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Structural and magnetic properties of the complex perovskite oxide Ba2HoHfO5.5

J. Albino Aguiar, D. A. Landinez Tellez, Y. P. Yadava, and J. M. Ferreira
Departamento de Fı´sica, Universidade Federal de Pernambuco, 50670-901 Recife, PE, Brazil

~Received 22 September 1997!

The complex cubic perovskite oxide Ba2HoHfO5.5 in the Ho-Ba-Hf-O rare-earth based oxide system has
been prepared by a solid-state reaction process. Powder x-ray-diffraction studies show that Ba2HoHfO5.5 has an
A2BB8O6 complex cubic perovskite structure. The x-ray-diffraction spectrum of single-phase Ba2HoHfO5.5

consists of strong peaks characteristics of a primitive cubicABO3 perovskite plus a few weak reflection lines
arising from the superlattice. The presence of significant intensities of superstructure reflections in the x-ray
spectrum of Ba2HoHfO5.5 acts as a signature for an ordered complex cubic perovskite oxide. Based on the
doubling of primitiveABO3 cubic perovskite unit cells, the lattice parameter of Ba2HoHfO5.5 calculated from
the experimental x-ray diffraction isa58.316 Å. The real part of the ac magnetic susceptibility of
Ba2HoHfO5.5, measured in the temperature range 5 to 300 K shows a Curie-Weiss behavior. Using a Curie-
Weiss law fitting we obtain an effective magnetic moment per Ho31 ion in Ba2HoHfO5.5 of 9.33mB . This
value is approximately 10% less than the spin-only moment (10.60mB) expected for an isolated Ho ion.
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I. INTRODUCTION

Because of their varied structure and composition, per
skite materials have attracted intense research interes
many applied and fundamental areas of solid-state scie
and advanced materials research. Earlier works in 1950,
the 1960’s1–3 identified a large group of materials whic
have basic perovskite structure or a small distortion of t
structure. These complex perovskite oxides generally h
the formulaA2BB8O6 or A3B2B8O9 and result from the or-
dering of B and B8 cations on the octahedral sites of th
basic perovskite unit cell. Due to the increased complexity
the unit cell, a large variety of such materials are poss
and hence a more continuous progression of lattice par
eters can be produced. In recent years, complex perov
oxides have been investigated as possible substrate mat
for films of high-Tc superconductors,4–9 which are based on
perovskite structure. The increased flexibility in the latti
parameter constant of complex cubic perovskite oxides
able a better match of the substrate lattice parameter to
of the high-Tc superconductor film. In view of these consi
erations, in the course of our research program on the de
opment of new substrates for high-Tc superconductors, we
have synthesized a rare-earth complex perovskite o
Ba2HoHfO5.5, in the rare-earth-based Ho-Ba-Hf-O oxid
system using a solid-state synthesis process. As deta
structural knowledge such as crystal structure and su
structural ordering phenomenon in such complex cubic p
ovskite oxides is important for understanding the electro
behavior as well as to evaluate their potential candidatur
a substrate material for high-Tc superconductor films, we
have carried out a structural study of Ba2HoHfO5.5 using
powder x-ray diffraction~XRD!. We, have also studied mag
netic properties of this material by measuring the ac m
netic susceptibility in the temperature range 5–300 K.

II. EXPERIMENTAL DETAILS

Holmium barium hafnate Ba2HoHfO5.5 in the Ho-Ba-
Hf-O system was synthesized using a solid-state reac
PRB 580163-1829/98/58~5!/2454~4!/$15.00
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process. Stoichiometric ratio of high purity constitue
chemicals~purity 99.99%! Ho2O3, BaCO3, and HfO2 were
thoroughly mixed in an agate mortar and the mixed pow
was dried for 6 h at atemperature of 200 °C. Dried powde
was compacted as a circular disc~diameter of 10 mm and
thickness of 1–2 mm! and calcined at a temperature
1100 °C for 40 h in ambient atmosphere. The calcined m
terial was cooled down slowly to room temperature a
again finely powdered using an agate mortar. Finally, grou
calcined powder was compacted at a pressure of 5 ton/2

in the form of a circular disc and sintered at 1200 °C f
various durations of time~40–60 h! in ambient atmosphere
The sintered materials were slowly cooled down to roo
temperature. At all stages of the calcination and sintering
processed material was examined by powder x-ray diffr
tion ~XRD!. The XRD spectra were recorded at room te
perature by a Siemens D-5000 x-ray diffractometer using
Ka radiation (l51.5406 Å). Magnetic properties of th
Ba2HoHfO5.5 were investigated in the temperature range
300 K by measuring the ac magnetic susceptibility in zero

FIG. 1. X-ray spectrum of Ba2HoHfO5.5, ~a! sintered at
1200 °C for 40 h and~b! sintered at 1200 °C for 60 h.
2454 © 1998 The American Physical Society
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FIG. 2. X-ray-diffraction spectra of single
phase Ba2HoHfO5.5 with t52.5 seg and step5
0.01.
a
gn
ic

i
f
i

ta

D

c
a
ak
fo
D

e
-
e

d
.,

he

el

D

by

In a
-

al
olid

ruc-
, the
d
ial

-
of
he

en-

the
c

applied magnetic field, at a frequency of 31 Hz and with
ac field amplitude of 3 Oe, using a Quantum Desi
~MPMS-5S! superconducting quantum interference dev
~SQUID! magnetometer.

III. RESULTS AND DISCUSSION

A powder x-ray-diffraction spectrum of Ba2HoHfO5.5 sin-
tered at 1200 °C for 40 h and 1200 °C for 60 h are shown
Figs. 1~a! and 1~b!, respectively. The XRD spectra o
Ba2HoHfO5.5 sintered at 1200 °C for 40 h shows a predom
nant cubic perovskite phase and we were able to ob
single-phase Ba2HoHfO5.5 with complex cubic perovskite
structure only by sintering at 1200 °C for 60 h. The XR
spectra of single-phase Ba2HoHfO5.5 for 2u between 5 and
100 degrees, taken at a slow scanning time of 2.5 se
shown in Fig. 2. It consists of strong peaks which are ch
acteristics of a primitive cubic perovskite plus a few we
line reflections arising from the superlattice. No evidence
a distortion from the cubic symmetry is observed in the XR
spectrum. The basic perovskite composition isABO3, where
A is a large ion suitable to the 12-coordinated cub
octahedral sites andB is a smaller ion suitable to the 6
coordinated octahedral site. Complex perovskite with mix
species on a site~particularly theB site! may be represente
by multiples of this formula unit and a larger unit cell, e.g
A2BB8O6, A3B2B8O9 , etc.7 Thus in the Ba2HoHfO5.5 com-
position, Ba1 with the largest ionic radius~1.34 Å! occupies
position A, Ho31 ~ionic radius 0.894 Å! and Hf41 ~ionic
radius 0.78 Å! cations occupy theB andB8 positions in the
B site due to their smaller ionic radii compared to that of t
Ba21 cation. Due to the ordering ofB and B8 on the octa-
hedral site of theABO3 unit cell there is a doubling in the
lattice parameter of the basic cubic perovskite unit c
Thus, the whole XRD pattern of Ba2HoHfO5.5 can be in-
dexed in aA2BB8O6 cubic cell with the cell edgea52ap
whereap is the cell lattice of the cubic perovskite. The XR
spectrum of Ba2HoHfO5.5 is similar toA2BB8O6-type com-
plex cubic perovskite oxides, e.g., YBa2NbO6, ErBa2SbO6,
DyBa2NbO6, etc., reported in the JCPDS file, as judged
the similarity ind spacings and intensity ratios.
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The presence of the superstructure reflection lines~111!
and ~311! in the XRD spectrum of Ba2HoHfO5.5 is the sig-
nature of an ordered complex cubic perovskite structure.
substitutional solid solutionBB8, there is a random arrange
ment ofB andB8 on equivalent lattice positions in the cryst
structure. It upon sutable heat treatment, the random s
solution rearranges into a structure in whichB andB8 occupy
the same set of positions but in a regular way, such a st
ture is described as superstructure. In the superstructure
positions occupied byB andB8 are no longer equivalent an
this feature is exhibited in the XRD spectrum of the mater
by the presence of superstructure reflection lines.10

For a double cubic perovskite of the formulaA2BB8O6
the intensity, in particular of the~111! superstructure reflec
tion, is proportional to the difference in scattering power
the B and B8 atoms, when all the atoms are situated in t
ideal position.11 A disordered arrangement ofB and B8
should result in zero intensity. Therefore Ho31 and Hf41

cation ordering in Ba2HoHfO5.5 in B and B8 positions is
clearly distinguished by the presence of the significant int
sity of ~111! and ~311! superstructural reflection lines.

Based on above discussion we have now indexed
XRD peaks of Ba2HoHfO5.5 as an ordered complex cubi

TABLE I. X-ray-diffraction data of Ba2HoHfO5.5.

2u d ~Å! I /I 0 hkl

21.702 4.0916 6.42 111
24.420 3.6421 9.73 200
30.648 2.9147 100.00 220
34.231 2.6174 4.55 311
43.701 2.0696 31.26 400
48.981 1.8581 6.00 420
54.078 1.6944 30.64 422
63.259 1.4688 11.18 440
71.715 1.3150 15.32 620
79.693 1.2022 4.76 444
87.511 1.1138 13.87 642
95.078 1.0441 4.10 800
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perovskite withA2BB8O6 crystal structure. XRD data o
Ba2HoHfO5.5 obtained from the XRD spectrum are tabulat
in Table I. The lattice parameter of Ba2HoHfO5.5, calculated
from the experimental XRD data isaexp58.316 Å.

For A2BB8O6 materials, based on the ionic radii as giv
in Shannon and Prewitt12 and using a hard sphere approx
mation, an average value of the lattice parameteracal can be
calculated theoretically, using the relations

aA52~RA1RO!3~221/2!, ~1!

aB5RB1RB812RO, ~2!

and

acal5~aA1aB!/2, ~3!

whereRA , RB , RB8, andRO are the ionic radii ofA, B, B8
cations, respectively, and anion oxygen.aA and aB are the
calculated lattice parameter, based onA andB cations,acal is
the average calculated lattice parameter. Using relations~1!–
~3!, we obtained an average value of 8.075 Å for the latt

FIG. 3. Crystal structure diagram of Ba2HoHfO5.5.

FIG. 4. Real part of the ac magnetic susceptibility versus te
perature curve for Ba2HoHfO5.5.
e

constantacal of Ba2HoHfO5.5, which is 2.98% smaller than
the experimental valueaexp58.316 Å. Similar differences
have been observed in experimental and theoretical value
lattice parameter in some otherA2BB8O6 type perovskite
oxides such as YBa2NbO6 and DyBa2SbO6. Taking into ac-
count the doubling of the basic perovskite unit cell, the co
plex cubic perovskite crystalline structure of Ba2HoHfO5.5 is
represented in Fig. 3.

Though Ba2HoHfO5.5 hasA2BB8O6 structure, taking into
account the valence of 41 for Hf, the chemical formula of
this compound is written as Ba2HoHfO5.5 according to the
chemical reaction

2BaCO310.5Ho2O31HfO2→HoBa2HfO5.51CO2. ~4!

In Fig. 4 we show the temperature dependence of the
part of the ac magnetic susceptibility for Ba2HoHfO5.5 mea-
sured in zero dc applied magnetic field, at a frequency of
Hz and with an ac field amplitude of 3 Oe. The magne
susceptibility of Ba2HoHfO5.5 agrees well with the Curie
Weiss law

x5x01C/~T2up!, ~5!

where C is the Curie constant@C5N(meff)
2/3kB#, N is

Avogadro’s number,meff is the effective magnetic momen
(meff5peffmB), peff is the effective Bohr magneton (mB)
number,kB is the Boltzmann constant,up is the paramag-
netic Curie temperature, andx0 is the temperature-
independent susceptibility term.

The magnetic parameters for Ho31 in Ba2HoHfO5.5, es-
timated from the Curie-Weiss law@Eq. ~5!# are given in
Table II. The value of the constant susceptibility termx0 is

TABLE II. Curie-Weiss parameters for Ho3 in Ba2HoHfO5.5,
determined from the magnetic ac susceptibility measurements.

C ~emu K/mol! up~K! x0 ~emu/mol! meff(mB)

10.848 23.781 7.3831023 9.33

-
FIG. 5. (x2x0)21 versus temperature curve for Ba2HoHfO5.5

with x057.3831023 emu/mol. The solid curve shows a fitte
Curie-Weiss line.



k

a
-
t

ol

n

a
th

ki
x-

m-
su-

y-

s a
of

ies
he

PRB 58 2457BRIEF REPORTS
7.3831023 emu/mol which may arise from the Van Vlec
paramagnetic contribution.

Figure 5 shows the reciprocal of the real part of the
magnetic susceptibility (x2x0)21 as a function of tempera
ture with (x057.3831023 emu/mol). The Curie Constan
C, estimated from the solid line in Fig. 5 isC510.848
emu K/mol, and the effective magnetic moment per H
mium ion calculated from this constant is 9.33mB which is
approximately 10% less than the spin-only mome
(10.60mB) expected for an isolated Ho31 ion. One possible
explanation for the discrepancy between the observed
theoretical values is the crystal field effects which screen
effective moment of the magnetic ion.

IV. CONCLUSIONS

In conclusion, we have synthesized a complex perovs
oxide Ba2HoHfO5.5 in the rare-earth-based Ho-Ba-Hf-O o
a-

t 1
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ide system. X-ray diffraction studies show that it has a co
plex cubic perovskite structure. Significant presence of
perstructure reflections~111! and~311! in the XRD spectrum
of Ba2HoHfO5.5 reveal that it is an orderedA2B2B8O6 com-
plex cubic perovskite material with lattice constanta
58.316 Å, calculated from the experimental x-ra
diffraction data. ac magnetic susceptibility of Ba2HoHfO5.5,
measured in the temperature range 5–300 K, exhibit
Curie-Weiss behavior. The effective magnetic moment
Ho31 ion in Ba2HoHfO5.5 9.33mB is approximately 10% less
than the spin-only moment (10.60mB) expected for an iso-
lated Ho31 ion.
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