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Magnetic susceptibilities of Ca,U;_,0,., solid solutions with fluorite structure were measured from 4.2
K to room temperature. An antiferromagnetic transition was observed for all the solid solutions
examined in this study (y = 0.33). The Néel temperature of the oxygen-hypostoichiometric solid
solutions (x < 0) decreased with increasing calcium concentration, which shows that magnetic dilution
proceeds with calcium concentration. The variation of the Néel temperature with uranium concentra-
tion was similar to that of (U,Y)O, solid solutions, but different from that of (U,Th)O, solid solutions.
The effective magnetic moment decreased with increasing calcium concentration, which indicates the
oxidation of uranium in the solid solutions. From the analysis of the magnetic susceptibility data, it
was found that the oxidation state of uranium was either tetravalent or pentavaient. The Néel tempera-
ture of the hyperstoichiometric solid solutions (x > 0) did not change appreciably with calcium
concentrations. From the comparison of the magnetic susceptibility data of the hypostoichiometric
solid solutions with those of the hyperstoichiometric solid solutions, the effect of oxygen vacancies is
more significant than that of interstitial oxygens on the decrease of magnetic interactions between

uranium ions. © 1988 Academic Press, Inc.

Introduction

Uranium dioxide (UQO;) has been by far
the most intensively studied of the actinide
oxides. Neutron diffraction analysis shows
that UO, becomes antiferromagnetically or-
dered below 30.8 K. Its magnetic structure
is of type I, and the magnetic moments of
uranium ions are in the planes of the ferro-
magnetic layers perpendicular to a crystal
axis; the moments in each plane are anti-
parallel to those of the neighboring planes
(1). The crystal structure of UO, is cubic
fluorite type and some metal oxides such as
alkaline-earth oxides and rare-earth oxides
are known to dissolve in UO; at high tem-
peratures forming substitutional solid solu-
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tions. Although the physical, chemical,
and/or thermodynamic properties of such
solid solutions have been extensively inves-
tigated (2), studies on the magnetic proper-
ties are meager.

In the preceding papers, the magnetic
properties of (U, M)O, solid solutions with
fluorite structure have been examined,
where M is a tetravalent or trivalent
diamagnetic ion. From the magnetic studies
on (U, Th)O, and (U, Zr)O, solid solutions,
the substitution of Th** or Zr** for U** in
UOQ;, lattice caused a magnetic dilution, and
the antiferromagnetic—paramagnetic transi-
tion temperature (the Néel temperature)
has been found to decrease linearly with
decreasing uranium concentration (3-5). In
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the case of (U, Y)O, or (U, La)O, solid so-
lutions, however, the situation is a little
more complicated (6, 7). The substitution
of Y3* or La3* for U** in UQ; lattice results
in not only a magnetic dilution of UO;,, but
also an oxidation of uranium ions to the
pentavalent state in order to conserve the
electrical neutrality in the solid solutions.
The variation of the Néel temperature with
uranium concentration is considerably dif-
ferent from those for (U, Th)O, and (U, Zr)
O, solid solutions; a nonlinear dependence
of the Néel temperature on uranium con-
centration has been found. Oxygen nonstoi-
chiometry gives an additional effect on the
magnetic properties by itself and through
a valence state change of the uranium
ions.

The magnetic studies on the compounds
of Ca~U-0O system were done only by Le-
roy and Triddot (8) and Brochu and Lucas
(9). From the measurements of the mag-
netic susceptibility of CaUO; ¢, CaUOj s,
and CaU,Qq in the temperature range from
77 t0 680 K, Leroy and Triddot (8) assumed
the existence of the UO3 group with linear
0-U-0 bond in these compounds, but Kel-
ler (10) considered such a UO; group to be
an incorrect form in the CaU,Og with cubic
fluorite structure. On the other hand,
Brochu and Lucas (9) measured the mag-
netic susceptibility of CaU,0s in the tem-
perature range from 85 to 300 K, and ob-
tained the magnetic moment of U* from
the Curie—~Weiss law relation.

In the present study, Ca,U,_,O,., solid
solutions with various x and y values over
which the crystal structures are fluorite
type (same as UQO,) were prepared and their
magnetic susceptibilities measured from 4.2
K to room temperature. The effect of cal-
cium substitution and oxygen nonstoi-
chiometry on the magnetic interactions be-
tween uranium jons was examined. From
the analysis of magnetic susceptibility data,
the oxidation state of uranium in the solid
solutions is discussed.
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Experimental

1. Sample Preparation

As starting materials, uranium dioxide
(UOy), triuranium octoxide (U;0g), and cal-
cium monoXxide (CaQ) were used. Before
use, UO, was reduced to stoichiometric
composition in a flow of hydrogen gas at
1000°C, U305 was oxidized in air at 850°C
to form stoichiometric compound, and CaQ
was heated in air at 800°C to remove any
moisture.

The UO,, U304, and CaO were weighted
to form seemingly oxygen stoichiometric
solid solutions, Ca,U;-,020 (y = 0.05-
0.33), as shown in the following equation.

(1-2.59)U0O; + 0.5yU;05 + yCaO —
CayUl—yOZ.OO m

After being finely ground in an agate mor-
tar, the mixtures were pressed into pellets
and then heated under either of the follow-
ing two conditions.

Condition I: The reaction in an induction
furnace in a flow of helium gas at 1400°C for
15 hr. The partial pressure of oxygen was
approximately 1 X 10~! Pa.

Condition II: The reaction in an SiC re-
sistance furnace in a flow of unpurified he-
lium gas at 1400°C for 50 hr. The approxi-
mate partial pressure of oxygen was 10 Pa.

After cooling in the same atmosphere
to room temperature, the samples were
crushed into powder, re-pressed, and re-
acted under the same conditions as before
to make the reaction complete. These pro-
cedures were repeated twice.

2. Analysis

2.1. X-ray diffraction analysis. X-ray dif-
fraction study on the solid solutions was
performed using CuKa radiation with a
Philips PW-1390 diffractometer with a
curved graphite monochromator. The lat-
tice parameter of the samples was deter-
mined by the Nelson-Riley extrapolation
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method (11) applied to the diffraction lines
above 80° (20).

2.2. Determination of oxygen amount,
The oxygen nonstoichiometry in the solid
solutions was determined by the back-titra-
tion method (12, 13). The weighed amount
of sample was dissolved in excess cerium
(1V) sulfate solution. This cerium(IV) sul-
fate solution was standardized with stoi-
chiometric UQO,. The excess cerium(IV)
was titrated against a standard iron(II) am-
monium sulfate solution with the ferroin in-
dicator. The oxygen amount was deter-
mined for predetermined Ca/U ratio.

3. Magnetic Susceptibility Measurement

Magnetic susceptibility was measured by
a Faraday-type torsion balance in the tem-
perature range from 4.2 K to room tempera-
ture. The apparatus was calibrated with
Mn-Tutton’s salt (x; = 10,980 x 107%/(T +
0.7)) as a standard. The temperature of the
sample was measured by a ‘‘normal’” Ag vs
Au-0.07 at% Fe thermocouple (4.2-40 K)
(I14) and an Au-Co vs Cu thermocouple (10

TABLE 1

LATTICE PARAMETERS AND MAGNETIC PARAMETERS
FOR Ca,U;_,0,., SOLID SOLUTIONS®

a Hett Ty  Preparation
Solid solution ~ (A) (B.M.) (K) condition
Ca0A05U0‘9501 988 5.4613 2.96 24.1 I
Cao.l()Uo_mol.gg“ 5.4505 2.84 14.0 I
Cao,|5U0‘g5O|'9g4 5.4430 2.77 11.8 I
Cao,ono_gool'ggs 5.4386 2.69 10.0 1
CaoA25U0_7501_y73 5.4339 2.57 8.0 I
Cao,goUo_mOl_%o 5.4297 2.50 7.6 I
Cao.33U0,5701‘950 5.4270 2.47 7.4 1
Cao'on_goOz.oﬁs 5.4450 2.69 9.9 11
Cap sUpssO2004  5.4353 2.66 9.0 11
CagzoUosoOzan0 54250  2.58 9.0 1|
Caolzon 7502_035 5.4133 2.42 8.6 I
Ca()<30U0‘7002A039 5.4026 2.28 8.0 I
Cao_33U0_5702,051 5.3940 2.09 8.0 II

< Estimated errors are Ax = =0.003, Aa = +0.0005
A, Aper = £0.01 B.M., and ATy = 0.1 K.
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FiG. 1. Mean valency of uranium against calcium
concentration.

K to room temperature). Details of the ex-
perimental procedure have been described
elsewhere (4).

Results and Discussion

1. Oxygen Nonstoichiometry

X-ray diffraction analysis showed that
cubic solid solutions with the fluorite struc-
ture were formed as single phase for all the
specimens in this study. The composition
and lattice parameter of the solid solutions
prepared are listed in Table I. The Ca,U,_,
0,., solid solutions prepared under Condi-
tion I have negative x values, i.e., they are
oxygen hypostoichiometric. The oxygen/
metal ratio, O/M, of the solid solutions with
y = 0.5-0.20 does not change appreciably
(O/M ~ 1.98), but the ratio for the solid
solutions with y = 0.25 decreases with in-
creasing calcium concentration. On the
other hand, the solid solutions prepared un-
der Condition II are all oxygen hyperstoi-
chiometric (x > 0).

The variation of mean uranium valency
with calcium concentration is shown in Fig.
1. The uranium ions are seen to be oxidized
with increasing calcium concentration for
the solid solutions prepared under any of
these two conditions. For the solid solu-
tions with the same y value, the uranium
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FiG. 2. Temperature dependence of magnetic sus-
ceptibilities of Ca,U;_,0,.., solid solutions under Con-
dition I.

ions were more oxidized under Condition II
than under Condition 1.

2. Magnetic Susceptibility

The temperature dependence of magnetic
susceptibilities per mole of uranium for the
present solid solutions is shown in Figs. 2
and 3. An antiferromagnetic transition was
found for all the solid solutions examined in
this study. For the solid solutions prepared
under Condition I (Fig. 2), the transition
temperature (the Néel temperature) de-
creased with increasing calcium concentra-
tion, which indicates that the magnetic dilu-
tion proceeds with calcium concentration.
Below the Néel temperature, the magnetic
susceptibility decreases significantly with
decreasing temperature and this decrease
becomes more prominent for the solid solu-
tions with higher calcium concentrations.
This behavior is normal for the antiferro-
magnet and has been observed in the sus-
ceptibility of (U, Y)O, or (U, La)O, solid
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solutions (6, 7) but not in that of UO; (15,
16), (U, Th)O, solid solutions (3, 4), or (U,
Zr)0, solid solutions (5). In the latter solid
solutions, the magnetic susceptibilities at-
tain constant values below the Néel tem-
peratures. As will be discussed in the fol-
lowing section, some U** ions are oxidized
to the US* state in the (U, Ca)O, solid solu-
tions. Since the constant magnetic suscepti-
bility has been found for the solid solutions
in which the valence state of uranium is +4
only, the decrease of magnetic susceptibil-
ity below the Néel temperature may be due
to the magnetic interactions between U>*~
US* ions or in some cases those between
US+-U** ions. In the temperature region
where the Curie—Weiss law holds (from lig-
uid nitrogen temperature to room tempera-
ture), the susceptibility decreased with in-
creasing calcium concentration, which is
consistent with the increased amount of ox-
idized uranium (Fig. 1). On the other hand,
the Néel temperature of the oxygen-hyper-

® CaotoUogo0208s
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Caaz20U08002030
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Fi1G. 3. Temperature dependence of magnetic sus-
ceptibilities of Ca,U,_,0,, solid solutions under Con-
dition II.
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stoichiometric solid solutions prepared un-
der Condition II did not change appreciably
with calcium concentration (Fig. 3). The
reason for this discrepancy will be dis-
cussed in a later section.

3. Valence State of Uranium

The oxidation state of uranium in the
solid solutions will be discussed by analyz-
ing the magnetic susceptibility data. The
oxygen nonstoichiometry in the solid solu-
tions affects the effective magnetic moment
of uranium mainly through the change of
the valence state of uranium. This effect
will be analyzed for the solid solutions with
the same y value but different x value.

If U** ions are assumed to be oxidized to
the Ut state by the substitution of Ca?* for
U** or by the incorporation of oxygen, the
ionic species in the solid solutions are ex-
pressed as

Ca§+U?tx—2y UgiyO%;x- (2)

This model shows that only the U** ions
contribute to the paramagnetic susceptibil-
ity of the solid solutions, because the Ut
ions are diamagnetic. For the two solid so-
lutions with the same calcium amount (y)
but different oxygen amounts (x), the para-
magnetic susceptibility of the solid solution
with higher oxygen amount must be smaller
than that of solid solution with lower oxy-
gen amount, since the ratio U4*/(total U) is
smaller in the former solid solution. Experi-
mental results, however, show that, for ex-
ample, the magnetic susceptibility of Cay
U0_9002,065 is larger than that of Cao_10U0_90
Oj.984 below 100 K (see Fig. 4). The same
results can be seen for a couple of solid
solutions with y = 0.15 or 0.20. From these
facts, we can conclude that the uranium
ions are not oxidized as shown in Eq. (2).

In the case where the oxidation of ura-
nium proceeds from U4t to U3*, the ionic
species in the solid solutions are

24774+ s+ \2—
Cay " U1Z5-3, U412, 0%5s, 3)
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FiG. 4. Temperature dependence of reciprocal mag-
netic susceptibilities of Cay 10U 9001984 and Cap 10Ug.90
O3.065-

and both U4+ and U%* ions contribute to the

paramagnetism of the solid solutions.

For the magnetic susceptibilities of two
solid solutions with the same y value but
different x values (xi, x2), the following two
equations hold:

xi = (1 = 2x; = 3y)x(U*)
+ (20 + 2)x(U°), (4)

x2 = (1 = 2x; — 3y)x(U*)
+ 2x + 29U, (5)

where x(U*") and x(U%*) are the magnetic
susceptibilities of U** and U’*, respec-
tively. By eliminating x(U**) from Eqgs. (4)
and (5), x(U**) is expressed as

(A = 2x; — 3y)xs
= (1 — 2x; — 3y)xal

5+) —
XU = 50 = —n)

. (6)
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When this model is applied to the two solid
solutions, viz., Cag oU¢901.984 and Cag o
Up9002.065, the reciprocal susceptibility of
U’* vs temperature curve is obtained as
shown in Fig. 5. The Curie-Weiss law is
found to hold in the temperature range from
60 K to room temperature and its effective
magnetic moment was obtained to be 2.27
B.M. In the case that a U’* ion is in the
crystalline field produced by eight oxygen
jons in cubic symmetry, the ground state
2Fs; (in Russel-Saunders coupling scheme)
splits into two levels, of which the lowest is
quartet I'g (in Bethe’s notation) (/7). If only
this quartet level contributes to the para-
magnetism of these solid solutions, their
magnetic moment is calculated to be 2.00
B.M. (18, 19). The moment obtained from
the present experiment is a little larger than
that calculated and is lower than that of the
U5+ in free ion state (2.54 B.M.). The mean
Valency of uranium in Cao,30U0_7002A039 is
near +5 (Fig. 1), and the effective magnetic
moment is 2.28 B.M. from experiment.
Therefore, the moment obtained above is
considered to be reasonably due to U>* ion.
Since the moment of Cag 19Up90U1.984 1S 2.84
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B.M., the effective magnetic moment of
U4 is calculated to be 2.96 B.M. This vaiue
is between the moment of UO, (3.12-3.20
B.M.) (4, 18, 20, 21) and that of UQ,; infi-
nitely diluted with diamagnetic ThO, (2.79-
2.83 B.M.) (4, 20, 22). The magnetic mo-
ment obtained is in reasonable agreement
with those of the compounds composed of
U** ions. As the result of above consider-
ations, we may conclude that there exist
U* and U’* ions in the Ca,U,_,0,, solid
solutions.

4. Néel Temperature

The paramagnetic—antiferromagnetic
transition temperature, i.e., the Néel tem-
perature, is plotted against uranium con-
centration in Fig. 6. For comparison, the
data for (U, Th)O, (¢), {U, Y)O, {(6), and
(U, La)O, (7) solid solutions are also
drawn. The decreasing trend of the Néel
temperature with uranium concentration
for the solid solutions prepared under Con-
dition I is similar to those for (U, Y)O, and
(U, La)O; solid solutions, but considerably
different from that for (U, Th)O, solid solu-
tions where the Néel temperature de-
creases linearly with decreasing uranium

30 k\ 1
AN

® Condition I |
[ 4 Condition I

20

Ty (K}

Concentration of uranium

FiaG. 6. Variation of Néel temperature with uranium
concentration.
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concentration. The nonlinear dependence
of the Néel temperature on uranium con-
centration is understood as related to the
formation of U3+ ions (6).

When the concentration of oxygen va-
cancies is as low as 0.8 at%, the effect of
such oxygen vacancies on the magnetic in-
teractions between uranium ions may be
negligibly small (19). Since the solid solu-
tions with y =< 0.20 prepared under Condi-
tion I contain the vacancies lower than 0.8
at% (Table I), the comparison of the mag-
netic data of these solid solutions can be
made meaningfully with those of (U, Y)O,
and (U, La)O; solid solutions. As seen from
Fig. 6, the Néel temperatures of oxygen-
hypostoichiometric (U, Ca)O,_, solid solu-
tions are lower than those of the (U, Y)O,
solid solutions and higher than those of the
(U, La)O; solid solutions at the same ura-
nium concentrations. This result indicates
that the effect of magnetic dilution with cal-
cium on the antiferromagnetic interactions
is between those with yttrium and lan-
thanum. The above intermediate interac-
tions may result from the fact that the dis-
tance between uranium ions in the (U, Ca)
0,-, solid solutions is between those in (U,
Y)O, and (U, La)O, solid solutions.

The Néel temperatures of the solid solu-
tions prepared under Condition II (which
are oxygen hyperstoichiometric) does not
change appreciably with calcium concen-
tration. When the Néel temperatures of
these solid solutions are compared with
those of the solid solutions prepared under
Condition I (y = 0.20), the excess oxygens
located at the interstitial sites in UQ, lattice
can be found to weaken the magnetic inter-
actions between uranium ions to a larger
extent. The same results have been found
in the magnetic susceptibilities of UO,.,
5, 16), (U, S¢)O,4, (19), and (U, La)O,4,
(7) solid solutions. For the solid solutions
with y = 0.25-0.33 prepared under Condi-
tion I, the concentration of oxygen vacan-
cies is too large to neglect such effect on the
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magnetic interactions between uranium
ions. They contribute significantly in weak-
ening the magnetic exchange interactions
between uranium ions (6, 7). The Néel tem-
peratures of these solid solutions are lower
than those of the oxygen-hyperstoichio-
metric solid solutions prepared under Con-
dition II with the same calcium concentra-
tions. Since the concentrations of oxygen
vacancies (Condition I) are comparable to
those of interstitial oxygens (Condition II)
for the solid solutions with y = 0.30 and
0.33, it may be said that the effect of oxy-
gen vacancies is much larger than that of
interstitial oxygens on the decrease of mag-
netic interactions between uranium ions.

5. Magnetic Moment

From the reciprocal susceptibility vs
temperature curves, the effective magnetic
moments were obtained in the temperature
region in which the Curie~Weiss law holds.
The moments are listed in Table 1. The vari-
ation of magnetic moment with uranium
concentration is shown in Fig. 7. For com-
parison, the data for (U, Th)O, (4¢) and
(U, Y)O, (6) solid solutions are also plot-
ted in the same figure.

First, the case of the solid solutions pre-
pared under Condition I will be considered.
The magnetic moment decreases with de-
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F1G. 7. Variation of effective magnetic moment with
uranium concentration.
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creasing uranium concentration, and the
decrement is much larger than that in the
(U, Th)O; solid solutions and is comparable
to that in the (U, Y)O, solid solutions. The
reason for the decrease of magnetic mo-
ment in the (U, Th)O, solid solutions has
been discussed in terms of the decrease in
the magnetic interactions with adjacent ura-
nium ions (¢). On the other hand, the de-
crease of magnetic moment in the (U, Y)O,
solid solutions is due to the formation of
U’* ion which gives a lower magnetic mo-
ment than U** ion (4). Since the mean va-
lency of uranium increases with calcium
concentration (Fig. 1), this decrease of
magnetic moment is considered to be
mainly due to the oxidation of U** to U* in
the solid solutions. The substitution of one
Ca?* ion for U** ion in UQ; lattice results in
the oxidation of two U** jons to the U’*
state in the (U, Ca)O, solid solutions, not
one U** ion as found in the (U, Y)O, solid
solutions. The number of U3+ ions is twice
as many in the (U, Ca)O, solid solutions as
in the (U, Y)O, solid solutions, and there-
fore the effective magnetic moment of the
former solid solutions is expected to be
lower than that of the latter solid solutions.
Experimental results, however, show that
the magnitude of the effective magnetic mo-
ment of (U, Ca)O,., solid solutions (Condi-
tion I) is comparable to that of (U, Y)O,
solid solutions. The reason for the large
magnetic moment is not clear at the present
stage, but it may be the case that in the (U,
Ca)0;-, solid solutions the crystalline field
distorts slightly from cubic symmetry,
which could affect the magnetic moments.
Since calcium valency (+2) is more apart
from uranium valency (+4) than yttrium va-
lency (+3) is, the distortion of oxygen at-
oms from the regular positions with cubic
symmetry is possible.

The next is for the case of the oxygen-
excess solid solutions (prepared under
Condition II). The effective magnetic mo-
ment of uranium decreases with increasing
calcium concentration, which corresponds
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to the increase of mean uranium valency as
shown in Fig. 1. Compared with the results
of the solid solutions prepared under Con-
dition I, the magnetic moment is smaller for
Condition II specimens. The oxidized U**
ion produced in large number by excess 0x-
ygens is no doubt responsible for such
smaller moments.
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