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Barium uranate. BaUOy gy: . was prepared and its magnetic susceplibility was measured in the tempera-
lure range between 4.2 K and room temperature. X-ray dilTraction analysis showed it was an ideal
cubic perovskite. From the magnetic susceptibility measurements, it was found Lhat oxygen stoichio-
metric BaUO, shows the temperature-independent paramagnetism over the temperature range [rom
4.2 K to room temperature, which is in accord with the octahedral oxygen coordination around the

U** jon. The susceptibility of Ball;_,Th,0; was also measured.

Introduction

During fission of uranium, a variety of
fission products are formed, some of which
are accommodated in UO, fuel (/). Among
them, barium has a quite fow solubility into
UO. (2), becausc of its large ionic radius (3),
and forms various kinds of ternary oxides
(/).

In the Ba—U-0 compounds, we focus our
attention to the perovskite-type compound
BallO,. Previously many of the perovskite-
type compounds were thought to be ideally
cubic. Actually, most of them are distorted
tetragonally, rhombohedrally, or ortho-
rhombically (4). For example, even calcium
titanate CaTiOQ,, the mineral perovskite, is
orthorhombically distorted (3). In this pa-
per, we prepared BaUO, and studied its
structure through X-ray diffraction and
magnetic susceptibility measurements. We
also prepared BaU,_,Th, O, compounds, in
which some diamagnetic thorium ions sub-
stitute for uranium ions, and measured their
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magnetic susceptibilities to clucidate the
electronic state of U** in the BaUO,;.

Experimental

I. Preparation

U0;. Uranium precipitates were formed
by adding hydrogen peroxide into nitric acid
solution of UO,(NO,), - 6H,0. Uranium tri-
oxide (UQ,) was prepared by heating them
in air at 400°C,

Bal/Oy. BaUQ, was preparced by the fol-
towing reactions:

UO3 + BHCO3—) B::I.UO4 + COz, (I)
BHUO4 + Hz—) BaUO3 + Hzo. (2)

The UO; and BaCO; were weighed, first in
the metal ratio U:Ba = 1:1.02. Since no
significant evaporation of barium was found
under following experimental conditions,
we then weighed the UQ; and BaCO; in
the stoichiometric metal ratio. They were
intimately mixed in an agate mortar and then
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pressed into peliet. The pellet was fired in
air at 850°C. After cooling to room tempera-
ture, the product was crushed, ground, and
repressed into pellet followed by firing,
BalUQ, was obtained by repeated mixing
and firing. BaUQ; was prepared by the re-
duction of this BaUO, in a flowing hydrogen
atmosphere at 1400°C for 8 hr. The purity
of hydrogen gas used was more than 99.9%.
Because a slight oxygen nonstoichiometry
was found in this BaUO,, we repeated the
preparation of BaUQ, five times to confirm
this nonstoichiometry.

BalU,_ Th,0,. We avoided the traditional
synthesis method of a complex oxide from
solid binary oxides, or from oxides and car-
bonates, becausc once perovskite BaUO,
and BaThQ, were formed, solid-state diffu-
sion of uranium and thorium into these sub-
stances would be very slow. Instead, this
type of solid solutions was prepared by
evaporating dilute nitric acid solutions of
mixtures of Ba(NO,),, UO,{NO;}), - 6H,0,
and Th(NO,),-4H,O and heating mixtures
of them in a flowing hydrogen atmosphere
at 1400°C for 5 hr. After cooling to room
temperature, the specimen was ¢rushed into
powder, ground well, pressed into pellets,
and reduced under the same conditions.

2. Analysis

X-ray diffraction analysis. An X-ray dif-
fraction study was performed with CuKe
radiation on a Philips PW 1390 diffrac-
tometer equipped with a curved graphite
monochromator. The diffraction measure-
ments were carried out not only by the con-
tinuous scanning in the range of 10° = 26 <
140°, but also by the step scanning in which
the step width of the angle is 0.02°. The
lartice parameter was determined by a least-
squares method.

Determination of oxygen amount. The
oxygen nonstoichiometry in the barium ura-
nate was determined by the back-titration
method (6, 7}; 20 ~ 30 mg of the sample
was weighed out and dissolved in excess
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cerium(I1V) sulfate solution. The cerium(IV}
sulfate solution was standardized in ad-
vance with stoichiometric UO,. The excess
cerium(IV) was titrated against a standard
iron{I1) ammonium sulfate solution with fer-
roin indicator. The oxygen amount was de-
termined for predetermined Ba/U ratio.

3. Magnetic Susceptibility Measurement

The magnetic susceptibility was mea-
sured with a Faraday-type torsion balance
in the 4.2-300 K temperature range. The
apparatus was calibrated with a Manganese
Tutton’s salt (x, = 10980 x 107 9/(T + 0.7)).
The temperature of the sample was mea-
sured by an Ag vs Au-0.07 at %oFe thermo-
couple (4.2 K ~ 40 K) (8) and an Au-Co vs
Cu thermocouple (10 K ~ room tempera-
ture). Details of the experimental procedure
have been described elsewhere (9).

Results and Discussion

The barium uranate prepared in this study
was a cubic single phase, i.¢., all of the peaks
observed by X-ray powder diffraction were
indexed using a cubic cell. Special care was
taken to verify the absence of small line split-
tings of Akl lines due to tetragonal, rhombo-
hedral, or orthorhombic distortion. For ex-
ample, splittings of each of (22 0), (2 2 2),
and (4 0 0) lines into two or three lines were
not found. The lattice parameter of this cubic
perovskite (space group: Pmlm) is
4.4075(10) A. From the chemical analysis of
the oxygen concentration, the specimen pre-
pared inthis study was found to be nearly ox-
ygen stoichiometric, BaUO; ;. Recently
Barrett er al. (10) reported that BaUO; 5, was
orthorhombically distorted. This distortion
is probably due to the large excess oxygen.
Infact, Williams et af. (1 /) have reported that
X-ray powder diffraction Debye—Scherrer
filmfor BaUO,; , was indexed as single cubic,
although several weak noncubic lines were
found for a film of Ba, oqUQ; 5. We tried to
prepare exactly oxygen-stoichiometric bar-
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Fic. 1. Temperature dependence of magnetic suscep-
tibility for BaUOj; ;. For comparisoen, susceptibilities
for UO, and KUQ, are also shown.

ium uranate several times. However, the
specimens prepared were slightly oxygen-
excess.

InBaUQ,, the U** ionshaveanoctahedral
arrangement of nearest-neighbor oxygens,
with U-O distances of 2.204 A. Figure 1
shows the temperature dependence of mag-
netic susceptibility for the Bal(y,,, pre-
pared in this study. With increasing tempera-
ture, the susceptibility decreases. However,
the susceptibilities above 60 K are almost
constant. Tocompare this behavior, the tem-
perature dependence of magnetic suscepti-
bilities for U0, and KU, is also shown in
Fig. 1. In UQ,, the central U** ion is sur-
rounded by eight oxygen ions with cubic
symmetry. An antiferromagnetic transition
is found at 30.8 K (/2). On the other hand,
KUO; is isostructural with BaUQ,, i.e., cu-
bic perovskite, and shows a paramagnetic
behaviordownto 4.2 K(/3). Figure 2 shows
the variation of susceptibility of BalUO; g
with reciprocal temperature, 1/T. From the
extrapolation of 1/Tto 0, we get the tempera-
ture-independent paramagnetic susceptibil-
ity, xpip = 1110 x 107¢ (emu/mole). Similar
temperature-independent  paramagnetism
has been found for the actinide ions with
[Rn]5f? electronic configuration in octahe-
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dral crystal field (/4). The ground state of
U** ion is the *H, state, the degeneracy of
which is nine. In octahedral symmetry, the
T, crystal field level (a singlet) is lowest with
T, (atriplet) as the first excited state. The sin-
glet I', can have no temperature-dependent
(first-order) magnetism, but does interact
with the T, level to give a temperature-inde-
pendent term (second order). Then there will
be a range of temperature for which the com-
pound will exhibit only temperature-inde-
pendent paramagnetism. This susceptibility
is given by the equation

_ 40Ngp?

IAE 3)

where AFE is the energy gap between the Ty
and I'; levels. By subtracting this tempera-
turc independent susceptibility from the
susceptibility data measured here, the tem-
perature-dependent susceptibility is  ob-
tained (which could be expressed by the
equationy = 0.0138/(T + 1.5)). This means
that due to excess oxygens, some of the U**
ions are oxidized not to the US* state, but
to the U™t state, because the U%* ions are
diamagnetic. From its variation as a func-
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Fia. 2. Magnetic susceptibility for BaUQj; »; versus
reciprocal temperature.
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F1G. 3. Temperature dependence of magnetic suscep-

tibility for Bal,_,Th,0;.

tion of temperature, the effective magnetic
moment of U*" is obtained to be 2.00 uy.
This moment is often found for the U** in
octahedral crystal field (/5).

To confirm the oxygen coordination
around the U** ion in BaUO,, magnetic sus-
ceptibility measurements were carried out
for BaU,_,Th,O; solid solutions (y = 0.8,
0.9) in which diamagnetic Th'* ions substi-
tute for the U4 jons. The temperature de-
pendence of their magnetic susceptibilities
is shown in Fig. 3. They show normal para-
magnetic behavior, i.e., the susceptibility
increases with decreasing temperature.
With increasing thorium concentration (y
value), the temperature dependence of mag-
netic susceptibility becomes greater. The re-
sults of X-ray diffraction analysis show that
these solid solutions are no longer simple
cubic, i.e., not all the peaks obscrved by
the X-ray powder diffraction were indexed
using a cubie cell. This means the coordina-
tion symmetry of oxygens around uranium
ion is no longer octahedral. From these, it
15 concluded that the large temperature-
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independent paramagnetic susceptibility
found for BaUQ, is the result of the octahe-
dral coordination around U**. The magni-
tude of the temperature-independent para-
magnetism for BaUO; is about half of that
for (NH,),UCl,, for example (/6). This
means that the crystal field strength for
BaUQ, is larger than that for (NH,),UCl,,
which results in the encrgy gap between the
ground and the first excited energy levels
being larger in the former compound than in
the latter compound (see Eq. (3)).
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