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Abstract. We demonstrated crystal structures, magnetic, thermodynamic and optical
properties of the B-site substituted perovskite oxides Ba2Pr(Bi1−x,Sbx) O6 (x=0, 0.1 and
0.2). Polycrystalline samples of Sb-substituted Ba2PrBiO6 were prepared with the conventional
solid-state reaction technique. The X-ray diffraction data revealed that the polycrystalline
samples are an almost single phase with a monoclinic structure (C2/m). Substitution of
smaller Sb ion at Bi site causes a monotonic decrease in both the lattice parameters and volume.
Magnetization measurements at high temperatures above 200 K show that the effective magnetic
moment is estimated to be around 3.15 µB , which is close to that for Pr3+ion. The X-ray
photoemission spectroscopy analysis revealed that a prominent peak of Pr3+ is dominant with
a smaller shoulder structure of Pr4+. A Schottky-like anomaly observed in the low-temperature
specific heat measurement is explained by low-lying splitting of Pr ions under the crystal field
effect. Optical spectra were measured using a diffuse-reflectance method. The band gaps were
estimated from the optical data to be 0.977 eV and 1.073 eV, at x=0 and 0.2, respectively. The
effect of band gap opening due to Sb substitution is examined by using the density functional
theory.

1. Introduction
A large number of double perovskite oxides A2B

′
B

′′
O6 have been widely studied due to

their attractive physical properties and potential applications[1, 2]. Some of semiconducting
A2B

′
B

′′
O6 compounds exhibit photocatalytic properties such as hydrogen generation by water

splitting and are taken as alternative materials for TiO2 oxide [3]. In particular, Ba2PrBiO6

compound has been shown to possess high photocatalytic activity, which is probably related
to the valence mixing[4, 5]. A previous study on the magnetic states of Ba2PrBiO6 compound
suggests an anomalous valence situation for Pr ions.[6] The complicated ground states of rare
earth ions such as Pr ion under the crystal field effect remain open question, not only in the
physical properties of the double perovskite compound, but also in the view point of physics of
4f electron systems.

There are significant factors such as charge and size differences between B
′
and B

′′
sites, to

determine the B-site ordering of the double perovskite oxide[7]. Increase in lattice strain and/or
increase in the electrostatic repulsion overcome the entropy contribution toward disordering,
causing the alternate arrangement. For A2+

2 B
′3+B

′′5+O6 composition, the B sites tend to oder

http://creativecommons.org/licenses/by/3.0
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with increasing the ion size difference �rB = rB′ − rB′′ . If �rB > 0.2 Å, it is well known that
the B sites of the compounds are almost ordered alternately in the all crystallographic axes[7].
In Ba2+2 Pr3+Bi5+O6 compound, the B-site ionic radius difference �rB = 0.23 Å meets the above
condition, suggesting the B-site ordering. (rB′ (Pr3+)=0.99 Å and rB′′ (Bi5+)=0.76 Å.[8] ) The
density functional theory based calculation reveals the band structure and its associated orbital
states of this compound, and predicts the stability of crystal structures of B site ordered states.

In this paper, we investigate crystal structures, magnetic, thermodynamic and optical
properties of the Ba2Pr(Bi1−x,Sbx) O6 compounds (x=0, 0.1 and 0.2), to determine the physical
properties of B-site substituted double perovskite oxide. For comparison, the physical properties
of the B

′
site substituted Ba2LaBiO6 compound without magnetic ions are examined.
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Figure 1. (a)X-ray diffraction patterns
of the parent Ba2PrBiO6 compound.
The (101) peak in the inset corresponds
to one of typical Miller indexes of B-
site ordered double-perovskite structure.
The calculated curve was obtained by
using the lattice parameters. (b)The
lattice parameters and volume as a
function of Sb content.
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Figure 2. (a)Inverse magnetic suscep-
tibilities (χ−1) for Ba2Pr(Bi1−x,Sbx)O6

(x=0, 0.1 and 0.2). (b)the XPS spectrum
of Pr 3d core level emission for the par-
ent sample. The dashed line corresponds
to a peak position in the Pr3+ standard
Pr2O3 spectrum. The arrow represents
the Pr4+ standard peak position.

2. Experiment
Polycrystalline samples of Sb-substituted Ba2PrBiO6 were prepared with the conventional solid-
state reaction technique. Stoichiometric mixtures of BaCO3, Pr6O11, Bi2O3, and Sb2O3 powders
were ground, sintered in air at 800-900 ◦C for 2 days with intermediate grindings, and pressed into
pellets. The pellet samples were annealed in air at 1000 ◦C for 4 days. The X-ray diffraction data
revealed that the polycrystalline samples are an almost single phase with a monoclinic structure
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(C2/m). For the parent Ba2PrBiO6, the lattice parameters are a = 6.2038Å, b = 6.1689Å,
c = 8.7011Åand β = 89.7303◦, which are in fair agreement with those reported by a previous
study[6]. The emergence of (101) reflection indicates B-cation ordering which is characteristic
of B-site ordered double-perovskite structure. Substitution of smaller Sb5+ (0.60 Å) ion at
Bi5+ (0.76 Å) site causes a monotonic decrease in both the lattice parameters and volume as
shown in Fig.1 (b). The dc magnetization was conducted at a magnetic field of 1 T under the
zero-field cooling process using a superconducting quantum interference device magnetometer
(MPMS,Quantum Design). X-ray photoemission spectroscopy (XPS) measurements for Pr 3d
core-level emission were performed in a VG ESCALAB MkII spectrometer by using MgKα X-
ray irradiation (1254 eV). Specific heat measurements were conducted by a thermal relaxation
method using a physical property measuring system (PPMS,Quantum Design). Optical spectra
were measured by using a diffuse-reflectance method with a spectrophotometer (Hitachi U-3500)
and BaSO4 was used as the reference material. Optical band gaps for the powder samples were
evaluated from reflectance spectral data using the conventional Kubelka-Munk functions[6, 9]
. We calculated the band structure of Ba2PrBiO6 by using the density functional theory as
implemented in the code VASP.

3. Results and Discussion
The inverse magnetic susceptibilities (χ−1)for Ba2Pr(Bi1−x,Sbx)O6 (x=0, 0.1 and 0.2) are shown
in Fig.2(a) as a function of temperature at a magnetic field of 1 T. In the Ba2LaBiO6 compound,
no magnetization signal was observed because of the absence of magnetic ions. From the
magnetization data at high temperatures above 200 K, we estimate the effective magnetic
moment according to the Curie-Weiss law. The value of effective magnetic moment μeff is
evaluated by using the following formula,

C = Nμ 2
effμ

2
B /3kB

where C, N , and μB denote the Curie constant, the number of magnetic atom per mol, and the
Bohr magneton, respectively. Performing the calculation, we obtained that μeff = 3.15 μB and
3.12 μB for the parent and Sb20% samples, respectively. These values are close to the effective
magnetic moment for the Pr3+ free ion (3.57μB). However, these findings do not exclude the
presence of Pr4+[5]. The XPS spectrum of Pr 3d core level for the parent sample is shown as a
function of the binding energy in Fig 2 (b). The XPS profile strongly suggests that a prominent
peak of Pr3+ is dominant at the specified binding energy values around 933 eV, followed by
a smaller shoulder structure of Pr4+ around 935 eV. The dashed line corresponds to a peak
position in the Pr3+ standard Pr2O3 spectrum. The arrow points to the Pr4+ standard PrO2

spectrum.
In Fig. 3(a), specific heats of the parent Ba2PrBiO6 and its related Ba2LaBiO6 compounds

are shown as a function of temperature between 2 and 300 K. In addition, we plot in Fig. 3(b)
low-temperature specific heat data of both the samples, C/T (Pr) and C/T (La). Applying the
Debye T 3 law to the low temperature data, we estimate the Debye temperature, θ=112 K for
Ba2LaBiO6. We assume that the lattice component in C/T of the parent sample is almost
equivalent to the values of C/T of the nonmagnetic Ba2LaBiO6 compound since both samples
share the same crystal structure. Thus, specific heat differences dC/T between both compounds
are taken as non lattice components of the parent sample. A Schottky-type specific heat with
two energy levels [10] is given by

CSch = kB(x/2)
2/cosh2(x/2) with x = �E/kBT.

When the crystal field splitting between the ground and low-lying excited states of this compound
is set to be �E =1.5 meV, we obtain a good agreement between the calculated curve and
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experimental data. Accordingly, we attribute the observed broad peak in C/T to the Schottky-
type specific heat anomaly.

0

100

200

300

400

500

0 50 100 150 200 250 300

C(La)
C(Pr)

T (K)

C
  (

J/
K

m
ol

)

(a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15 20 25 30

C/T (Pr)
 C/T (La)
dC/T
C/T sch

C
/T

  (
J/

K
2 m

ol
)

T(K)

(b)

Figure 3. (a)Specific heats of
the parent Ba2PrBiO6 and its re-
lated Ba2LaBiO6 compounds, C(Pr) and
C(La). (b) Low temperature specific
heats of both samples, C/T (Pr) and
C/T (La). Specific heat differences dC/T
in both compounds are also plotted.
Dashed curves represent the calculated
Schottky heat anomaly with �E =1.5
meV.
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Figure 4. Optical measurements on
Ba2Pr(Bi1−x,Sbx)O6 (x=0, 0.1 and 0.2)
powder samples. (a)Diffuse reflectance
spectra as a function of wave length
(b) Kubelka-Munk conversion of diffuse
reflectance spectra as a function of
photon energy. For the x=0 and x=0.2
samples, we evaluate Eg = 0.977± 0.023
eV and 1.073 ± 0.014 eV, respectively.
Straight lines denote the extrapolations
to estimate the band gaps using the
least squares method. For comparison,
we exhibit the optical data of the
Ba2LaBiO6 compound, giving Eg =
1.767 ± 0.028 eV.

For Ba2Pr(Bi1−x,Sbx)O6 (x=0, 0.1 and 0.2) powder samples, the diffuse reflectance spectra
are shown in Fig.4 (a) as a function of wave length. First, the observed reflectance data for the
powder samples are transformed to the absorption coefficient αKM by using the conventional
Kubelka-Munk function. Figure 4 (b) shows the square root of the absorption coefficient
(αKMεp)

1/2 as a function of photon energy εp. For the Kubelka-Munk conversion data near
the band edge, we extrapolate the tangent line to the εp axis and evaluate the optical band gaps
from the intersection according to the equation of

(αKMεp)
1/2 ∝ (εp − Eg)
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, where αKM , εp, and Eg are the absorption coefficient, photon energy, and band gap [4, 5]. We
estimate the values of band gaps to be Eg = 0.977 ± 0.023 eV at x = 0, 1.003 ± 0.025 eV at
x = 0.1 and 1.073± 0.014 eV at x = 0.2. For comparison, we also exhibit the optical data of the
Ba2LaBiO6 compound, resulting in Eg = 1.767± 0.028 eV. All band gaps are evaluated within
errors of plus or minus several percent.

The effect of the band gap opening by the atomic substitution is supported by our first-
principles electric structure calculation. We have calculated the band structure of Ba2PrBiO6

by using the density functional theory as implemented in the code VASP. The estimated band
gap energy of the parent Ba2PrBiO6 is around 0.5 eV as shown in Fig5 (a) , leading to an
underestimation in comparison to the experimental value. However, the band gap of Ba2PrSbO6

becomes 4.1 eV when we substitute Sb for Bi (Fig5 (b)). In addition, we obtain Eg=2.5 eV for the

Ba2LaBiO6 where B
′
site is replaced by La (not shown here). These results probably predict the

qualitative trends than the absolute values. The detailed analysis will be published elsewhere.
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Figure 5. Energy band structures and total density of states (DOS) calculated by the density
functional theory for (a) Ba2PrBiO6 and (b) Ba2PrSbO6 compounds. The band gaps are
estimated to to be∼ 0.5 eV and 4.1 eV, for the parent Ba2PrBiO6 and Sb substituted Ba2PrSbO6

compounds, respectively.
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4. Summary
We demonstrated crystal structures, magnetic, thermodynamic and optical properties of the
B-site substituted perovskite oxides Ba2Pr(Bi1−x,Sbx) O6 (x=0, 0.1 and 0.2). X-ray diffraction
data point to the B-site ordered double-perovskite structure, which is consist with previous
predictions based on the charge and ionic size differences. The magnetization and X-ray
photoemission spectroscopy measurements considerably indicate the existence of Pr3+, but do
not exclude the presence of Pr4+. The low temperature specific heat of the parent compound is
well described by the Schottky heat anomaly due to crystal field splitting of Pr ion with�E =1.5
meV. The values of the band gap are evaluated to be 0.977±0.023 eV and 1.073±0.014 eV at the
parent and Sb20% substituted samples, by using the conventional Kubelka-Munk function. The
effect of band gap opening due to Sb substitution was examined by using the density functional
theory.
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