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Tetravalent terbium perovskites, BaTbO; and SrTbQ;, were prepared, and their magnetic susceptibili-
ties and electron paramagnetic resonance (EPR) spectra were measured. Both the compounds showed
antiferromagnetic transitions at 32.7 and 30.5 K, respectively. The effective magnetic moment of
terbium is 7.96 uy, which is very close to the theoretical value of the Tb** ion. The EPR spectra could
be measured at room temperature. The spectra were broad and the g-values of BaTbO; and SrTbO;
were 2.00 and 1.97, respectively. These results also show that the oxidation state of terbium is not
trivalent, but tetravalent. The deviation of the g-value from 2.00 for SrTbQO; is due to the large crystal

field distortion from octahedral symmetry around the terbium ion.

Introduction

The most stable oxidation state of rare-
earth elements is trivalent. In addition to
this state, cerium, praseodymium, and ter-
bium have the tetravalent state (/). As a
result, these elements form a series of oxide
phases between M,0; and MO, (M :rare
earth). However, the preparative condition
of terbium dioxide TbO, is very severe (2).

Mixed metal oxides ABO; with perovskite
structure are known to incorporate various
kinds of tetravalent metal ions at the B site
of the crystals. Although many of the transi-
tion elements at the B site form perfect or
nearly perfect cubic perovskite structures
(3), the rare-earth ions are too large to stabi-
lize the structure, and instead develop dis-
torted perovskite structures. On the barium
terbate BaTbO;, Kemmler-Sack et al. re-
ported that it crystallizes in an orthorhom-
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bically distorted perovskite structure and
contains also trivalent terbium ions from the
results of the optical and magnetic investiga-
tions (4). Jacobson et al. showed that
BaTbO, is thombohedrally distorted from
the powder neutron diffraction (5) and found
the antiferromagnetic ordering below 37 K
(6). On the contrary, Yoshimura et al. re-
ported that the lattice symmetry of this
BaTbO; is orthorhombic P,,,, (7).

In this study, we prepared two tetravalent
terbium perovskites, BaTbO; and SrTbO;.
The samples were characterized by CuKa
X-ray diffraction. The magnetic susceptibil-
ities and electron paramagnetic resonance
(EPR) spectra were measured to elucidate
the magnetic properties and the oxidation
state of terbium in the compounds. In both
compounds, magnetic exchange interac-
tions were found. To clarify the nature of
these interactions, solid solutions of
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BaTbO, and diamagnetic BaCeO, were pre-
pared and their magnetic susceptibilities and
EPR spectra were measured.

Experimental

[. Preparation

BaThO,. As the starting materials, BaCO;
and Tb,0; were used. The Tb,0, was re-
duced to the stoichiometric Tb,0; by heat-
ing in a flow of hydrogen gas at 1000°C for 8
hr. The BaTbO, was prepared by repeatedly
grinding mixtures of BaCO, and Tb,0; in
the correct stoichiometric metal ratio and
firing them in a flow of oxygen gas to 1300°C.
Since the BaTbO; loses a few oxygens at
high temperatures and is reoxidized to the
stoichiometric composition during cooling
(8), the sample was kept at 1000°C for 48
hr and cooled to room temperature in the
furnace.

SrThO, . As the starting materials, SrCO,
and Tb,0, were used. Preparation proce-
dures were the same as in the case of
BaTbO;.

BaTbh,_,Ce,0;. As the starting materials,
BaCO;, Tb,0;, and CeO, were used. Before
use, CeO, was heated in air at 850°C to re-
move any moisture and oxidized to the stoi-
chiometric composition. The BaCO;,
Tb,0;, and CeO, were weighed in the cor-
rect metal ratios (y = 0.05, 0.10, 0.15,
———, and 0.40), and well mixed. The heating
procedures were the same as in the case of
BaTbO;. After cooling to room tempera-
ture, the samples were crushed into powder,
re-pressed into pellets, and heated under the
same conditions to make the reaction com-
plete.

2. Analysis

An X-ray diffraction analysis was per-
formed with CuKa radiation on a Philips
PW 1390 diffractometer equipped with a
curved graphite monochromator. The lat-
tice parameters of the samples were deter-
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mined by a least-squares method. The oxy-
gen concentrations of the samples were
determined from the weight change during
heating.

3. Magnetic Susceptibility Measurement

The magnetic susceptibility was mea-
sured by a Faraday-type torsion balance in
the temperature range between 4.2 K and
room temperature. The apparatus was cali-
brated with a Manganese Tutton’s salt (x,
= 10,980 x 10~¢/(T + 0.7)). The tempera-
ture of the sample was measured by a ‘‘nor-
mal” Ag vs Au-0.07 at%Fe thermocouple
(4.2 ~ 40 K) (9) and Au—Co vs Cu thermo-
couple (10 K ~ room temperature). Details
of the experimental procedure have been
described elsewhere (10).

4. Electron Paramagnetic Resonance
Measurement

The EPR measurements were carried out
at room temperature using a JEOL 2XG
spectrometer operating at 9.107 GHz with
100 kHz field modulation. The magnetic
field was swept from 100 to 12,000 G. Before
measuring the specimen, a blank was re-
corded to eliminate the possibility of inter-
ference by the background resonance of the
cavity and/or sample tube. The magnetic
field was monitored with a proton NMR
gaussmeter, and the microwave frequency
was measured with a frequency counter.

Results and Discussion

All of the reflections observed by X-ray
powder diffraction for the BaTbO; were in-
dexed using an orthorhombic cell and indi-
cated a single phase. The lattice parameters
refined by the least-squares method are
listed in Table 1. Although the crystal struc-
ture of SrTbO; was not determined, all the
diffraction lines have been indexed in the
orthorhombic system. The lattice parame-
ters of SrTbO, are also listed in Table I.
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TABLE 1
LATTICE PARAMETERS OF BaTbO; AND SrTbO;

Parameters of the

Parameters of the perovskite cell

Compounds true cell (A) dimensions (A)

a' = 6.0440 a=c= 42799
BaTbO, b’ = 6.0615 b = 4.2709

¢' = 8.5417 B = 90.17°

a’ = 5.8903 a =c = 4.1851
SrTbO; b' = 5.9467 b = 4.1723

¢’ = 8.3445 B = 90.55°

Note. Accuracy +£0.001 A and +0.02°.

Details of both the crystal structures will
be described elsewhere (11). From X-ray
powder diffraction analysis, the orthorhom-
bic solid solutions of BaTbO, and BaCeO,
were found to be formed in a single phase.
The compounds and solid solutions pre-
pared in this study are listed in Table II. The
results of the oxygen analysis indicate that
in view of the error limits for this analysis,
the specimens prepared in this study are
considered to have entirely ideal perovskite
stoichiometry and therefore we use the for-
mula ABO; to describe our samples.

TABLE II
MAGNETIC PARAMETERS FOR BaTb,_,Ce, 0,
AND SrTbO,

Heff 6 I

Compounds (up) X) (K)
BaTbO, 14 7.96 ~54.8 32.7
BaTb0‘95ceo_0503.m| 7.96 —-52.9 30.6
BaTb0.90Ceo'1003.023 7.91 -51.3 28.0
BaTb0'85ceoll503.017 7.94 —-47.7 26.0
BaTbO‘soceoAzoolozs 7.95 —-45.1 —
BaTb0'75CCOA25O3'001 7.94 —43.5 —
BaTbojoceo'}oolo}O 7.94 —38.2 —
BaTb0'65Ceo'3503_023 7.91 —35.5 -—_
BaTbO.wCeo‘wolozg 7.91 —33.3 —_
BaTby 4;Cep.0005.000 7.94 2.2 —
SrTbO; g7 7.96 -52.5 30.5
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Fi1G. 1. Temperature dependence of reciprocal mag-
netic susceptibilities of BaTbO, and SrTbO;.

Figure 1 shows the temperature depen-
dence of reciprocal magnetic susceptibility
for BaTbO,. At 32.7 K, an antiferromag-
netic transition was found. Tofield et al. (6)
also reported the similar transition at 37 K,
although neither the magnetic transition be-
havior nor the transition temperature were
clear in their reciprocal magnetic suscepti-
bility vs temperature curve. As shown in
Fig. 1, the antiferromagnetic transition mea-
sured in this study is very clear. The temper-
ature dependence of the susceptibility
above 60 K follows the Curie-Weiss law
with the Weiss constant 8 = —54.8 K. The
effective magnetic moment of Tb** ion is
7.96 g, which is very close to the theoreti-
cal effective magnetic momeit (7.94 up) for
the 47 ion under the Russel-Saunders’ cou-
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Fic. 2. EPR spectra of BaTbO;, SrTbO,, and
BaTbg ¢ Cey.400;.

pling scheme. This result indicates that the
oxidation state of terbium is +4. If the oxi-
dation state of terbium were +3 (the elec-
tronic structure of which is [Xel4f?), the
effective magnetic moment should be 9.72
wp . The large Weiss constant (8) shows the
existence of magnetic exchange interactions
at lower temperatures. When the Tb*" ions
are replaced by diamagnetic Ce** ions and
diluted completely, the Weiss constant
should approach zero and the effective mag-
netic moment should be 7.94 ;. The experi-
mental results on the magnetic susceptibility
of BaTb,,Ce(40; (the Weiss constant of
which is 2.2 K and the moment of Tb** is
7.94 ug) accord with this expectation. The
temperature dependence of reciprocal mag-
netic susceptibility for Sr'TbO; is shown in
Fig. 1. SrTbO, also shows the antiferromag-
netic transition at 30.5 K. Above 60 K, the
susceptibility follows the Curie-Weiss law
(Mer = 7.96 g, 6 = —52.5 K).

It is well known that the EPR spectra for
rare-earth ions can be measured only at very
low temperatures because of the rapid
spin-lattice relaxation (/2). However, the
situation is different for the rare-earth ions
with half-filled f shell such as Gd**, Eu?*,
or Tb** because the ground states of them
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are S-states. So, if the oxidation state of
terbium is tetravalent (the electronic con-
figuration is [Xel]4f7), the EPR spectrum
should be observed. Figure 2 shows the EPR
spectrum measured at room temperature.
The observation of this spectrum strongly
indicates that the oxidation state of terbium
is not trivalent but tetravalent, because it is
usually impossible to observe an EPR spec-
trum for a non-Kramers ion such as Tb3*
(4f%%). The spectrum is very broad and the
linewidth is 1160 G. The g-value is 2.00,
which also supports, that the oxidation of
terbium is tetravalent, because the ions with
4f7 configuration give the g-value (very near
to0) 2.00 (12). The EPR spectrum for SrTbO,
is also depicted in Fig. 2. The EPR spectrum

BaTb,-,Ce,05
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FiG. 3. Magnetic susceptibilities of BaTb,_,Ce, O,
(y = 0~ 0.30) at low temperatures.
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FiG. 4. Variation of Ty with cerium concentra-
tion, y.

becomes broader and the g-value departs
from 2.00 and is 1.97, which is the result
of the crystal-field effect on the magnetic
properties. The crystal structures of
BaTbO, and SrTbO; are orthorhombic. In
the true crystallographic cell, there are four
distorted perovskite pseudo-cells (13). They
are monoclinic and their cell parameters are
given in the right column of Table 1. For
SrTbO;, the distortion from ideal perovskite
structure (B value) is larger, i.e., the crystal-
field distortion from octahedral symmetry
around terbium ion is greater, which re-
sulted in the deviation of g-value from 2.00.

To clarify the nature of magnetic interac-
tions between terbium ions, solid solutions
of BaTbO, diluted with diamagnetic BaCeO;
were prepared and their magnetic suscepti-
bilities and EPR spectra were measured.
The susceptibility data are listed in Table I1.
Figure 3 shows the temperature dependence
of magnetic susceptibility at low tempera-
tures. As expected, the magnetic interac-
tions between terbium ions were weakened
and the Néel temperatures were lowered.
For BaTb, g, Ce, 5005 solid solution, the anti-
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ferromagnetic transition was no longer
found. In the range of this experiment, the
Néel temperatures (Ty) decreased linearly
with decreasing terbium concentration (Fig.
4), which is in accordance with the theory
of magnetic dilution, but the critical concen-
tration at which the antiferromagnetic disap-
pears was not determined. With increasing
cerium concentration, the EPR spectra were
weakened and more broadened. As an ex-
ample, the EPR spectrum of BaTbg,
Ceq 4005 is shown in Fig. 2. The line width
is 1500 G, but the g-value remains g = 2.00.
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