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Studies on Magnetic Properties of UO,-CeOz Solid Solutions 
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Magnetic susceptibilities of CeJJ-,02 solid solutions were measured from 4.2 K to room temperature 
and compared with those of LJJm,02 (L = Th, Zr, Y, La, Pr, Nd) solid solutions. An antiferromag- 
netic transition was observed for the solid solutions with y I 0.35. The N&e1 temperature (TN) 
decreases gradually with increasing y until y = 0.30, and above this value it decreases more rapidly. 
The critical concentration of antiferromagnetism for CeJJ-,02 solid solutions was estimated to be y = 
0.40. Below TN, after a little decrease, the susceptibility increases again with decreasing temperature. 
It is found that the substitution of Ce4+ for U4+ in UOt lattice results in not only magnetic dilution of 
UO?, but also oxidation of some uranium ions to pentavalent state (with reduction of the corresponding 
amount of Ce4+ ions to Ce3+), i.e., some transfer of an electron between uranium and cerium ions is 
considered to occur. 0 1988 Academic Press, Inc. 

Introduction 

Studies on the uranium-cerium-oxygen 
system are important in nuclear-fuel chem- 
istry because cerium shows some similari- 
ties in chemical properties to plutonium in 
the mixed oxide with uranium, which is 
used as a fuel in fast breeder reactors. 

There have been numerous studies on 
this system. An interesting point is that 
some U02-Ce02 solid solutions crystallize 
in a blue color known as “cerium-uranium 
blue.” Hofmann and Hijschele (I) first re- 
ported the preparation of this deep blue 
“cerium-uranium blue”, having the compo- 
sition near to CezU06. Because UOZ is 
brown and Ce02 is pale yellow, they as- 

cribed the blue color of the mixed oxides to 
be due to the oscillation of the valence, 

Ce?+U4+02 F? Ce:+V+02. 

Later researchers have shown that UOZ 
and Ce02 form a continuous series of solid 
solutions and that the Ce1U06 composition 
(Ce: U = 2: 1) is but one unexceptional 
example of the solid solutions showing 
cerium-uranium blue (2,3). Robin and Day 
(4) considered that U6+ ion is not an appro- 
priate form of the uranium ion in cubic 
fluorite lattice because it tends to bond 
strongly with two oxygen ions to form the 
uranyl ion UOS’. They argued that the blue 
color was due to the transfer of an electron 
between Ce4’ and U4+ 7 
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Ce4+(4f0) + U4+(5f2+) --j Ce3+(4f1) 
+ V’(5f’). 

The phase relation and thermodynamics 
of this system have been extensively exam- 
ined by many researchers (5-11). How- 
ever, no magnetic studies have been car- 
ried out yet. 

Uranium dioxide (UO2) is a paramagnetic 
compound with two unpaired 5f electrons 
and changes to the antiferromagnetic state 
below TN = 30.8 K (TN, the NCel tempera- 
ture). Its antiferromagnetism is of type I, 
and the magnetic moments of uranium ions 
are in the planes of the ferromagnetic layers 
perpendicular to a crystal axis; the mo- 
ments of each plane are antiparallel to those 
of the neighboring planes (12). Another fact 
is that the paramagnetic-antiferromagnetic 
transition is first order (22). On the other 
hand, cerium dioxide (CeOJ is diamag- 
netic. 

In preceding papers, we have reported 
the magnetic properties of (U, L)O, solid 
solutions, L being Th, Zr, Y, La, Pr, or Nd. 
From the measurements of magnetic sus- 
ceptibility of (U, Th)02 or (U, Zr)02 solid 
solutions (13-15), U02 was found to be 
magnetically diluted with diamagnetic Th02 
or Zr02, and the NCel temperature de- 
creased linearly with decreasing uranium 
concentration. In (U, Y)Oz or (U, La)Oz 
solid solution, the substitution of Y3+ or 
La3+ for U4+ in U02 lattice resulted in not 
only magnetic dilution of UO2, but also 
oxidation of uranium ions from U4+ to the 
Us+ state in order to maintain electrical 
neutrality (16, 27). With increasing Y3+ or 
La” concentration, the NCel temperature 
decreased more rapidly at low concentra- 
tions than at high concentrations. In (U, 
Pr)Oz or (U, Nd)02 solid solutions, UOZ is 
not magnetically diluted with Prj’ or Nd3+ 
ions, although some uranium ions are oxi- 
dized to the pentavalent state due to the 
substitution of these rare-earth ions for 
U4+. The magnetic susceptibilities of (U, 

Pr)Oz or (U, Nd)02 solid solutions with low 
Pr3+ or Nd3+ concentrations (below 7 
mole%) increased with decreasing tempera- 
ture down to ca. 3 1 K and showed a discon- 
tinuous drop immediately below that tem- 
perature (18, 19). 

In the present study, nearly oxygen- 
stoichiometric (U, Ce)Oz solid solutions 
were prepared and their magnetic suscepti- 
bilities were measured from liquid helium 
temperature to room temperature. The re- 
sults were compared with those of the 
above-mentioned (U, L>02 solid solutions 
and the electronic state of uranium in the 
solid solutions was examined. 

Experimental 

1. Sample Preparation 

As starting materials, UOz and CeOz 
were used. Before use, U02 was reduced to 
the stoichiometric composition in flowing 
hydrogen at lOOO”C, and Ce02 was heated 
in air at 850°C to remove any moisture. 

The UO2 and CeOz were weighed to the 
intended atom ratios of uranium and ce- 
rium. After being finely ground in an agate 
mortar, the mixtures (- 1.5 g) were pressed 
into pellets and then sealed in evacuated 
platinum ampoules with volume about 0.8 
ml. The platinum ampoules were heated at 
1500°C for >80 hr. 

2. Analysis 

2.1. X-ray diffraction analysis. An X-ray 
diffraction study was performed with Cuba 
radiation on a Phillips PW-1390 diffrac- 
tometer equipped with a curved graphite 
monochromator. The lattice parameter 
of the samples was determined by the 
Nelson-Riley extrapolation method (20) 
applied to the diffraction lines above 80” 
cm. 

2.2 Determination of oxygen content. 
The oxygen nonstoichiometry in the solid 
solutions was determined by the back- 
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titration method (21, 22). A weighed 
amount of sample was dissolved in ex- 
cess cerium(IV) sulfate solution. The ce- 
rium(IV) sulfate solution was standard- 
ized with stoichiometric UOZ. The excess 
cerium(IV) was titrated against standard 
iron(I1) ammonium sulfate solution with fer- 
roin indicator. The oxygen amount was 
determined for predetermined Cc/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 with Mn-Tutton’s salt (xg = 
10,980 x 10e6/(T + 0.7)) used as a standard. 
The temperature of the sample was mea- 
sured by a “normal” Ag vs Au-O.07 at% 
Fe thermocouple (23) (4.2-40 K) and an 
Au-Co vs Cu thermocouple (10 K to room 
temperature). Rapid thermal equilibrium 
was attained around the sample by intro- 
ducing helium gas into the system up to ca. 
10 mm Hg. To examine the field depen- 
dence, the magnetic susceptibilities were 
measured in each of the field strengths of 
4,700, 6,900, 9,000, and 10,600 Gauss. To 
correct the magnetic susceptibilities for the 
samples, measurements were also made for 
the blank quartz tube under the same condi- 
tions. Details of the experimental proce- 
dure have been described elsewhere (14). 

Results and Discussion 

I. Lattice Parameter and Oxygen 
Nonstoichiometry 

According to the reports by Markin et al. 
(5) and other researchers (7, 9), a solid 
solution Ce$-,O*+, with y > 0.35 and an 
oxygen/metal ratio below 2 results in the 
formation of two fluorite phases (M0z.m + 
MO& below a certain temperature, which 
depends on x and y. In the present experi- 
ments, the samples were rapidly cooled in 
an electric furnace after heating at 1500°C. 

0 0.1 02 a3 04 
y in Ce,U,-,02 

FIG. 1. Variation of lattice parameters with cerium 
concentration. 

X-ray diffraction analysis showed that cu- 
bic, single-phase solid solutions with the 
fluorite structure were formed for all the 
specimens in this study. 

The oxygen/metal ratios of the solid solu- 
tions, as determined by the cerium back- 
titration method, were nearly two. 

The variation of lattice parameter with 
cerium concentration is shown in Fig. 1. 
The lattice parameter of the solid solutions 
decreases linearly with increasing cerium 
concentration, which satisfies Vegard’s law 
at least in the experimental range of cerium 
concentration. This is consistent with the 
results of Riidorff and Valet (2) and Markin 
et al. (5). 

2. Magnetic Susceptibility 

The temperature dependence of inverse 
magnetic susceptibilities per mole of ura- 
nium for the present solid solutions is 
shown in Figs. 2 and 3. An antiferromag- 
netic transition can be observed for the 
solid solutions with y I 0.35. The NCel 
temperature, TN, decreases with increasing 
cerium concentration (y). Figures 4 and 5 
closely represent the temperature depen- 
dence of magnetic susceptibility in the 
lower temperature region. From these re- 
sults, U02 is deduced to be magnetically 
diluted mainly with diamagnetic Ce4+ ions, 
because if all cerium ions were in the +3 
state (paramagnetic state), the decrease of 
TN, which is the indication of the magnetic 
dilution of UOZ would no longer be ob- 
served. In fact, for (U, Pr)Oz and (U, Nd)02 
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FIG. 2. Temperature dependence of inverse- 
magnetic susceptibilities per mole of uranium for the 
solid solutions with y 5 0.20. 

solid solutions (18, 19) a discontinuous 
change was found just below TN in the mag- 
netic susceptibility vs temperature curve, 
and TN did not decrease with decreasing 
uranium concentration. 

A consistent result can be drawn from 
the magnitude of the paramagnetic suscep- 
tibility and its dependence on cerium con- 
centration. Figures 2 and 3 show that the 
inverse magnetic susceptibility of uranium 
decreases with increasing cerium concen- 
tration over the paramagnetic temperature 
range examined. This behavior is the same 
as that found in (U, Th)Oz (14) or (U, Th, 
Zr)Oz (24) solid solutions, and it is different 
from that found in (U, Y)Oz (16) or (U, 
La)02 (I 7) solid solutions. The susceptibil- 
ity per mole of uranium for the (U, Y)OZ or 
(U, La)02 solid solutions decreased with 

increasing concentration of diamagnetic dil- 
uents in the temperature range in which the 
Curie-Weiss law holds. This fact indicates 
that, with increasing amount of trivalent 
diluents, the amount of uranium ions oxi- 
dized from the tetravalent to the penta- 
valent state increases, which results in a 
decrease of magnetic moment (magnetic 
susceptibility) of uranium overall. There- 
fore, the case that all the Ce4+ are reduced 
to Ce3+ state in the solid solutions can be 
excluded. 

Below the transition temperature, the 
magnetic susceptibility decreased with de- 
creasing temperature and then increased 
again (see Figs. 4 and 5), which is different 
from the behavior found in (U, Th)Oz (14) 
or (U, Th, Zr)Oz (24) solid solutions where 
the magnetic susceptibilities attained to 
constant values below the NCel tempera- 
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FIG. 3. Temperature dependence of inverse- 
magnetic susceptibilities per mole of uranium for the 
solid solutions with y 2 0.25. 
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FIG. 4. Temperature dependence of magnetic sus- 
ceptibilities for the solid solutions withy 2 0.30 at low 
temperatures. Arrows show the NCel temperatures. 

ture. The behavior found in (U, Ce)Oz solid 
solutions may also be contrasted to that in 
(U, Y)O, (16) or (U, La)02 (17) solid so- 
lutions where, below TN, the magnetic 
susceptibilities decreased with decreasing 
temperature, which is normal for an 
antiferromagnet. For comparison, the mag- 
netic susceptibility data of Tho.l&.~O~.~~r 
Y0.10u0.9002.002, Lao. 10U0.9002.005, and Pro.03 
Uo.970r.998 are depicted together in Fig. 6. If 
a paramagnetic impurity is contained in an 
antiferromagnet, the magnetic susceptibil- 
ity would increase with decreasing temper- 
ature below TN. Since the step-like decline 
of the susceptibility has been observed to 
be very sharp for U02 when the tempera- 
ture is lowered through TN (13, 25, 26), 
small amounts of the paramagnetic impu- 
rity would not change the NCel temperature 
(28). In (U, Ce)Oz solid solutions, the NCel 

FIG. 5. Temperature dependence of magnetic sus- 
ceptibility for Cea.ssUO,ssOz.oos at low temperatures. 
Arrow shows the Neel temperature. 

temperature decreased with increasing cer- 
ium concentration, i.e., the paramagnetic 
impurity need not be considered. The in- 
crease of magnetic susceptibility below TN 

0 
T (K) 

FIG. 6. Magnetic susceptibilities of L,Ur-,O2 (L = 
Th, Y, La, Pr) solid solutions. 
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FIG. 7. Variation of NCel temperature with uranium 
concentration. 

is then considered to be characteristic of 
(II, Ce)Oz solid solutions. Such increase 
becomes more prominent with cerium con- 
centration (Fig. 4). 

3. Ne’el Temperature 

The NCel temperature was plotted 
against uranium concentration in Fig. 7. It 
decreases gradually with decreasing ura- 
nium concentration (C) down to C = 0.70. 
Below that concentration it decreases more 
rapidly (TN = 7.1 K for Uo.&eo.~s02) until 
C = 0.60 at which no antiferromagnetic 
transition is observed in the experimental 
temperature range (Fig. 3). For compa- 
rison, the data for (U, Th)Oz (14), (U, Y)Oz 
(16), and (U, La)02 (17) solid solutions are 
also drawn in Fig. 7. The NCel temperature 
curve for the (U, Ce)O* solid solutions is 
different from those of the above solid 
solutions. For (U, Th)O;? and (U, Zr)Oz 
solid solutions (15), the Neel temperature 
decreases linearly with decreasing uranium 
concentration. This behavior is qualita- 
tively in accord with the theoretical predic- 
tion except for that around the critical 
concentration at which antiferromagnetism 

disappears (27-33). The nonlinear depen- 
dence of the NCel temperatures on uranium 
concentration found for (U, Y)Of and (U, 
La)02 solid solutions has been understood 
as related to the formation of U5+ ions (26). 
From both the results of the nonlinear 
dependence of NCel temperature on ura- 
nium concentration (see Fig. 7) and the 
increase of magnetic susceptibility below 
TN (see Figs. 4 and S), which will be dis- 
cussed in a later section, we consider that 
in the (U, Ce)Oz solid solutions, some 
transfer of electrons occurs between ura- 
nium and cerium ions, i.e., some of the 
uranium ions are oxidized and a corre- 
sponding number of cerium ions are re- 
duced. In this case, the oxidation states of 
uranium and cerium may be represented by 
the equilibrium reaction, 

U4+ + Ce4+ * Us+ + Ce3+. 

If this charge transfer proceeds com- 
pletely (all the Ce4+ ions are reduced to 
Ce3+ state), the so-called magnetic dilution 
does not occur because of the paramag- 
netism of the Ce3’ ion, as mentioned above. 
In (U, Pr)O, solid solutions, the oxidation 
state of the praseodymium ion remains +3 
(paramagnetic) and some uranium ions are 
oxidized to the +5 state according to the 
charge neutrality condition (Z8, 34). In the 
magnetic susceptibility vs temperature 
curve of (U, Pr)Oz solid solutions with low 
Pr concentrations (Pr/(Pr + U) I 0.07), the 
susceptibility showed a discontinuous drop 
at ca. 30-31 K (see Fig. 6), and this temper- 
ature was constant irrespective of praseo- 
dymium concentration (18). In the (U, 
Ce)02 solid solutions, the NCel temperature 
decreases with increasing cerium concen- 
tration. Therefore, the charge transfer reac- 
tion described by the above equation is 
considered to occur partly between ura- 
nium and cerium ions. 

From a comparison of the data of (U, 
Y)O, and (U, La)02 solid solutions with 
those of (U, Th)Oz, it can be said that the 
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FIG. 8. Variation of magnetic moment of uranium 
with uranium concentration. 

NCel temperature drastically decreases if 
the Us+ ions increase in the solid solutions. 
The rapid decrease of the NCel temperature 
of (U, Ce)02 solid solutions below C = 0.70 
is considered to be, as one possibility, due 
to the occurrence of the charge transfer to a 
larger extent in this concentration range. 

As mentioned above, the magnetic sus- 
ceptibility of (U, Ce)Oz solid solutions in- 
creases with decreasing temperature at 
very low temperatures below TN, and this 
trend becomes more prominent as the ce- 
rium concentration increases. The increase 
of magnetic susceptibility below TN is con- 
sidered to be due to an increased concen- 
tration of Ce3+ ions, and not to the Us+ 
ions, because the magnetic interactions be- 
tween Us+-Us+ ions (or in some cases 
those between Us+-U4+ ions) in the fluorite 
structure diminish the magnetic susceptibil- 
ity below TN, as shown in the case of (U, 
Y)O, (16) or (U, La)02 (17) solid solutions. 
The Ce3+ ion is a Kramers’ ion having one 
unpaired 4f electron and its ratio in the 
cerium ions is likely to increase with cerium 
concentration. 

By extrapolating the two sets of data of 
the N&e1 temperature for y = 0.30 and y = 

0.35, the critical concentration of (U, Ce)02 
solid solutions at which antiferromagnetism 
disappears was estimated to be y = 0.40, as 
shown in Fig. 7. 

4. Magnetic Moment 

From the inclination of the reciprocal 
susceptibility vs temperature curves, the 
effective magnetic moments were obtained 
in the temperature region where the Curie- 
Weiss law holds. The variation of magnetic 
moment with uranium concentration is 
shown in Fig. 8. For comparison, the data 
for (U, Th)Oz (14), (U, Y)Oz (16), and (U, 
La)02 (17) solid solutions are also plotted. 
The magnetic moment decreases with de- 
creasing uranium concentration. The decre- 
ment of (U, Ce)Oz is comparable with that 
of (II, Th)02 solid solutions and is less than 
that of (U, Y)OZ or (U, La)OZ solid solu- 
tions. As discussed earlier (14), the de- 
crease of magnetic moment in the (U, 
Th)Oz solid solutions is responsible for the 
decrease of the magnetic interactions be- 
tween the adjacent uranium ions. On the 
other hand, the decrease of magnetic mo- 
ment in the (U, Y)O, or (U, La)02 solid 
solutions is due to the formation of Us+ ion 
which gives lower magnetic moment than 
U4+ ion (16, 27). From the similarity of 
magnetic moment of (U, Ce)Oz solid solu- 
tions to that of (U, Th)Oz solid solutions, 
the slight decrease of the magnetic moment 
of (U, Ce)Oz solid solutions with decreasing 
uranium concentration is considered to be 
mainly due to the decrease in the magnetic 
interactions between the adjacent uranium 
ions. The fact that the NCel temperature 
decreases with decreasing uranium concen- 
tration supports this conclusion. In the 
former sections, we have discussed that 
some uranium ions in the (U, Ce)02 solid 
solutions are oxidized to the pentavalent 
state. However, this effect is not reflected 
in the decrease of magnetic moment of 
uranium. This is because the effective mag- 
netic moment obtained from the inclination 
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of inverse-magnetic susceptibility vs tem- 
perature curve gives the sum of the mo- 
ments of uranium and Ce3+ ions when the 
electron charge transfer occurs between the 
uranium and cerium ions (U4+ + Ce4+ * 
Us+ + Ce3+), and because the total moment 
of Us+ and Ce3+ is near to that of U4+.l 
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