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Studies on Magnetic Properties of UO,-CeO, Solid Solutions
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Magnetic susceptibilities of Ce,U,_,0,., (x g 0) solid solutions with fluorite structure were measured
from 4.2 K to room temperature. An antiferromagnetic transition was observed for the oxygen-stoi-
chiometric (x = 0) and deficient (x < 0) solid solutions with y values less than 0.40, The Néel
temperatures of oxygen-deficient solid sotutions are lower than those of oxygen-stoichiometric solid
solutions with the same y value, which indicates that the formation of oxygen vacancies results in
weakening the magnetic interactions between uranium ions. From the analysis of magnetic susceptibil-
ity data, it was found that some cerium ions are reduced to trivalent state for oxygen-deficient solid
solutions, while some uranium ions are oxidized to pentavalent state for oxygen-excessive solid

solutions. © 1988 Academic Press, Inc.

Introduction

It is well known that oxygen nonstoi-
chiometry exerts a strong effect on the ther-
modynamic behavior of oxide nuclear fu-
els. In uranium-plutonium mixed oxide
fuel, (U, Pu)O,.,, uranium is oxidized to a
higher oxidation state for oxygen-hyper-
stoichiometric compositions (x > 0), and
plutonium is said tc be reduced to the tri-
valent state for oxygen-hypostoichiometric
compositions (x < 0) (7). Because of the
similarity of cerium to plutonium in chemi-
cal properties, and because of the difficulty
in handling of plutonium, (U, Ce)O, solid
solutions have often been used as a substi-
tute for (U, Pu)O, solid solutions.

Uranium dioxide is a paramagnetic com-
pound with two unpaired 5f electrons and
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changes to the antiferromagnetic state be-
low the Néel temperature, Ty = 30.8 K (2).
The transition from paramagnetic to anti-
ferromagnetic state is first order and a
sharp step-like decline of the magnetic sus-
ceptibility has been observed as the tem-
perature is lowered through Tn. On the
other hand, cerium dioxide, CeO,, is dia-
magnetic. Therefore, the effect of oxygen
nonstoichiometry on UQ, and CeO, is con-
sidered to be very large, because the Néel
temperature of UO,.., is considerably low-
ered with increasing x value (3-5) and be-
cause oxygen-substoichiometric CeO,-, is
paramagnetic. Then, from the magnetic
susceptibility measurements, we can ex-
pect to obtain the information concerning
the electronic states of uranium and cerinm
tons in (U, Ce)O, solid solutions.

In this study, we prepared the solid solu-
tions with cubic fluorite structure, Ce, U -,
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0.5, with various x and y values, and mea-
sured their magnetic susceptibilities from
4.2 K to room temperature. By comparing
the results obtained here with those of oxy-
gen-stoichiometric (U, Ce)O, solid solu-
tions (x = 0) (6), the effect of oxygen non-
stoichiometry on magnetic properties of the
solid solutions was examined.

Experimental

1. Sample Preparation

UO; and CeO; were used as starting ma-
terials. Before use, UQ, was reduced to the
stoichiometric composition in flowing hy-
drogen at 1000°C, and CeO; was heated in
air at 850°C to remove any moisture.

The UQO, and CeO, were weighed to the
intended atom ratios of uranium and ce-
rium. After being finely ground in an agate
mortar, the mixtures were pressed into pel-
lets and then heated under one of the fol-
lowing three conditions:

Condition 1. Reaction in an evacuated
platinum ampoule with a volume of about
0.8 ml at 1500°C for >80 hr.

Condition II. Reaction in an induction
furnace in flowing hydrogen at 1500°C for
50 hr.

Condition III. Reaction in the induction
furnace in flowing unpurified helium at
1500°C for 50 hr.

After cooling to room temperature, the
samples were crushed into powder, re-
pressed, and reacted under the same condi-
tions as before to make the reaction com-
plete. These procedures were repeated
twice.

2. Analysis

2.1. X-ray diffraction analysis. An X-ray
diffraction study was performed with CuKa
radiation on a Philips PW-1390 diffrac-
tometer equipped with a curved graphite
monochromator.

2.2. Determination of oxygen amount.
Oxygen nonstoichiometry in the solid solu-
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tions was determined by the cerium back-
titration method (7, 8). A weighed sample
was dissolved in excess cerium(IV) sulfate
solution. The cerium(IV) sulfate solution
was standardized with stoichiometric UQO,.
The excess cerium(IV) was titrated against
a standard iron(II) ammonium sulfate solu-
tion with ferroin indicator. The amount of
oxygen was determined for each predeter-
mined Ce/U ratio.

3. Magnetic Susceptibility Measurement

Magnetic susceptibility was measured by
a Faraday-type torsion balance in the tem-
perature range from liquid helium tempera-
ture to room temperature. The apparatus
was calibrated using Mn-Tutton’s salt (x,
= 10,980 x 107%/(T + 0.7)) as a standard.
The temperature of the sample was mea-
sured by a ‘‘normal”’ Ag vs Au-0.07 at.%
Fe thermocouple (4.2 to 40 K) and an
Au-Co vs Cu thermocouple (10 K to room
temperature). Details of the experimental
procedure are described elsewhere (9).

Results and Discussion

1. X-Ray Diffraction and Oxygen
Nonstoichiometry

X-ray diffraction analysis showed that
cubic solid solutions with the fluorite struc-
ture were formed in single phase for all
specimens in this study. The determination
of oxygen in the solid solutions by the ce-
rium back-titration method showed that the
solid solutions prepared under Conditions
I, II, and III were nearly oxygen stoichio-
metric, oxygen deficient, and oxygen ex-
cessive, respectively. Several researchers
have reported that an oxygen-deficient
solid solution Ce,U;-,04, (x < 0) with y >
0.35 decomposes into two fluorite phases
(MO20 + MO,_,, where M = Ce + U)
below a certain temperature (/0-13). To
avoid phase separation, the specimens
were rapidly cooled in the induction fur-
nace after heating at 1500°C. In Table I are
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TABLE I
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MAGNETIC PARAMETERS OF Ce,U;_,0,,

SoLID SOLUTIONS

Mt TN Preparation
Solid solution (BM) (K) condition

Ceo,mU(moo1,996‘l 3.05 21.9 1
Ceo.10Uo%001.9m 3.04 20.0 Il
Ceolono‘sool‘gssa 3.01 17.0 1
Cen,mUo,mOLgm 3.01 13.0 11
Ceo':;gUg_mO] 357“ 2 98 12. 9 1
Ceo.30U0.7001 963 2.97 10.9 II
Ceg.40U0.6001.987° 2.92 — 1
Ceo.40U0.6001 946 2.91 — II
Ceo.40U0.6002.157 2.47 — 111
Ceq.50Uo0.50U1.9% 2.95 — I
Ceo.50U0.5002.033 2.70 — 111
Ceq50U0.5002.075 2.51 — 111
Ceo50Uo.5002.112 2.18 — III

2 Data for these solid solutions are given in Ref. (6).

listed the solid solutions prepared in the
present experiments together with mag-
netic data.

2. Magnetic Susceptibility

We already reported the magnetic sus-
ceptibilities of oxygen-stoichiometric Ce,
U,-,0; solid solutions with y =< 0.40 (6). An
antiferromagnetic transition has been ob-
served for the solid solutions with y < 0.35.
The transition temperature (the Néel tem-
perature) decreased with increasing cerium
concentration (y). Below the Néel tempera-
ture, the magnetic susceptibility decreased
with decreasing temperature and then in-
creased again, which is different from the
behavior found in (U, Th)O, (9, 14) or (U,
Th, Zr)O, (15) solid solutions where the
susceptibilities remain almost constant be-
low the Néel temperatures.

The temperature dependence of magnetic
susceptibilities per mole of uranium for the
oxygen-deficient solid solutions prepared
under Condition II is shown in Fig. 1. An
antiferromagnetic transition has been ob-
served for the solid solutions with y = 0.3,
but the Néel temperatures are lower than

those of the oxygen-stoichiometric solid so-
lutions with the same y values (Table I).
This is considered to be due to the forma-
tion of oxygen vacancies, because oxygen
ions at the anion sites in the fluorite struc-
ture play an important role in transferring
magnetic interactions between uranium
ions. Experimentally, a lower Néel temper-
ature has also been observed in oxygen-
deficient (U, La)O,., and (U, Ca)Oy., (x <
0) solid solutions (16, 17). The largest dif-
ference between oxygen-deficient and oxy-
gen-stoichiometric solid solutions is in the
temperature dependence of their magnetic
susceptibilitics below the Néel tempera-
tures. The susceptibilities of oxygen-de-
ficient solid solutions decrease with de-
creasing temperature and then maintain
constant values; i.e., there is no increase
of magnetic susceptibility with decreasing
temperature as found in oxygen stoichio-
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FiG. 1. Temperature dependence of magnetic sus-
ceptibilities per mole of uranium for the oxygen-
deficient solid solutions prepared under Condition II.
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F16. 2. Temperature dependence of inverse mag-
netic susceptibilities per mole of uranium for the solid
solutions with y = 0.40.

metric solid solutions (6), which indicates
that the charge transfer between uranium
and cerium ions (U*" + Ce** —» Ut +
Ce**) does not occur in oxygen-deficient
solid solutions. Measurements of the oxy-
gen potential-composition relationship of
UO,., and CeO,_, reveal that the Ce** ion
is much more reducible than the U** ijon
(18); that is, in oxygen-deficient solid solu-
tions, the oxidation state of uranium is +4
and the average state of the cerium ion is
between +4 and +3. This is the same result
as obtained by Murray er al. (13). Magnetic
susceptibilities of (U, Th)O, and (U, Th,
Zr)O, solid solutions, in which the uranium
occurs only in the tetravalent state, attain
constant values below Tyn. The constant
susceptibility found experimentally in oxy-
gen-deficient solid solutions seems to show
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that the uranium is in the tetravalent state,
and the effect of trivalent cerium ions on
the low-temperature magnetic susceptibil-
ity is considerably smaller in this case.
Figure 2 shows the temperature depen-
dence of inverse magnetic susceptibility of
solid solutions with constant y = 0.40 but
different x values. It is evident that the sus-
ceptibility of the hyperstoichiometric solid
solution varies more with temperature. The
temperature dependence of the magnetic
susceptibility of the oxygen-deficient solid
solution does not differ much from that of
the oxygen-stoichiometric solid solution.
The susceptibility of the oxygen-deficient
solid solution is a little larger than that of
the nearly oxygen-stoichiometric solid so-
lution over the temperature range mea-
sured. This is considered to be due to the
presence of a small amount of paramagnetic
Ce** ions in the oxygen-deficient solid solu-
tion. From the slope of inverse magnetic
susceptibility vs temperature curves in the
paramagnetic range, the effective magnetic
moments of uranium in the solid solutions
are obtained and are summarized in Table 1.
The moment of uranium in the oxygen-
hyperstoichiometric solid solution is lower
than that in the stoichiometric solid solu-
tion, which indicates that uranium ions are
oxidized from tetravalent to a higher oxida-
tion state in the former solid solution. The
fact that the (inverse) magnetic susceptibil-
ity vs temperature curves of oxygen-stoi-
chiometric and hyperstoichiometric solid
solutions intersect at ca. 80 K can be ex-
plained by assuming that uranium ions in
the latter solid solution are in tetravalent
and pentavalent states, as shown later. Fig-
ure 3 shows the temperature dependence of
inverse magnetic susceptibility per mole of
uranium for the solid solutions with y =
0.50. With increasing oxygen concentration
(x), the susceptibility of the solid solution
varies more with temperature. The effec-
tive magnetic moment of uranium de-
creases with increasing oxygen concentra-
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tion, which is indicative of the existence of
a greater number of U* in the crystal. In
the next section, the oxidation state of ura-
nium in the solid solutions will be discussed
using the magnetic susceptibility data.

3. Oxidation State of Uranium

When excess oxygen enters UQO, lattice,
some of the uranium ions in (U, Ce)O,.,
solid solutions (x > 0) are oxidized from
tetravalent to higher oxidation state. The
following two cases are considered for the
ionic species in the solid solutions:

(D Cey"UY, U 05, (1)
D) Ced UL, U0, (2

In the oxidation model (I) where the U®*
ions are formed, the paramagnetic ions are
U** only. If the two solid solutions with the
same y value but different x values are com-
pared, the magnetic susceptibility of the
solid solution with a larger x value is
smaller than that with a smaller x value,
because the uranium ions in the former so-
lid solution are more oxidized than those in
the latter solid solution. Experimental re-
sults, however, show that the susceptibility
of Ceys0Up 35002033 1s larger than that of
Ceo.50Up.5001.950 below ca. 80 K, that the
susceptibility of Ceq soUg.5002.075 is larger
than that of Ce0,50U0,5002,033 below ca. 70 K,
and that above these temperatures the re-
verse situation holds (see Fig. 3). These re-
sults indicate that the uranium ions are not
oxidized as shown in model (I) and the only
possible explanation for these results is that
the uranium ions in the solid solutions are
in the U*" or U’" state. In this case, both
the U** and U’* ions are paramagnetic
(though the temperature dependences of
their magnetic susceptibilities differ from
each other) and the ratio of U**/U°*
changes with x in Ce,U;_,0,4,.

Next, we consider the magnetic suscepti-
bility of solid solution for model (II). For
the magnetic susceptibility of two Ce,U;_,
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0,4+, solid solutions with the same y value
but different x values (to be referred to as
x(S.1) and x(S.2)), the following two equa-
tions hold, if no magnetic interactions ex-
ist between the uranium ions,

x($.1) = (1 = 2x; — y)x(U*)
+ 2xx(U*)  (3)

X($:2) = (1 = 2x; — y)x(U*)
+ 20x(U°7), (@)

where x(U*") and x(U’") are the magnetic
susceptibilities of U** and U’*, respec-
tively. By eliminating x(U**) from Egs. (3)
and (4), the following equation is obtained,
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FiG. 3. Temperature dependence of inverse mag-

netic susceptibilities per mole of uranium for the solid
solutions with y = 0.50.
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F1G. 4. Inverse magnetic susceptibility of the U>*
ion vs temperature.

1
2(x) — x)(1 = y)
X [(1 = 2x; — yx(S.1)
= (1 = 2x; — y)x($.2)], &)

where x(5.1) and x(S.2) are given as mag-
netic susceptibilities per mole of Ce,U;_,
O+, not per mole of uranium as given in
Figs. 1 to 3. Applying this model to the two
solid SO]UtiOI‘lS, viz. C80.50U0,5002.033 and
Ceo.50U0.5002.075, the following equation is
obtained,

x(U**) = 10.33x(S.2) ~ 8.33x(5.1). (6)

The inverse magnetic susceptibility of the
U** jon vs the temperature curve is shown
in Fig. 4. The Curie—~Weiss law is found to
hold in the temperature range measured,
and its effective magnetic moment is 1.65

x(U) =
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BM. In the case that a U* jon is in the
crystalline field produced by eight oxygen
ions in cubic symmetry, the ground state
’Fsn (in the Russell-Saunders coupling
scheme) splits into two levels, of which the
lowest is quartet I's (in Bethe’s notation)
(19). If only this quartet level contributes to
the paramagnetism of these solid solutions,
the magnetic moment is calculated to be
2.00 BM (20, 2I). The moment obtained
from the present experiment is a little lower
than that calculated, but is close to the
value observed in the uranates of alkaline
earth elements with the fluorite structure
MU,O¢ (M = Ca, Sr, or Ba) (22). The mo-
ment obtained is reasonable for the U* ion.
Since the effective magnetic moment of the
uranium ion in Cegs50Up 5002033 solid solu-
tion is 2.70 BM from experiment (Table I),
and since the moment obtained for the U**
ion is 1.65 BM, the moment of the U** ion
is 2.83 BM. This value is between the mo-
ment of UO, (3.12-3.20 BM) (9, 20, 23, 24)
and that of UQ, infinitely diluted with dia-
magnetic ThO, (2.79-2.83 BM) (9, 23, 24);
i.e., the moment obtained for the U** ion is
reasonable. Therefore, it is concluded that
some U*" ions are oxidized to U" by the
accommodation of excess oxygens: Model
(II) 1s valid.
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