samples, the respective band gap for the Ba2DySbO6 perovskite is
obtained as showed in Fig. 7b. It is observed in the picture that a spontaneous absorp-
tion appears for a wavelength of 1266nm, which generally is attributed to structural
defects or vacancies. From the adjustment to the Kubelka–Munk equation it was deter-
mined that the energy gap of the Ba2DySbO6 is 3.65eV, which is significantly greater
than the theoretic prediction given by the DOS calculations. It is important to note that
the cause of this difference may be related to the exchange-correlation potential used
in the calculations.

5 Conclusions

The Ba2DySbO6 complex has been synthesized by the solid-state reaction proce-
dure. A study of the crystalline and electronic structure was performed through the
FP-LAPW into the framework of the DFT. The results reveal that a rhombohedral
perovskite is the more stable structure with a lattice parameter 5.96260(5)Å. Close to
the Fermi level an energy gap of 2.45eV was observed for the spin-up polarization
and 0.55eV for the other, which permitted to classify this material as semiconductor.
The largest contribution to the effective magnetic moment, due to the Dy3+ cations,
evidenced a value of 7.7µB. The crystalline structure was experimentally determined
bymeans of measurements in a Panalytical XPert Pro XRDwith a Rietveld refinement
of the diffraction pattern through de GSAS code. Results are 99.2% in agreement with
those theoretically predicted. Measurements of magnetic susceptibility as a function
of temperature reveal the paramagnetic feature of this material. From the fitting with
the Curie law the effective magnetic moment was obtained to be 8.9µB, which is
slightly higher that the theoretical value for the Dy3+ isolated cation predicted by
μeff = g

√
J (J + 1), where g represents the Landé’s factor and J is the quantic num-

ber related to the 4 f electronic orbital. Experiments of diffuse reflectance and fittings
with the Kubelka–Munk equation permitted to obtain an energy gap of 3.65eV, which
is slightly greater than the theoretical value predicted by DFT because the exchange-
correlation potential utilized for our calculations.
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